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Preface

vii

Knowledge of how the human immune system
defends against infections caused by the med-
ically important fungi continues to evolve as an
increasing amount of data accumulate from
both clinical studies and animal models. It has
been 10 years since a volume of chapters dedi-
cated to fungal immunology has been pub-
lished. Thus, when the opportunity presented to
edit a new volume in fungal immunology, we
were both honored and excited about the
prospects. However, in considering a layout and
format, we strived for a unique angle by which
to showcase the immense data accumulated over
the past 10 years. Accordingly, rather than sim-
ply separate the book by organism with chap-
ters on each type of response or separate the
book by type of response with inclusion of
chapters for each organism, we decided on a
layout based on organ systems, recognizing
that each medically important fungal organism
often causes disease in distinct organ systems,
together with the contemporary concept that
innate and adaptive immune reactivity is not
mutually exclusive, but highly linked and net-
worked for optimal function. Thus, we feel we
have succeeded in providing a unique format
that did not sacrifice content. Furthermore,
the organ-specific approach has the potential
to better serve infectious disease physicians
and researchers working in specific organ sys-
tems without loss of any information of inter-
est to immunologists and medical mycologists.

The organs inclusive are: oral cavity,
brain/CNS, lung, skin, vagina, and blood.
Included in each organ section are chapters
detailing the most contemporary host
response mechanisms against the fungal
pathogens most often affecting those organs,
including local and regional host response
mechanisms now recognized to be as critical as
systemic immune mechanisms. Also included
are chapters on fungal hypersensitivity, fungal
sinusitis, and fungal–endothelial cell interac-
tions. As immunity to fungi are often not men-
tioned in discussions of immunology and
infectious diseases, this compilation will pro-
vide easy access to information that may stim-
ulate the inclusion of fungi in future
discussions.

It has become quite apparent in compiling
the chapters for this book that despite each
fungal organism having distinct properties, it is
uncanny how similar the host responses are
against each organism. Moreover, the host
response patterns can be quite distinct to other
types of organisms (i.e., bacteria, viruses, par-
asites). Thus, the book provides the medium to
fully realize the unique yet highly uniform
means by which the host responds to these
diverse eukaryotic human pathogens—the
fungi.

Paul L. Fidel, Jr., Ph.D.
Gary Huffnagle, Ph.D.
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1. Introduction

Sinusitis afflicts 37 million people yearly,
resulting in billions spent on physician visits
and treatments (NIAID, 2002; CDC, 2003).
Occurring in both immunocompetent and
immunocompromised individuals, sinusitis is
often found in the context of other chronic
diseases such as allergies, asthma, inflamma-
tory bowel disease, Crohn’s disease, and cystic
fibrosis (CF) (Book et al., 2003).

A number of different etiological agents
and pathologies are associated with sinusitis.
The incidence of fungal sinusitis is increasing
and diagnosis is often delayed, recognized
only after failure of antibiotic treatments.
Cases of fungal sinusitis are associated with
significant morbidity, or in untreated inva-
sive cases, mortality (Benninger, 1992;
deShazo and Swain, 1995; Ferguson, 2000a;
NIAID, 2002; Pleis, 2003). Much remains to
be learned about the pathogenesis and
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immunology of fungal sinusitis. Most of
what is currently known is limited to clinical
observation. The focus of this chapter is to
give a background on fungal sinusitis, the
anatomy affected, the fungi involved, and the
host immune response to the fungus.

2. Anatomy, Architecture,
and Function

2.1. The Nasal Cavity

The nasal cavity connects the nares to the
nasopharynx by way of the posterior nasal
aperture (Cooper, 1994). In humans the nasal
cavity is estimated to be 16 cm3 in volume
(Harkema, 1992). The cavity is divided later-
ally by the nasal septum, which is comprised
of cartilage more distally and bone more
proximally. The cavity itself is enclosed by the
lateral walls, a complicated structure contain-
ing portions of several bones; three of which

form the foundation for the nasal turbinates
(see Fig. 1.1). These turbinates (conchae) are
rounded protrusions of these three bones and
extend and furl throughout the nasal cavity.
They function to direct air through the hol-
low space, promoting filtration, humidifica-
tion, and temperature regulation (Dykewicz,
2003). The bottom most of these three pro-
trusions is the inferior turbinate, which is the
largest of the three and contains numerous
venous spaces in its tissues. The other two
turbinates, middle and superior (with the
superior being smaller and located above the
middle), are formed from portions of the eth-
moid bone and actually form two of the four
paranasal sinus cavities. Located between
each of the turbinates lies an open air space
called a meatus. Each is named for the analo-
gous turbinate (inferior, middle, or superior),
and contains openings from different sources
of the nasal cavity. Though each meatus
serves a specific role, their general function is
receiving drainage from the sinus cavities and

2 Tobias E. Rodriguez et al.

Figure 1.1. Diagram of human nasal architecture.
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providing passageway for blood vessels and
nervous tissue. An example of this process is
the nasolacrimal duct that opens to the infe-
rior meatus. This duct functions to drain
tears away from the orbits, resulting in con-
gestion when an individual cries (Cooper,
1994; Citardi, 2003; Dykewicz, 2003).

2.2. The Paranasal Sinuses

Located within this framework of carti-
lage, bones, and turbinates are the four sinus
cavities of the paranasal region. They function
to humidify incoming air, filter out particulate
matter present in respiration, aid in resonance,
lighten the weight of the skull, and protect the
brain and tissues from direct trauma. All the
paranasal sinuses are connected to the nasal
cavity via an opening in their tissue called the
ostium. This small aperture allows for release
of pressure and for drainage of superfluous
liquid and mucus from each of the cavities.
Since the ostium is the only means by which
mucus and fluid can drain from the sinus, if
this opening narrows or becomes blocked due
to inflammation or disease state, opportunis-
tic organisms can flourish in the cavities,
resulting in an infection (Van Alyea, 1939;
Baraniuk, 1994; Citardi, 2003).

Each sinus is named by the bone it rests
in or on, resulting in the frontal, sphenoid,
ethmoid, and maxillary cavities (Fig. 1.1).
The frontal cavities, small to medium in
size, rest above the eye orbits on both sides
of the face and drain into the middle mea-
tus via the frontomasal duct and ethmoidal
infindibulum. The two cavities usually lie
asymmetrical to one another, though cases
have been seen in which the cavities lie
behind one another or are connected
(Cooper, 1994).

The next set of sinuses are the ethmoid cav-
ities which have a honeycomb appearance and
contain anywhere from 6 to 12 air cells within
their structure (Van Alyea, 1939; Citardi,
2003). They flank the upper area of the nose
and lie in close proximity to the frontal sinuses.

They drain into the ethmoidal infindibulum
via several openings.

Posterior to the ethmoid sinuses, near the
middle of the skull, rest the two asymmetri-
cal sphenoid cavities. Drainage occurs via
the sphenoidal ostium into the sphenoeth-
moid recess, which is the space between the
superior turbinate, septum, and sphenoid
sinus wall (Citardi, 2003).

Lastly, the largest sinus, the maxillary,
lies beneath the cheeks on each side of the
face. The sinus drains into the ethmoid
infindibulum just as the other cavities, how-
ever, the ostium on the maxillary tends to be
reasonably smaller due to the surrounding
mucosa on the bone (Cooper, 1994).

2.3. Cellular Anatomy
and Physiology

The nasal cavity, turbinates, and paranasal
sinuses are lined with mucosa comprised of
four distinct nasal epithelium populations:
olfactory epithelium (OE), stratified squa-
mous epithelium (SE), respiratory epithelium
(RE), and nonciliated cuboidal/columnar
epithelium (NCE), also known as transitional
epithelium. Each type has its own unique cell
populations and distribution throughout the
nasal cavity. SE lines the external nares and
vestibule of the nose, RE covers most of the
nasoturbinates, maxiloturbinates, septum, and
maxillary sinus cavities, OE lines the ethmoid
turbinates, and NCE is found in narrow zones
of transition between each type (Harkema,
1992; Herbert, 1999). In studies involving rats,
Gross et al. (1982) showed the percentage of
these epithelium types to be 7% for SE, 46%
for RE, and 47% for OE. When compared to
humans these values would shift, as OE in
humans is restricted to a very small area cov-
ering the mid-dorsal aspect of the nasal cavity.
Additionally, rodents only possess maxillary
and ethmoid sinus cavities, as opposed to the
four found in humans.

The external nares and vestibule are com-
pletely lined by SE. In rats and mice there are

Fungal Sinusitis 3



predominantly basal cells along the basal
lamina and several layers of squamous cells,
which become progressively flatter toward
the luminal surface. This group contains the
largest quantity of cells in S phase of the cell
cycle, meaning it possesses larger cellular
turnover. There are no mucociliary mecha-
nisms in this population as the region most
likely functions to protect the subsequent
tissues and physiology.

Respiratory epithelium, the predominant
cell type in humans, covers most of the
turbinates (except for the ethmoid region) as
well as the septum and maxillary sinus cavi-
ties. In rodents the principle cell types found
within the RE are cuboidal cells, goblet cells,
brush cells, basal cells, and ciliated and non-
ciliated columnar cells. The lamina propria
of the RE contains collagen fibers, nerves,
mucus, and serous glands, as well as venous
sinuses, which dilate to alter the airflow
through the passageway (Harkema, 1992).

The OE in humans is limited to a small
portion of the nasal cavity and lines the eth-

moid nasal turbinates. In rodents the epithe-
lium is pseudo-stratified and consists of three
primary cell types including supporting cells,
olfactory neurons, and basal cells. The lamina
propria of OE has blood vessels, unmyeli-
nated nerve bundles, and Bowman’s glands
responsible for the secretion of mucus to
moisten the surrounding tissue. Microvilli are
present on the epithelium and help move
mucus around the region (Herbert, 1999).

Lastly the NCE lies in the transitional
zones between different regions, primarily
between the SE and RE. It consists of
microvilli-covered epithelium, nonciliated
cubodial/columnar cells, and basal cells
(Harkema, 1992).

2.4. The Role of Nasal
Physiology in Immunity

This mechanism accounts for how a
majority of foreign debris is cleared from the
nasal region, though the process is hindered
when the ostium becomes blocked or the
mucus becomes too viscous to move.
Particulates are inhaled and become trapped
in the viscous mucus overlaying the respira-
tory epithelium. Using coordinated mucocil-
iary beat, the mucus is swept through the
cavities and is pushed into the nasopharynx
where it is then swallowed and digested
(Baraniuk, 1994; Herbert, 1999). This
accounts for how a majority of foreign debris
is cleared from the nasal region, though the
process becomes complicated when the
ostium becomes blocked, or the mucus
becomes too viscous to move. This thickening
is seen in several disease states within the
sinuses, though the mechanism behind this
physiology is not yet discerned. Overall, the
epithelium of the nasal cavity acts as an
anatomical barrier by not only preventing
antigens from directly reaching superficial
tissue but also by secreting lysozyme and
defensins to counter nominal pathogenic
microbial colonization (Baraniuk, 1994).

In addition to the anatomical barriers,
leukocytes play an indispensable role in the

4 Tobias E. Rodriguez et al.

Figure 1.2. Histological analysis of murine sinuses
in a model of acute invasive fungal sinusitis. The
arrow indicates hyphal A. fumigatus becoming
invasive in the right maxillary cavity. Tissue invasion
has occurred in addition to the necrotic tissue
surrounding the mass. et = ethmoid turbinates; hp =
hard palate; M = maxillary sinus cavity; s = septum.
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paranasal region innate immunity. Since each
variant of fungal sinusitis carries its own
specific host response, further information
regarding the role of nasal physiology in
innate and adaptive immunity will be dis-
cussed with each of the different classifica-
tions of fungal sinusitis.

3. Classifications of 
Fungal Sinusitis

As mentioned before, sinusitis is defined
as a disease state localized to any of the four
paranasal sinus cavities. Within the context of
these diseases, the subject of fungal sinusitis
can be divided into four categories: noninva-
sive fungal masses (commonly called fungal
balls), invasive sinusitis (with acute and
chronic subtypes), chronic sinusitis, and aller-
gic fungal rhinosinusitis (AFRS). The basis
for these manifestations is dependent on the
immune status of the host. Depending on
whether the host is immunocompetent,
immunocompromised, or is atopic, the type
of disease and severity encountered can shift
based on fluctuations in the host status.

3.1. Noninvasive Fungal
Masses (Fungal Balls)

Fungal balls of the paranasal sinuses are
commonly referred to as mycetomas in the

literature (though this is a misnomer as
mycetomas technically represent superficial
fungal infections on the feet) (Ferguson,
2000c). Fungal balls are noninvasive, non-
immunogenic types of fungal sinusitis.
Patients are immunocompetent and gener-
ally are neither atopic nor do they suffer
from other disorders specific to the respira-
tory tract.

The masses themselves are mycelial mats
which can rest in the sinus cavities for
months or years without any sort of tissue
invasion. They are described as cheeselike,
gritty, rubbery, or greasy masses that are eas-
ily discernible from the surrounding mucosa.
They may be black or brownish in color, and
often have a fetid odor associated with them.
A small, localized inflammatory response
may be seen, but the integrity of the nasal
architecture is unchanged (Washburn, 1994).
The benign mass is usually limited to the
maxillary sinus cavity, with infections occur-
ring infrequently in the sphenoid cavity as
well. Symptoms include chronic nasal con-
gestion, pain localized to the maxillary sinus,
and a postnasal drip. Often a superimposed
acute bacterial infection will occur, though
the infection is opportunistic and not
directly integrated with the fungal sinusitis.

Several species of fungi have been
reported in clinical settings as etiological
agents involved with noninvasive fungal
sinusitis (Table 1.1). The most predominant
organisms seen within this disease state are

Table 1.1. Fungal Etiological Agents Associated with Types of Fungal Sinusitis

Type of fungal sinusitis Fungal etiological agents

Noninvasive fungal masses (fungal balls) A. fumigatus, A. flavus, Alternaria species,
Penicillium (Ferguson, 2000b)

Invasive (acute and chronic subtypes) A. fumigatus, A. flavus, Alternaria species,
C. neoformans and C. albicans (Ferguson 2000a,
Schell 2000)

Chronic rhinosinusitis A. fumigatus, A. flavus, Alternaria species, C. albicans,
Penicillium, Fusarium (Ponikau Sherris et al., 1999)

Allergic fungal rhinosinusitis (AFRS) A. fumigatus, Alternaria, Bipolaris, Curvularia 
(Ferguson, 2000a; Houser and Corey, 2000)



Aspergillus fumigatus, A. flavus, and species
of Alternaria, with Penicillium being seen in
extremely rare cases (Schell, 2000). The
prevalence of Aspergillus in noninvasive fun-
gal sinusitis parallels the prevalence of this
organism as one of the most common air-
borne fungal pathogens (Latgé, 1999).

The exact pathogenesis of noninvasive
fungal masses is currently unknown, though
the most likely cause is the persistence of the
fungal spores within the nasal cavity
(Ferguson, 2000c). Normally factors such as
mucociliary beat are responsible for clearing
fungal spores from the sinus region; however
when an antigen is not removed, for reasons
that are unclear, it may undergo germination
(Baraniuk, 1994). Once hyphal extension
transpires, the organism can become too
large to be cleared by normal physiological
means and is then able to establish an infec-
tion, though a nonimmunomodulatory one
(Ferguson, 2000c).

Currently the only treatment available for
noninvasive fungal sinusitis is surgery to
remove the obstruction (Ferguson, 2000c).
Irrigation can be useful in washing out small
mycelial masses, but in the case of larger
masses endoscopic surgery is preferred in
targeting both the maxillary and sphenoid
sinuses.

3.2. Invasive Fungal Sinusitis

Within invasive fungal sinusitis there are
two distinct subtypes, acute and chronic.
Acute sinusitis occurs in immunocompro-
mised hosts (bone marrow transplant
patients, HIV, etc.) and generally lasts for less
than 4 weeks. In the literature it is commonly
referred to as fulminant sinusitis, conveying
the rapid disease progression and destruction
affiliated with the infection (Ferguson,
2000a). Characteristically the disease pro-
gresses in a matter of days, with hyphal
growth and extension pushing out of the sinus
cavities and invading the surrounding
mucosa, vascular system, and in severe cases,

the cranium. Histological analysis reveals
prominent hyphal extension, an influx of cel-
lular exudates, and necrotic tissue surround-
ing the area. If patients presenting symptoms
of acute invasive sinusitis fail to receive proper
medical treatment, severe damage can occur
to the nasal cavity, bone structure, and death
can ensue (Fig. 1.2).

In studies performed by Rudack on
mucosa samples from acute invasive sinusitis
patients, concentrations of proinflamma-
tory cytokines interleukin (IL)-1β and IL-6
were shown to be increased compared to
control mucosa, but not seen at levels high
enough to merit statistical significance
(Rudack et al., 1998). However in analyzing
levels of IL-3 and IL-8, values were signifi-
cantly higher than controls, indicating an
innate immune response against the invad-
ing fungus.

Most cases of acute sinusitis begin with
the onset of the common cold (NIAID,
2002). These viral colds do not cause acute
sinusitis per se, but rather act to inflame the
sinuses and surrounding mucosa. Even if
immunocompromised, most hosts would
still be able to clear fungal spores from the
nasal cavity via ciliated cells (Baraniuk,
1994). However with the overproduction of
mucus and increased inflammation caused
by the cold, the size of the ostium becomes
limited, and any fungi present in the sinuses
can no longer be mediated effectively. This is
also the case for other opportunistic organ-
isms such as Haemophilus influenzae and
Streptococcus pneumoniae (NIAID, 2002).

Again, the most predominant organisms
seen within this disease state are A. fumiga-
tus, A. flavus, and species of Alternaria
(Table 1.1). Additionally rare cases of
Cryptococcus neoformans and Candida albi-
cans have been seen in cases of acute inva-
sive fungal sinusitis (Schell, 2000).

Chronic fungal sinusitis differs from the
acute variation in that the host is for the
most part immunocompetent and the
symptoms affiliated with the disease last
longer than 4 weeks (Washburn, 1994).

6 Tobias E. Rodriguez et al.
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These patients typically suffer from a long-
standing history of upper respiratory aller-
gies, asthma, and nasal polyposis. The
disease can take months or years to
progress and symptoms include the erosion
of barriers separating the paranasal cavi-
ties, as well as adjacent structures such as
the orbits, brain, and pituitary gland
(Stringer, 2000). Additionally patients suf-
fer from mycotic aneurysms, carotid artery
ruptures, erosion of the maxillary floor
which results in palatal degradation, and
erosion of the cribriform plate which
results in chronic headaches, seizures, and
decreased mental status. Etiological agents
found in clinical cases are the same as those
in the noninvasive and the acute invasive
forms (Schell, 2000).

In studies performed by Rudack and oth-
ers on samples taken from chronic fungal
sinusitis patients, the only cytokine shown at
elevated levels was IL-3 (Rudack et al.,
1998). This is contrasted against more recent
work which indicates the increased expres-
sion of IL-1β, IL-5, IL-6, IL-8, and TNF-α
in the sinonasal mucosa of patients with
chronic sinusitis (Lennard et al., 2000).

The exact etiology of what causes
chronic invasive fungal sinusitis is unknown.
Most patients are immunologically intact
and contain no cellular level defects that
contribute to the overall morbidity of the
disease (Washburn, 1994). The chronic
inflammation results in rearrangement of
the normal sinus architecture, which
impedes drainage and can lead to superim-
posed bacterial sinusitis (Ferguson, 2000a).
However, the notion of this pathophysiol-
ogy being sufficient to cause chronicity is
unfounded. One report suggests that the
fungus is simply acting as an opportunist
and taking advantage of a weakened and
diseased sinus and yet others point to the
not yet fully elucidated fungal virulence fac-
tors as rationale (Jahrsdoerfer et al., 1979).

Chronic invasive fungal sinusitis is usu-
ally misdiagnosed and is only recognized
after patients take antibiotics for a long

period without cessation of symptoms
(Stringer, 2000). Current therapy uses the
prescription of steroids to initially decrease
inflammation, and if no change is seen in the
patient’s progress, a combination of endo-
scopic surgery and antifungal chemotherapy
is applied. Even with these procedures the
disease state recurs quite frequently post-
surgery and posttreatment (Washburn, 1994;
Stringer, 2000; NIAID, 2002).

3.3. Chronic Rhinosinusitis

Chronic rhinosinusitis (CRS) is an
inflammatory condition of the paranasal
mucosa and nasal cavity that persists longer
than 3 months. Typically medical or surgical
treatments offer very little assistance to
these patients, a reflection of the general
morbidity caused by this disorder. There has
been much controversy regarding the spe-
cific pathogenesis of CRS in the literature,
as there are currently several competing the-
ories as to what the mechanism of disease
might be. Additionally, all studies have been
analyzed with different parameters and with
different methods, adding a great deal of
discrepancy to the field, and not allowing all
work to be directly comparable.

Histopathology reveals inflammation of
the mucosal lining, goblet cell hyperplasia,
subepithelial edema, and mononuclear cell
infiltration as hallmarks of CRS (Bachert
et al., 2004). The major leukocyte affiliated
with inflammation in CRS is the eosinophil,
differing from the invasive forms of sinusitis
where neutrophils (PMNs) are predominantly
seen (Harlin et al., 1988; Wei et al., 2003).
However an increase in IL-8 (a PMN
chemokine) has been seen in CRS patients,
suggesting neutrophils may aid in the local
immunity of the nasal cavity, but are not the
primary effector cells in this condition
(Suzuki et al., 1996). In addition to IL-8,
other proinflammatory mediators such as IL-
1β, IL-6, MCP-1, TNF-α, and the eicosanoid
PGE2 have all been seen in CRS and appear



to play a role in the persistence of inflamma-
tion (Kuehnemund et al., 2004). In CRS
patients, histopathology reveals inflammation
of the mucosal lining, goblet cell hyperplasia,
subepithelial edema, and mononuclear cell
infiltration (Bachert et al., 2004).

Another direct symptom of CRS is the
development of polyposis that is almost
always correlated with the disease
(Ferguson, 2000a). Polyps form from ede-
matous tissue stemming from the middle
meatus and can cause disruption of respira-
tion, or, in severe cases, facial deformity
(Moloney, 1977; Drake-Lee, 1997; Setti-
paine, 1994). The polyps are usually pale in
color due to poor blood supply, but in the
presence of inflammation can appear more
reddish. One theory on the early formation
of polyps is the “epithelial rupture theory”
put forward by Tos (1997). He posits that
formation starts with a rupture along the
nasal epithelium caused by pressure from
edematous and infiltrated lamina propria.
The lamina propria projects beyond the
fault and is slowly covered by expanding
epithelial cells. As the polyp grows in length,
it starts to become vascularized and eventu-
ally is completely enveloped by nasal epithe-
lium. Another hypothesis based on work
from Bernstein and others, builds upon the
ulceration and re-epitheliazation proposed
by Tos, and explains polyp formation and
persistence begins with the upregulation of
GM-CSF and G-CSF by macrophages
within the nasosinal cavity (Bernstein,
1997). These cytokines are responsible for
the recruitment of eosinophils, mast cells,
and PMNs to the site of inflammation,
resulting in the release of various inflamma-
tory intermediates such as prostaglandins,
leukotrienes, and major basic protein (MBP)
(Bernstein, 1997). This eventually leads to a
further amplification of the response, alter-
ing ion transport (Na+ and Ca2+), and result-
ing in water retention within the epithelium
and lamina propria. This water retention
results in edema and aids in the growth of
the polyps themselves.

Though the mechanism of chronicity
behind CRS is unknown, recent work by
Ponikau et al. (1999) suggests that a hyper-
sensitive reaction to a fungal etiological
agent may be responsible. In a sample of 210
CRS patients, they found 96% (202/210)
tested positive for the presence of fungi in
their nasal samples. The predominant fungi
isolated were species of Aspergillus,
Alternaria, Candida, and Penicillium (Table
1.1). Additionally the study also found 100%
(14/14) of healthy volunteers tested positive
for fungal colonies. This suggests that while
the fungi themselves are probably not the
sole mediator of CRS, the hypersensitive
response demonstrated by CRS patients
may be caused by the fungi. This etiology is
parallel to the known disease allergic fungal
rhinosinusitis (AFRS, discussed later in the
chapter), though Ponikau et al. failed to find
significant levels of IgE in the study, tradi-
tionally a characteristic of AFRS. Thus the
authors suggest the term “eosinophilic fun-
gal rhinosinusitis” be used in lieu of AFRS
so as to describe the onset of eosinophilia,
without the foundation of IgE being a
mechanistic process in the disease (Ponikau
et al., 1999). This work was supported by
Braun and others who used similar tech-
niques and found comparable results (Braun
et al., 2003).

Contrasted against this theory is the
work done by Ferguson who suggests that
CRS be divided into two distinct subcate-
gories; those patients with AFRS and those
with a similar, but distinct clinicopathologi-
cal entity, eosinophilic mucin rhinosinusitis
(EMRS) (Ferguson, 2000b). EMRS is
described as histopathologically similar to
AFRS with the distinct absence of fungi in
the samples. In a review of the literature and
from patient studies, Ferguson compared
431 patients with AFRS to 69 with EMRS
and found that patients with AFRS tended
to have a lower incidence of asthma (41% vs.
93%), decreased aspirin sensitivity (13% vs.
54%), and increased total IgE levels.
Additionally AFRS patients were more
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likely to have allergic rhinitis (84% vs. 63%)
and were also younger in age (30.7 vs. 48.0).
All values were found to have statistical sig-
nificance. Ferguson concluded these dis-
orders were different enough from one
another and that their characteristics should
denote these distinctions; AFRS should be
characterized by fungal isolation and is medi-
ated by IgE hypersensitivity (Type 1), and
EMRS be characterized by the presence of
allergic mucus, lack of fungal isolation, and
mediated by general immune dysregulation.

While the exact pathogenesis of CRS
is unclear, it is understood that the altered
nasal environment lends itself to frequent
acute bacterial and viral co-infections
(Davis and Kita, 2004). In this scenario
microbes are able to act as opportunists
and take advantage of the host’s weakened
immune state. The inflammatory response
responsible for altering the nasal environ-
ment (interruption of mucociliary beat,
remodeling of nasal architecture, obstruc-
tion of sinonasal ostia, etc.) is believed to be
a key factor in contributing to the persis-
tence of CRS.

3.4. Allergic Fungal
Rhinosinusitis

Allergic fungal rhinosinusitis (AFRS or
AFS in the literature) is a hypersensitivity
disease of the paranasal sinuses afflicting
patients who are immunocompetent albeit
with a history of atopy and allergic rhinitis to
fungi. The disease process begins as the fungi
become entrapped within the nasal cavity,
presumably because of ostium obstruction or
mucociliary disorder, and initiate a hypersen-
sitive immune response. Just as with the other
forms of fungal sinusitis, A. fumigatus is the
most common etiological agent associated
with AFRS (Table 1.1).

Traditionally it has been believed the
mechanistic process underlying this disorder
was IgE and IgG (Type I and Type III)
mediated (Bent and Kuhn, 1997; Stewart

and Hunsaker, 2002). However, as men-
tioned earlier, recent observations concern-
ing patients who exhibit AFRS without
increased IgE levels have questioned this
mechanism, and has led to the suggestion of
renaming AFRS to “eosinophilic fungal rhi-
nosinusitis” to account for this disparity
(Ponikau et al., 1999; Braun et al., 2003;
Corradini et al., 2003). It is important to
note that AFRS is most likely a multifac-
toral process, though the decisive factor is
almost certainly the patients’ hyperimmune
response to the fungus (Stewart and
Hunsaker, 2002). The production of an
allergic mucin develops, which contains high
levels of eosinophils, Charcot-Leyden crys-
tals (by-products of eosinophilia) and non-
invasive hyphal bodies (Washburn, 1994;
Houser and Corey, 2000). The mucin is a
thick, greenish-brown, viscous material that
traps the fungi, not allowing it to be cleared
from the sinuses. This leads to a cyclical
immune response as more eosinophilia
occurs in response to the fungus, thereby
overwhelming the nasal cavity and adding to
the chronicity of this disease. Additionally,
as AFRS is a form of CRS, nasal polyposis
is almost always associated with patients
suffering from this disease.

Strong parallels have been made between
AFRS and allergic bronchopulmonary
aspergillosis (ABPA), a hypersensitivity dis-
order limited to the lungs and specific to
A. fumigatus. ABPA is a late-phase allergic
inflammatory response occurring in
patients diagnosed with asthma or Cystic
Fibrosis (Knutsen, 2003). In patients with
ABPA, hyphal Aspergillus can be found in
the airspaces and parenchyma of the lungs.
Increased IgE levels, as well as systemic and
pulmonary eosinophilia, characterize the
disease. The disease can have a number of
clinical presentations including hemoptysis
(in which patients cough up large amounts
of blood) as well as bronchietasis (a condi-
tion where large amounts of fibrous tissue
are formed within the lungs). In humans
the CD4+ T-cell population in ABPA
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produces increased levels of IL-4, -5, -10,
and -13 (Grünig, 1997; Houser and Corey,
2000; Knutsen, 2003). This response
increases class switching of B cells to stimu-
late IgE production as well as maturation
and activation of eosinophils, resulting in
skewing the immune response towards a
Th2 reaction. Additionally there is
increased adhesion molecule (VCAM) pro-
duction, an increase in mast cell degranula-
tion, and eventually anergy to A. fumigatus
is reached via delayed type hypersensitivity
(DTH).

Recent findings by Shah and others
examined the incidence of AFRS in ABPA
patients. Ninety-five patients with diagnosed
ABPA were assessed radiologically for
AFRS. Of those 95, 22 patients scored posi-
tive for having fungal rhinosinusitis (23%).
All patients demonstrated positive skin tests
and had increased total and specific IgE lev-
els. In addition, allergic mucin was seen in
all patients, with five patients having hyphal
development within the paranasal region
(Shah et al., 2001).

Therapy for AFRS includes reduction of
fungal burden and restoration of normal
sinus drainage. To achieve the latter goal,
abnormal soft tissue masses are extirpated
with endoscopic surgery, however, reports
suggest surgery alone results in recurrence of
the diseased state (Washburn, 1994;
Kupferberg et al., 1997; Marple et al., 2002).
In a study put forward by Kupferberg, 19 of
24 patients who had undergone surgery for
AFRS suffered a recurrence of symptoms
postsurgery (Kupferberg et al., 1997).
Similar studies noted patients who were
given fungal immunotherapy postopera-
tively were more likely to experience remit-
tance than those patients who received no
immunotherapy (Marple et al., 2002). In
addition to surgery and antifungal treat-
ments, long-term topical nasal corticos-
teroids are also utilized, though steroid
therapy is thought to increase the likelihood
of a secondary fungal invasion (Washburn,
1994).

4. Summary

Fungal sinusitis is an emerging family of
fungal diseases, which has been thus far
understudied. Though widely recognized in
clinical setting and thoroughly reported in
the literature, studies to corroborate these
observations are yet to be done. In addition,
few or no animal models have been devel-
oped to study the pathogenic process of fun-
gal sinusitis. Future studies will need to
explore the underlying host defense anom-
alies that predispose individuals to fungal
infection of the sinuses and also examine the
microbial factors that facilitate coloniza-
tion, infection, and invasion.
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1. Introduction

Candida species can be isolated from the
oral cavity of up to 80% of healthy individ-
uals as a commensal organism (Odds, 1988;
Wilkieson et al., 1991). Despite these
extremely high reported carriage rates, very
few healthy carriers will develop clinical
signs of the oral infection. This commensal
relationship however can change in response
to a change in the local oral microenviron-
ment. Breakdown of mucosal integrity,
qualitative or quantitative shifts in oral
microbial flora, or an inadequate innate
host response can lead to increased fungal
burden, which can cause a chronic oral
mucosal inflammatory response to the
organism, also known as Candida stomatitis
(reviewed in Scully et al., 1994). Perhaps the
most important host defense strategy
against Candida albicans is the activation of
the innate arm of the immune system, prin-
cipally represented by the polymorphonu-
clear leukocyte (PMN) or neutrophil. This is
evidenced by the fact that neutropenic
patients are highly susceptible to the fungus,
and that the disappearance of yeast cells
from tissues parallels the appearance of neu-
trophils (reviewed in Ashman and
Papadimitriou, 1995). Although PMN are
considered important in the resistance to
and eradication of fungi, it appears that
these functions in vivo require stimulation
with an activating agent. CD4+ T cells main-
tain a central role in the defense against
Candida since they provide such activating
signals to PMN through the release of spe-
cific cytokines (Ashman and Papadimitriou,
1995). The importance of the CD4+ T helper

cell in the eradication or control of Candida
growth in vivo is evidenced by the increased
incidence of oral mucosal candidiasis in
patients affected by HIV disease or
immunosuppressive treatment, which pri-
marily targets the CD4+ T cell subset
(Coleman et al., 1997; O’Daniels et al.,
2000). Thus it appears that oral candidiasis
emerges at later stages of HIV infection or
during chronic pharmacological immuno-
suppression, when Candida-specific CD4+ T
cell clones are materially or functionally
depleted, as innate immunoeffectors are
faced with a remarkably increased burden of
commensal microorganisms, and with essen-
tially minimal activating help from circulat-
ing T helper cells. Interestingly, even though
PMN activation may be compromised in
these individuals, cases of oral invasive can-
didiasis or disseminating candidiasis
through the oral mucosa are rare among
these patients and seem to be associated
only with additional risk factors such as
severe neutropenia or high doses of corti-
costeroid treatment (Imam et al., 1990).
Thus it is possible that either (a) unique
innate defense mechanisms operate in the
oral mucosa, which control invasive infec-
tion and are independent of T cell or neu-
trophil function; or (b) a certain degree of
PMN activation still takes place at the infec-
tion site, which may be due to cytokines
released from structural oral mucosal cells.
This chapter will focus on the innate
immune and nonimmune defense mecha-
nisms, which may play a role in limiting oral
Candida infections. Finally a critical evalua-
tion of the inherent defense mechanisms
unique to the oral mucosa that may prevent
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invasive infection in the immunocompro-
mised host will be presented.

2. Unique Structural
and Ecological Features
of the Oral Mucosa

2.1. Structure of the
Oral Mucosa

The oral mucosa is a highly permeable
tissue, with regional variations, as the type
and keratinization status of the epithelial
cell layer varies in different locations of the
oral cavity. The oral cavity is lined by at least
four different types of mucosa (Squier and
Finkelstein, 2003). While nonkeratinized
epithelium lines the majority of the oral cav-
ity, covering the hard palate and gingiva is
the masticatory mucosa, which receives the
most severe mechanical forces and has strat-
ified keratinized epithelium. The dorsal sur-
face of the tongue is covered by specialized
mucosa and is also lined by keratinized
epithelium, which specializes in taste and
other neurophysiologic functions. Junct-
ional epithelium is a relatively undifferenti-
ated and nonkeratinized epithelium, which
forms the junction between the oral mucosa
and the teeth. Another unique structural
feature of the oral cavity is the localized
presence of submucosa containing adipose
tissue and minor salivary glands (Squier and
Finkelstein, 2003).

The most common form of Candida
stomatitis affects the palatal and dorsal
tongue mucosa (Samaranayake and Mac-
Farlane, 1990), and therefore this infection
mostly relates to oral stratified keratinized
squamous epithelium. In general, stratified
squamous epithelia are thought to protect
the underlying tissues by the process of ker-
atinization, which decreases the mucosal
permeability, and also by the process of
desquamation of keratinized cells, which is
thought to play an important role in the

clearance of adherent bacteria and fungi
(Samaranayake and Samaranayake, 2001).

2.2. Oral Microbial Ecology

The oral mucosa is colonized by over 200
microbial species. Thus, the potential for bac-
terial and fungal infections is high, with a
need for innate defense mechanisms. The oral
cavity is comprised of at least four microbial
ecological niches with a certain degree of
variability in the composition of their indige-
nous flora: the saliva, the tongue, and the
tooth-associated supragingival and subgingi-
val plaques (Slots, 1992). The most predomi-
nant indigenous bacterial flora in saliva,
tongue and supragingival plaque are mem-
bers of the Streptococcus species. These com-
mensal bacteria may modulate yeast
colonization by competing for nutrients and
adhesion sites. Evidence for a protective role
of the oral bacterial flora against fungal
infection is derived from the fact that use of
broad-spectrum antibiotics in humans and
animals promotes oral Candida infection
(Samaranayake et al., 1994; Deslauriers et al.,
1995). In fact, many animal and in vitro stud-
ies have shown that oral Candida colonization
can be inhibited by oral Streptococci
(Liljemark and Gibbons, 1973;
Samaranayake et al., 1994). Coaggregation of
C. albicans or C. dubliniensis with the oral
bacterium Fusobacterium nucleatum has been
described in subgingival plaque, and may
play a role in the pathogenesis of periodontal
infections. The extent of coaggregation var-
ied between the two Candida species, was
inhibitable by mannose or α-methyl manno-
side in both cases, and appeared to be due to
the presence of a heat-stable Candida recep-
tor (Jabra-Rizk et al., 1999).

Candida species are also part of the com-
mensal flora in the oral cavity, with oral
asymptomatic Candida carriage rates vary-
ing among different age groups. The highest
asymptomatic Candida carriage rates
(65–80%) were reported for healthy children
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(Odds, 1988), the elderly (Wilkieson et al.,
1991), and HIV+ patients (Campisi et al.,
2002; Myers et al., 2003). C. albicans colo-
nizes the oral mucosa at higher rates than
many other mucosal sites in humans, but
very few healthy carriers develop clinical
signs of the oral infection (Odds, 1988). This
is in contrast to other mucosal sites such as
the vagina, where the carriage rate by
healthy individuals is approximately 25%
and clinical infection can be observed in
otherwise healthy women (Sobel, 1988). C.
albicans is frequently isolated from the
saliva, tongue, and subgingival plaque
(Redding et al., 1988, 2002; Phelan et al.,
1997), and it is a change in the oral host
environment that determines whether colo-
nization will progress to infection.

3. Epidemiology, Clinical,
and Histopathologic
Characteristics of Oral
Candidiasis

3.1. Epidemiology

General risk factors for oropharyngeal
candidiasis (OPC) are the two extremes of
age (Odds, 1988), trauma (O’Grady and
Reade, 1993), salivary gland hypofunction
(Scully et al., 1994), dental prostheses
(Odds, 1988), broad-spectrum antibiotic
therapy, and topical use of corticosteroids
(Deslauriers et al., 1995), as well as nutri-
tional factors (Rennie et al., 1983;
Samaranayake, 1986). Among the systemic
conditions that predispose patients to OPC
are diabetes mellitus, HIV infection,
immunosuppressive therapy, Sjogren’s syn-
drome, and radiation therapy for head and
neck cancer (reviewed in Scully et al., 1994).
In most types of high-risk patients, C. albi-
cans is still the main etiologic agent of oral
candidiasis (Scully et al., 1994). However,
over the last 15 years new Candida species
have emerged as the infectious agent respon-

sible for some of these infections in special
patient categories, such as HIV+ patients
and patients receiving radiation treatment of
head and neck tumors (Redding et al., 1999;
O’Daniels et al., 2000). The most commonly
reported non-albicans Candida species
involved are C. dubliniensis, C. glabrata,
C. krusei, and C. tropicalis (O’Daniels et al.,
2000; Redding, 2001).

Interestingly, up to 90% of HIV+ patients
have had at least one episode of OPC, and
their susceptibility to oral candidiasis is not
paralleled by susceptibility to vaginal or dis-
seminated infection (Scully et al., 1994).
Although HIV-associated OPC is predomi-
nantly caused by C. albicans (Vargas and
Joly, 2002; Myers et al., 2003), non-albicans
Candida species have emerged as etiologic
agents of oral candidiasis in certain HIV+

patients (O’Daniels et al., 2000; Redding,
2001). C. dubliniensis was isolated from as
many as 32% of HIV+ patients with clinical
signs of this infection (Coleman et al., 1997)
and it can apparently be the sole causative
agent detectable in some of these patients
(O’Daniels et al., 2000; Vargas and Joly,
2002). More recent epidemiologic evidence
suggests that the prevalence of C. dublinien-
sis infection in this patient population is
much lower than originally proposed and
ranges between 5% and 10% (Giammanco
et al., 2002; Vargas and Joly, 2002). Because
typically C. dubliniensis shows the same pat-
tern of antifungal susceptibility as C. albi-
cans, in the vast majority of cases
distinction between the two species is not
required for successful treatment (Redding,
2001).

OPC is also a common infection in patients
receiving radiation treatment of head and
neck tumors (Redding et al., 1999). This infec-
tion is thought to be due to destruction of sali-
vary gland tissue and hyposalivation (Fotos
and Hellstein, 1992). Recently, an increase in
oral candidiasis has been reported in head and
neck cancer patients receiving radiation ther-
apy, which is due to infection with one or more
non-albicans Candida species (Redding, 2001).
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In fact, fungi other than C. albicans were
detected in 59% of the head and neck cancer
patients with positive cultures, whereas 27% of
the culture-positive patients harbored C. albi-
cans in combination with other species
(Redding et al., 1999, 2001). One of the most
frequently isolated Candida species from these
patients is C. glabrata (Redding et al., 1999). In
recent years C. glabrata has emerged as an
important pathogen in humans, being the sec-
ond or third leading agent of candidiasis at all
sites (reviewed in Fidel et al., 1999). Because
C. glabrata is most often co-isolated with
C. albicans, its role as a causative agent in OPC
has been controversial. Also, its pathogenicity
has been difficult to demonstrate experimen-
tally due to its much lower virulence in animal
models of infection (reviewed in Fidel et al.,
1999). However, oral infection with mixed
C. albicans and C. glabrata may be clinically
more severe (Redding et al., 2002) and reports
of C. glabrata as the only detectable species
from oral lesions have been rising steadily
(Redding et al., 1999, 2001, 2002). This is par-
ticularly important since unlike C. dubliniensis,
C. glabrata isolated from oral lesions is much
more resistant to standard antifungal treat-
ment than C. albicans (Redding et al., 1999,
2001). As a result, C. glabrata oral infection is
suspected in most cases when the patient does
not respond to routine doses of fluconazole
(Redding et al., 2002). Interestingly, C.
glabrata is also associated with increased oral
carriage rates among the elderly, especially the
ones wearing oral prostheses (Lockhart et al.,
1999). In the elderly, denture stomatitis and
angular cheilitis are the most common den-
ture-related infections (Espinoza et al., 2003),
and the most frequently isolated species from
these lesions is C. albicans (Leigh et al., 2002;
Dar-Odeh and Shehabi, 2003).

3.2. Clinical Features of
Oral Candidiasis

All Candida species form the same type
of oral lesions clinically (Redding, 2001).

However, recent evidence suggests that
mixed infections with more than one species
may be associated with more severe symp-
toms and are more difficult to treat
(Redding et al., 2002). There are three main
clinical variants of oral candidiasis: the
pseudomembranous (also known as thrush),
the hyperplastic, and the erythematous
(Axell et al., 1997). The hyperplastic form is
accompanied by extensive epithelial hyper-
plasia and hyperkeratosis, also termed can-
didal leukoplakia. The erythematous form
has been the predominant clinical form in
HIV+ patients with CD4+ lymphocytes
>400, whereas as the lymphocyte counts
drop, the lesions appear to become more of
the pseudomembranous type (Weinert et al.,
1996). Frequently all three forms coexist and
the term “multifocal candidiasis” is used to
describe the lesions. Candida is also fre-
quently responsible for inflammatory
lesions found between the lips (angular
cheilitis), under dentures (denture stomati-
tis), and on the dorsal surface of the tongue
(median rhomboid glossitis). Symptoms
associated with this infection are pain, burn-
ing mouth, and dysphagia, which can lead
to poor nutrition and significant patient
morbidity (Fotos and Hellstein, 1992).

3.3. Histopathologic
Characteristics

Chronic hyperplastic or pseudomembra-
nous candidiasis is a form of infection with
distinct clinical and histopathological char-
acteristics. The histologic features of this
infection include a hyperplastic and parak-
eratotic response of the surface epithelium,
which is invaded by hyphal organisms. The
inflammatory infiltrate consists primarily of
PMN, which form microabscesses within the
epithelium, whereas very few PMN are
found within the lamina propria in associa-
tion with blood vessels (Eversole et al.,
1997). A chronic inflammatory infiltrate is
also present in the superficial lamina propria
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close to the epithelial border, with a charac-
teristic high presence of IgA-expressing lym-
phocytes (Williams et al., 1997).

In HIV+ patients, neutrophils appear to
be a rare finding in oral candidiasis lesions
and are only encountered in a limited num-
ber of erythematous forms. The inflamma-
tory cell infiltrate is primarily mononuclear
in both pseudomembranous and erythema-
tous cases of HIV-associated infection
(Romagnoli et al., 1997). Few Candida
hyphae are associated with the atrophic
epithelium in erythematous candidiasis,
whereas numerous organisms are found
invading into the prickle cell layer of oral
epithelium in pseudomembranous candidia-
sis. In HIV+ patients the inflammatory infil-
trate is heavier in erythematous candidiasis
and consists of CD8+ lymphocytes and
CD1a+ Langerhans cells (Romagnoli et al.,
1997). In fact, in this study CD1a+ dendritic
cells were the only cell type to be signifi-
cantly increased in HIV+ oral candidiasis
as compared to HIV+ or HIV− controls.
These cells were almost exclusively restricted
to the basal layer of the oral epithelium.
Overall a change in localization of inflam-
matory cells such as macrophages and den-
dritic cells from the lamina propria into
the basal epithelial cell layer was observed,
as opposed to an increase in cell number
(Romagnoli et al., 1997). A more recent
immunohistochemical analysis of the T cell
populations in HIV-associated oral can-
didiasis showed an intriguing accumula-
tion of high numbers of CD8+ T cells at
the lamina propria–epithelium interface
of the infected sites as compared to unin-
fected controls, and a positive correlation
between the numbers of CD8+ T cells and
oral fungal burden in HIV+OPC− individu-
als (Myers et al., 2003). Interestingly, CD4+

cells were also found in these lesions. These
cells did not colocalize with CD3+ cells and
were highly irregular in shape, suggesting
that the majority were not T cells but
macrophages or dendritic cells (Myers et al.,
2003).

4. Role of Oral Fluids in
the Control of Candida
Infection

4.1. Saliva

Whole saliva is comprised of a mixture
of molecules and cells derived from the
major and minor salivary glands, with
mucosal epithelium and the serus exudate
originating in the gingival crevices (gingival
crevicular fluid (GCF)). Collectively, these
components form a strong innate defense
barrier to infection. Abnormal salivary
function, caused by reduced salivary flow or
altered composition, leads to increased lev-
els of C. albicans in the oral cavity, often cul-
minating in overt OPC (Fotos and Hellstein,
1992). This is largely due to the fact that
C. albicans species colonizing the oral cavity
are constantly bathed in saliva and interact
with salivary constituents, which can signifi-
cantly modulate their growth, metabolic
activity, and adhesion to oral mucosa.

In general, both unstimulated and stimu-
lated salivary flow rates are decreased in
patients with oral candidiasis (Ueta et al.,
2000) and reduced salivary flow rates, asso-
ciated with senescence, have been reported
to be a risk factor for oral candidiasis
(Tanida et al., 2001), believed mainly to be
due to compromised mechanical clearance.
Xerostomia due to pathologic changes in
salivary glands from disease (e.g. Sjogren’s
syndrome) or treatment (e.g., head and neck
radiation therapy) promotes chronic
Candida colonization and predisposes
patients to oral infection (MacFarlane,
1975), an effect that has been confirmed in
sialoadenectomized animals (Jorge et al.,
1993). However, history of recurrent oral
candidiasis was not found to be associated
with reduced salivary flow rates, but rather
with a significantly more acidic saliva in a
small group of patients as compared to
healthy controls (Bercier et al., 1999). In
general, saliva inhibits adhesion of C. albicans
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to oral epithelial cells (Ueta et al., 2000), at
least partly due to the inhibitory activity of
salivary mucins (de Repentigny et al., 2000)
and in oral candidiasis patients this
inhibitory activity appears to be somewhat
suppressed (Ueta et al., 2000). Several other
innate effector molecules with direct anti-
fungal activity are contained in human
saliva such as histatins, calprotectin,
defensins, secretory leukocyte protease
inhibitor (SLPI) and others, which are listed
in Table 2.1, and will be discussed in more
detail later in this chapter.

4.2. Gingival Crevicular Fluid

GCF is an inflammatory exudate origi-
nating from the leaky venules next to the
oral sulcular and junctional epithelia. An
increase in the flow rate of GCF has been
associated with inflammatory changes in the
gingival tissues, secondary to bacterial infec-
tion (reviewed in Tonetti et al., 1998). In
addition to salivary PMN and macrophages
that exude through the oral junctional
and sulcular epithelia into the GCF, the
GCF also contains relatively high levels of

Innate Defense Mechanisms in Oral Candidiasis 19

Table 2.1. Oral Innate Effector Molecules with Anti-Candida Function

Effector Source Mechanism of action Reference

Salivary mucins  Mucous salivary Modulate adhesion, de Repentigny et al.
and proteolytic gland cells candidacidal activity (2000), Gururaja et al.
derivatives via electrostatic inter- (1999)

actions with yeast 
membrane

Histatins Salivary gland Efflux of Candida ATP, Koshlukova et al. (1999)
epithelium deprivation of

energy stores
β-Defensins Oral mucosal and Pore-forming cationic Lehrer and Ganz (1996)

salivary gland peptides
epithelia

Calprotectin Neutrophils, Zinc deprivation Sohnle et al. (2000)
monocytes, and 

` oral mucosal 
epithelium

Peroxidase/MPO Salivary gland Oxidative damage Lehrer and Cline (1969)
acinar cells,
neutrophils, and 
monocytes

Lysozyme Salivary gland Insertion of cationic During et al. (1999)
epithelium, regions into yeast 
neutrophils, and membrane
monocytes

Lactoferrin Acinar cells in Possibly by iron Wakabayashi et al. (1996)
major salivary deprivation
glands, neutrophils,
and monocytes

Secretory Oral mucosal Candidacidal Tomee et al. (1997)
leukoprotease epithelium mechanism 
inhibitor unknown



serum-derived complement components and
the antimicrobial enzymes lactoferrin and
peroxidase, presumably derived from these
leukocytes (Miyauchi et al., 1998; Tonetti
et al., 1998).

In conjunction with PMN, the comple-
ment system may play an important role in
the innate immune protection of the oral
mucosa. Complement activation takes place
in the gingival crevice via the classical and
alternative pathways (Cutler et al., 1991).
Although formation of membrane attack
complex (MAC) on the surface of C. albicans
has been demonstrated (Lukasser-Vogl et al.,
2000), direct killing of pathogenic fungi
through this mechanism has not been con-
clusively proven (Kozel, 1996). In addition,
although C5-deficient mice were extremely
susceptible to systemic challenge with
C. albicans, they cleared the oral infection at
the same rate as controls (Ashman et al.,
2003). Therefore it appears that complement
is less crucial in the clearance of oral infec-
tion than it is for disseminated disease, thus
affirming the localized nature of protective
host responses in Candida infections.

5. Cellular Components of
Innate Defense
Mechanisms against
Oral Candidiasis

5.1. Oral Epithelial Cells

5.1.1. Immune Regulatory
Function

In oral mucosal infections, C. albicans
organisms colonize the uppermost layers of
epithelium, rarely invading past the spinous
cell layer (Reichart et al., 1995; Eversole
et al., 1997). As a result, the oral mucosa is
chronically inflamed with intense intraep-
ithelial and subepithelial infiltration by
leukocytes (Reichart et al., 1995; Eversole
et al., 1997; Myers et al., 2003). Although

the role of epithelial cells as an infection
barrier against Candida is well recognized
(Hahn and Sohnle, 1988), new information
is emerging about the role of these cells in
orchestrating the oral mucosal inflamma-
tory response to this pathogen by synthesiz-
ing immunoregulatory cytokines.

Oral epithelial cells respond to infection
with the release of a number of proinflamma-
tory cytokines (Bickel et al., 1996), which can
initiate and perpetuate mucosal inflammation.
The response of oral epithelial cells to C. albi-
cans infection in vitro includes an array of
proinflammatory cytokines, namely inter-
leukin (IL)-1α, IL-1β, IL-8, IL-18, tumor
necrosis factor alpha (TNF-α), and granulo-
cyte-macrophage colony-stimulating factor
(GM-CSF), which have been detected at the
protein and/or mRNA level (Rouabhia et al.,
2002; Schaller et al., 2002; Steele and Fidel,
2002; Dongari-Bagtzoglou and Kashleva
2003a,b; Dongari-Bagtzoglou et al., 2004).
These cytokine responses of oral epithelial
cells to C. albicans infection are strain-specific,
require direct epithelial cell–fungal cell con-
tact, and are optimal when viable yeast, ger-
minating into hyphae, are used in cell
interactions (Schaller et al., 2002; Dongari-
Bagtzoglou and Kashleva, 2003a,b). Strong
evidence also supports the fact that IL-1α,
resulting from the interactions of oral epithe-
lial cells with C. albicans, autoregulates other
cytokines secreted in response to this pathogen
(Dongari-Bagtzoglou and Kashleva, 2003a).

IL-1α is a major constitutive and
inducible proinflammatory product of
epithelial cells, which can act as a key
cytokine to amplify the inflammatory
response by neighboring mucosal cells, or
activate local leukocyte antifungal activities
(reviewed in Dinarello, 1997). Studies
screening cell supernatants or lysates of
C. albicans-infected epithelia for various
proinflammatory cytokines have identified
IL-1α as one of the major cytokines upregu-
lated at both the mRNA and protein levels
(Schaller et al., 2002; Dongari-Bagtzoglou
et al., 2004). Epithelial cell IL-1α has also
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been found to be present in human oral
mucosal candidiasis lesions (Eversole et al.,
1997). As our laboratory has shown,
Candida-infected oral epithelial cells release
this proinflammatory cytokine in its mature
protein form in their microenvironment upon
cell lysis. We have hypothesized that most of
the IL-1α processing in the epithelial cell–C.
albicans coculture system takes place at the
plasma membrane where the cytolytic actions
of C. albicans phospholipases and proteases
trigger a release of membrane phospholipids.
Membrane phospholipids may in turn acti-
vate the IL-1 convertase, which cleaves mem-
brane-associated pro-IL-1α and triggers the
release of the mature protein in culture super-
natants (Kobayashi et al., 1990). Similarly,
the ability of C. albicans to induce cleavage of
the inactive IL-18 pro-peptide and trigger
release of the active mature IL-18 protein has
been demonstrated, an event temporally
associated with the presence of the active
form of the IL-1 convertase in these cells
(Rouabhia et al., 2002).

IL-1α released by injured epithelial cells
increases the proinflammatory cytokine pro-
duction (IL-8, GM-CSF) by neighboring
uninfected mucosal and stromal cells
(Dongari-Bagtzoglou et al., 2004). Such a
mechanism could serve to amplify and
extend the local inflammatory response,
even in the absence of direct fungal invasion
of the deeper mucosal and submucosal tis-
sues. The local release of cytokines such as
IL-1α, IL-8, and GM-CSF by oral epithelial
cells and fibroblasts could explain the
histopathologic finding of neutrophilic
microabscesses in these lesions (Eversole
et al., 1997), since these cytokines are potent
chemoattractants and/or activators of
PMNs (Baggiolini et al., 1989; Blanchard
et al., 1991). Recently, we established that
the activation of PMN antifungal activity
can take place in response to cytokines from
C. albicans-infected oral epithelial cells
in vitro. Hyphal growth inhibition experi-
ments with human PMN from multiple
donors revealed that the antifungal activity

of PMN can be enhanced by two- to three-
fold over basal levels by C. albicans-infected
oral epithelial cell supernatants, an effect
largely dependent on the presence of bioac-
tive IL-1α in these supernatants (Dongari-
Bagtzoglou and Kashleva, in press).

We and other researchers have shown that
only live, germinating organisms are capable
of stimulating proinflammatory cytokine
responses by oral epithelial cells, consistent
with reports in endothelial cells (Orozco et al.,
2000; Schaller et al., 2002; Dongari-
Bagtzoglou and Kashleva, 2003a,b). C. albi-
cans is a polymorphic organism which
undergoes morphological transition between
yeast, pseudohyphal, and hyphal forms. All
three morphogenetic forms of C. albicans are
frequently encountered in the oral mucosa
(Cox et al., 1996) and in most oral infections
both yeast and filamentous organisms can be
found in the infected tissues (Olsen and
Birkeland, 1977). Although in animal models
of disseminated infection it has been estab-
lished that the ability to change from yeast
form to hyphae is crucial for virulence (Saville
et al., 2003), the exact role of hyphal transi-
tion during the development of oral candidia-
sis is still unclear. However, clinicopathologic
findings have correlated the presence of fila-
mentous forms with localized tissue invasion
in oral candidiasis (Reinhart et al., 1995; Cox
et al., 1996). Recently we studied the interac-
tions of oral epithelial cells with the three dif-
ferent morphotypes of this pathogenic
organism. More specifically, we compared the
ability of yeast, pseudohyphal, and hyphal
organisms to adhere to and lyse oral epithelial
cells, as well as their ability to trigger a proin-
flammatory cytokine (IL-8, IL-1α) response.
By using mutant strains with defects in
hyphal transformation or by applying envi-
ronmental pressure, which affected filamenta-
tion in wild-type organisms, we found that
morphogenesis is an important determinant
of the outcome from the interactions between
oral epithelial cells and C. albicans. When
germination-deficient C. albicans mutants
that form exclusively yeast (efg1/efg1/
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cph1/cph1 mutant, Lo et al., 1997) or pseudo-
hyphae (tup1/tup1 mutant, Braun and
Johnson, 1997) were cocultured with oral
epithelial cells, they exhibited a significantly
reduced capacity to adhere to oral epithelial
cells and disrupt their cell membrane (Fig.
2.1). Also, in sharp contrast to strains, which
formed true hyphae under these coculture
conditions, germination mutants and oral
strains naturally deficient in germination, trig-
gered essentially no proinflammatory cytokine
responses by these cells (Villar et al., 2004). In
addition to morphogenesis, invasion of oral
epithelial cells and tissues is a critical determi-
nant of the oral mucosal inflammatory

response to infection. Highly invasive C. albi-
cans strains trigger a wider array and overall
greater levels of proinflammatory cytokines
in oral epithelial cells compared to invasion-
deficient organisms (Villar et al., in press).

5.1.2. Innate Immune Effector
Function

Oral epithelial cells are constantly
exposed to microbial challenge and there-
fore play an important role as the first line of
defense against infection. In addition to
secretion of natural antibiotic peptides (i.e.,
calprotectin and defensins) with antifungal

22 Anna Dongari-Bagtzoglou

10
20
30
40
50
60
70
80
90

100

0

LD
H

 r
el

ea
se

 (
%

 to
ta

l)

1 to 10

1 to 1

0 to 1

0.01 to 1

0.1 to 1

1 to 1

10 to 1

0

500

1000

1500

2000

IL
-1

α 
(p

g/
m

l)

wt. tup1/tup1 efg1/efg1/cph1/cph1

wt.

tup1/tup1

efg1/efg1/cph1/cph1
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activity, recently, a contact-dependent oral
epithelial cell anti-Candida activity was
described, which was significantly greater
than that of vaginal epithelial cells (Steele
et al., 2000). More specifically, primary
human oral epithelial cells inhibited the
growth of 40–85% of C. albicans at ratios
ranging between 0.6 and 1, and 5:1 effector
to target. This antimicrobial activity
extended to other Candida species, including
C. glabrata, C. dubliniensis, and C. krusei.
Saliva appeared to have no effect on growth
inhibition and cells isolated from HIV+

patients with OPC had reduced antifungal
activity as compared to HIV+OPC− controls
(Steele et al., 2000). Mechanistic studies also
confirmed a growth inhibitory rather than a
fungicidal effect (Nomanbhoy et al., 2002),
and further demonstrated that an acid labile
molecule was involved in the growth-inhibit-
ing interactions (Steele et al., 2001; Yano et
al., in press), although the specific molecule
was not identified.

5.2. Neutrophils

Neutropenia has long been recognized as
the primary risk factor for invasive candidi-
asis, the mortality rate of which rises up to
90%, even with maximal antifungal treat-
ment (Rodriguez-Adrian et al., 1998).
Recently it has become evident that apart
from neutropenia, a decrease in function of
circulating neutrophils may also be responsi-
ble for reduced resistance to infection, thus
cytokine treatment combined with white
blood cell transfusions have been success-
fully tested in neutropenic patients with
refractory-invasive fungal infections
(Rodriguez-Adrian et al., 1998). Like G-
CSF, GM-CSF is a cytokine, which also
augments neutrophil antifungal activities
in vitro and may have a protective function
in oral candidiasis in vivo. It has been
reported that administration of rhGM-CSF,
as adjunctive treatment of fluconazole-
refractory OPC in AIDS patients, exerts a

significant beneficial effect on the oral
mycoflora and may help to clear the infec-
tion in these patients (Vazquez et al., 2000).

PMN and macrophages are constantly
entering the oral cavity by transepithelial
migration through the oral mucosal epithe-
lium, as well as through the oral sulcular and
junctional epithelia in the gingival crevice
(Tonetti et al., 1998). Salivary PMN (sPMN)
is the most abundant salivary immune cell
type and can be easily isolated from human
saliva (Ueta et al., 1993). Although there is
no information on the functional status of
the macrophages in saliva, a number of
investigations have examined the functional
role of sPMN. It has been shown that the
activation potential of sPMN is inferior to
that of peripheral blood PMN, and more
specifically sPMN produce reactive oxygen
metabolites and possess candidacidal activ-
ity equivalent to 65% of the peripheral blood
PMN (Ueta et al., 1993). Even greater
sPMN hypofunction (reduced superoxide
generation and candidacidal activity) has
been described in patients with oral candidi-
asis (Ueta et al., 2000) and in high-risk indi-
viduals such as cancer patients receiving
chemoradiotherapy (Ueta et al., 1993), or
the elderly (Tanida et al., 2001), and thus
sPMN hypofunction can be considered a
possible risk factor for oral candidiasis.

5.3. Other Cell Types

Quantification of immunolabeled cells in
lesions from HIV+ persons with OPC
showed that the inflammatory infiltrate con-
sisted mainly of CD1a+ Langerhans cells
and macrophages, both of which moved
from the lamina propria into the basal
epithelial cell layer (Romagnoli et al., 1997).
In this study, CD1a+ cells were the only cell
type, which increased considerably in num-
bers, as compared to healthy controls
(Romagnoli et al., 1997). A significant
increase in the number of CD8+ cells was
observed at the lamina propria–epithelial
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cell interface in C. albicans-infected oral tis-
sues of HIV+ individuals in a more recent
study (Myers et al., 2003). The functional
role of these cells in oral candidiasis is
currently unknown, however, it is tempting
to speculate that they may be directly
involved in the clearance of the microorgan-
ism acting as innate effectors in an major
histocompatibility complex (MHC)-unre-
stricted manner, similar to the IL-2-acti-
vated CD8+ cells in mice (Beno et al., 1995).

CD4+ T cells and NK cells maintain a cen-
tral role in the defense against Candida in vivo
since they provide activating signals to PMN
through the release of specific cytokines
(Ashman and Papadimitriou, 1995).
Although NK cells are unable to kill C. albi-
cans directly (Djeu and Blanchard, 1987;
Zunino and Hudig, 1988; Arancia et al.,
1995), in a mouse model of OPC, these cells
could substitute for T cells in phagocytic cell
activation and protect the animals from lethal
oral infection (Balish et al., 2001). Invasive
oral infection in otherwise immunocompe-
tent mice was demonstrated using a com-
bined neutrophil and macrophage depletion
approach, implying a synergistic role of these
phagocytic cell types in clearing the oral
infection (Farah et al., 2001).

6. Effector Molecules with 
Anti-Candida Function in
the Oral Mucosa

6.1. Salivary Mucins

These are high molecular weight glyco-
proteins, synthesized by mucous cells in sub-
mandibular, sublingual, and minor salivary
glands. Mucins are natural lubricants of the
oral mucosa, which form a protective barrier
and may act as potent agglutinators of
potentially pathogenic microbes. Among the
salivary constituents that have been shown
to serve as binding ligands for C. albicans
in vitro, salivary mucins appear to have a

particularly high binding affinity to C. albi-
cans (Hoffman and Haidaris, 1993). After
binding, C. albicans enzymatically digests
mucins by the action of secreted aspartyl
proteinases (de Repentigny et al., 2000).
Enzymatic degradation of mucins may facil-
itate adhesion to buccal epithelium since
intact mucins normally block the adherence
of the microorganism to these cells (de
Repentigny et al., 2000). Microbial proteol-
ysis of the low molecular weight salivary
mucin MUC7 in the oral cavity may also
result in the release of smaller, bioactive
candidacidal peptides, which share sequence
and functional similarities with histatins
(Gururaja et al., 1999). Based on extensive
biochemical analyses of these molecules, it
has been hypothesized that the candidacidal
activity of cationic MUC7 histatin-like pep-
tides probably involves electrostatic adsorp-
tion to the negatively charged phospholipid
polar groups in the yeast cell membrane, fol-
lowed by membrane instability, and abnor-
mal distribution of the cytoplasm (Gururaja
et al., 1999).

6.2. Histatins

These are histidine-rich proteins, which
originate in the salivary glands of humans
and higher primates (Oppenheim et al.,
1988). Histatins 1 and 3 are synthesized in
the parotid and submandibular glands, and
together with histatin 5, which is a prote-
olytic product of histatin 3, represent about
80% of the total histatin content in human
saliva (Edgerton and Koshlukova, 2000).
Histatin 5 is the most effective candidacidal
peptide within the histatin family, killing
both yeast and hyphal organisms in vitro
when used within a physiologic range of
concentrations (Raj et al., 1990; Xu et al.,
1991). Unlike other cationic antimicrobial
peptides, histatin 5 does not kill target cells
by insertion into fungal cell membranes and
pore formation (Raj et al., 1998). Edgerton
and coworkers (2000) have demonstrated
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that C. albicans expresses a 67-kDa histatin-
binding protein receptor, detectable in the
cytoplasm and cell membrane, but not the
cell wall (Edgerton et al., 2000), which may
provide the basis of selectivity in the killing
of fungal but not mammalian cells.
Biochemical and pharmacological studies of
this group further demonstrated that bind-
ing of histatin 5 to its receptor triggers mas-
sive efflux of intracellular ATP without loss
of membrane integrity (Koshlukova et al.,
1999). Based on these findings it was further
hypothesized that binding of the newly
released ATP to yeast membrane ATP
receptors would initiate a cascade of cyto-
toxic events, analogous to ATP-triggered
apoptosis in mammalian cells.

The relationship between salivary levels of
histatins and protection from oral Candida
infection in vivo is unclear. Quite unexpect-
edly, the concentration of total histatins was
elevated in a small group of clinically healthy
patients with recurrent oral candidiasis as
compared to controls with no history of
infection (Bercier et al., 1999), a finding
which suggests that repeated infection may
trigger a rise in histatin synthesis by salivary
gland cells. Investigators in this study
explained the absence of protection despite
high salivary histatin concentrations to a sig-
nificantly more acidic pH of the saliva of
these patients, as histatin antifungal activities
are pH-dependent (Santarpia et al., 1990).

6.3. Defensins

Defensins are pore-forming cationic pep-
tides with broad antimicrobial activity
against bacteria and fungi (reviewed in
Lehrer and Ganz, 1996; Diamond and
Bevins, 1998). There are 28 types of human
beta defensins, but only four have so far been
fully characterized. Defensins are divided
into α and β classes. The α defensins are
expressed in neutrophils and intestinal
Paneth cells, whereas the β defensins
are expressed by epithelial cells of multiple

organs, including but not limited to the lung,
pancreas, kidney, salivary glands, skin, and
oral mucosa (Diamond and Bevins, 1998).

Oral mucosal and salivary gland epithelia
synthesize beta defensin 1 (hBD-1), which is
constitutively expressed and is effective in
killing Gram(+) and Gram(−) bacteria (Bals
et al., 1998; Krisanaprakornkit et al., 1998).
This defensin is believed to be involved in
homeostatic interactions between the oral
mucosa and the commensal flora. Another
type of hBD, hBD-2, which is transcriptionally
upregulated in oral epithelia in response to
infectious and inflammatory stimuli
(Krisanaprakornkit et al., 2003), is very effec-
tive against Gram(−) bacteria and fungi. hBD-
2 Protein expression is absent in poorly
differentiated oral epithelia, such as the junc-
tional epithelium, or nonkeratinized oral
epithelia, such as the buccal epithelium and the
epithelium lining the floor of the mouth
(Abiko et al., 2001, 2002; Dale et al., 2001).
Human alpha defensins colocalized with
elastase in the oral mucosa, indicating that they
are expressed by neutrophils (Dale et al., 2001).

An immunohistochemical study of
human oral candidiasis biopsies showed
that hBD-2 is expressed in infected as well as
adjacent uninfected epithelium, although
the staining intensity was much more pro-
nounced in the presence of Candida (Sawaki
et al., 2002). Neutrophils and oral epithelial
cells present in infected tissues only
expressed alpha defensins (human neu-
trophil peptide (HNP)-1, HNP-2, and HNP-
3). However, interpretation of the findings
of this study are limited by the fact that it
did not include control biopsies from
healthy subjects (Sawaki et al., 2002).

Expression levels of hBD-1 vary from per-
son to person. A single-nucleotide polymor-
phism (SNP) at site 668 of the hBD-1 gene
exhibited a significant association with oral
Candida carriage levels. Individuals carrying
one or two copies of this SNP are predisposed
to a lower Candida carriage in the oral mucosa
(Jurevic et al., 2003). However, the biological
relevance of this finding is uncertain since this
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SNP does not confer a change in the amino
acid composition of the peptide as it lies
within the 5′ untranslated region of the gene
and not within the coding region.

6.4. Calprotectin

Calprotectin is a protein complex con-
sisting of two noncovalently linked peptide
chains that are abundantly synthesized by
neutrophils, monocytes, certain subpopula-
tions of macrophages, and squamous
epithelia, such as oral epithelium and acti-
vated epidermal keratinocytes (reviewed in
Brandtzaeg et al., 1995). In situ hybridiza-
tion studies revealed that calprotectin is syn-
thesized in the upper and middle spinous
cell layers in the oral mucosa in oral can-
didiasis as well as normal tissues, with no
clear quantitative differences between
infected and uninfected tissues (Eversole
et al., 1997). This protein complex is also
found in many human body fluids, including
saliva (Kleinegger et al., 2001).

Calprotectin has candidastatic activity
and inhibits yeast to hyphal transformation
(Murthy et al., 1993). The mechanism of
the antifungal function of calprotectin is
unknown, however it has been suggested
that it is based on zinc binding via histidine-
containing sequences, which deprives the
organism from this essential metal (Sohnle
et al., 1991, 2000). In fact, zinc deficiency
has a negative effect on C. albicans growth
and germination in vitro (Yamaguchi,
1975). The individual peptide calprotectin
chains do not exhibit antifungal activity
even though they both have zinc-binding
capabilities (Sohnle et al., 2000). To explain
this finding it was suggested that formation
of a stable heterodimer is necessary for
maximum zinc affinity (Sohnle et al., 2000).
Absence of a requirement for direct contact
between calprotectin and the microorgan-
ism and reversibility of the antimicrobial
activity in the presence of zinc also support
zinc scavenging from a distance as a likely
mechanism of action (Sohnle et al., 1991).

Although variability in study design and
methods make it difficult to compare clinical
studies, results comparing salivary calpro-
tectin levels in health and oral candidiasis
appear to be in conflict with one another. It
has been reported that patients with HIV who
develop oral candidiasis have significantly
lower levels of calprotectin in saliva than
those who do not (Muller et al., 1993). On the
contrary, two other studies reported higher
salivary calprotectin levels associated with
higher Candida counts, or presence of oral
infection (Kleinegger et al., 2001; Sweet et al.,
2001). Inadequate control for confounding
factors such as concurrent presence of active
periodontal infection, and oral hygiene prac-
tices, as well as limited number of subjects
examined, may have been the source of these
discrepant results. Recently clinical evidence
has emerged supporting the notion that sali-
vary calprotectin levels are nonspecifically
increased secondary to mucosal inflammation
and that HIV infection may negatively affect
calprotectin synthesis (Sweet et al., 2001).

6.5. Peroxidase and
Myeloperoxidase

Peroxidase originates from two main
sources in the oral cavity. Salivary peroxidase
is synthesized by acinar cells in major salivary
glands and myeloperoxidase (MPO) is
derived from the neutrophil primary gran-
ules. Monocytes also contain MPO in their
primary granules, whereas macrophages are
known to lack this enzyme (Marodi et al.,
1991). These enzymes combine with H2O2
and thiocyanate or iodide ions to produce
hypothiocyanate, or hypoiodite, which are
powerful oxidizing agents. In the presence of
chloride ion, MPO also converts H2O2 into
hypochlorous acid and monochloramine, the
two potent microbiocidal agents. MPO plays
a critical role in the fungicidal activity of
PMN in vitro, and phagocytes genetically
deficient in MPO fail to kill C. albicans
(Lehrer and Cline, 1969). Exogenously sup-
plied MPO also elevates the ability of human
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macrophages to kill C. albicans (Weber et al.,
1987) and activates cytokine secretion and
the respiratory burst of these cells (Lefkowitz
et al., 1996; Marodi et al., 1998).

Salivary peroxidase has potent fungicidal
activity in vitro (Majerus and Courtois,
1992; Bosch et al., 2000). However the role of
salivary peroxidase in oral Candida clearance
in vivo is unclear since the presence of phos-
phate at concentrations equivalent to those
found in saliva suppresses its fungicidal
activity (Lenander-Lumikari, 1992). Human
MPO deficiency is the most frequently
encountered neutrophilic lysosomal enzyme
deficiency. The importance of MPO in
clearing Candida infections in vivo has been
suggested by case reports, which have
demonstrated that patients with this defi-
ciency may develop rapidly disseminated
cutaneous C. albicans infection (Nguyen and
Katner, 1997). Similarly, patients with hered-
itary MPO deficiency have an increased sus-
ceptibility to oral thrush and invasive oral
candidiasis (Okuda et al., 1991), therefore it
appears that MPO activity may also play a
role in limiting oral infection in vivo.

6.6. Lysozyme and Lactoferrin

Salivary lysozyme is a product of the
ductal epithelium of major and minor sali-
vary glands, in addition to being potentially
synthesized by sPMN. The muramidase
activity of lysozyme causing degradation of
the murein in bacterial cell walls is mainly
responsible for its potent bactericidal activ-
ity, which has mostly been characterized for
oral streptococci (Laible and Germaine,
1985). Recently, small cationic amphipathic
regions were identified in the peptide
sequence of lysozyme that exhibited fungi-
cidal activity by inserting into and damaging
the fungal cell membrane (During et al.,
1999). Exposure of C. albicans oral isolates
from HIV-infected patients to physiological
concentrations of lysozyme triggered a
rapid loss of viability to a variable extent
among isolates (Samaranayake et al., 2001).

On a limited number of genotypically
defined strains, there was a significant nega-
tive correlation between lysozyme resistance
and the duration of HIV disease, potentially
implying that certain strains of C. albicans
may develop progressive resistance over time
to innate antifungal defenses such as
lysozyme (Samaranayake et al., 2001).

The major sources of lactoferrin in the
oral mucosa are the serous cells in salivary
glands and the secondary granules of PMN.
Although several antimicrobial mechanisms
have been identified for lactoferrin, the
classical mechanism involves high affinity for
iron, which causes inhibition of microbial
iron-dependent metabolism (Bellamy et al.,
1992). While the iron-binding domain of this
molecule is located at the carboxyterminus,
the aminoterminus contains a microbicidal
peptide sequence, known as lactoferricin
(Bellamy et al., 1992). This peptide may be
released by enzymatic degradation, which
takes place in the gastrointestinal (GI) tract,
and is active against fungi like C. albicans
(Wakabayashi et al., 1996), although the
exact mechanism of its fungicidal activity is
still unknown. The fungicidal role of lacto-
ferrin in saliva has been questioned by cer-
tain investigators since phosphate and
bicarbonate ions at physiological salivary
concentrations completely blocked its anti-
fungal activity in vitro (Soukka et al., 1992).
However, other studies dispute these findings
by showing that addition of whole saliva in
this in vitro system does not reduce its anti-
fungal activities (Kuipers et al., 2002). As
with salivary lysozyme, clinical or animal
data supporting a role of lactoferrin in oral
candidiasis are lacking.

6.7. Secretory Leukoprotease
Inhibitor

SLPI is a natural anti-inflammatory and
antimicrobial peptide found in mucous secre-
tions of the oral, respiratory, and genital
mucosa, and is secreted by epithelial cells lin-
ing these mucosal surfaces (reviewed in Tomee
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et al., 1998). SLPI is a relatively small cationic
peptide (12 kDa), which acts primarily as an
endogenous inhibitor of neutrophil elastase,
thus limiting tissue injury and inflammation
(Bingle and Tetley, 1996). In addition, SLPI
has antiretroviral activity and can kill bacter-
ial and fungal targets, through mechanisms
that have not yet been defined (reviewed in
Tomee et al., 1998). A pronounced fungicidal
and fungistatic activity against metabolically
active C. albicans yeast organisms has been
demonstrated at physiologic concentrations of
this peptide, which was localized primarily in
the NH2-terminal domain. On a molar basis
this activity was similar with that of defensins
and lysozyme (Tomee et al., 1997).

Although the first report on the in vitro
antimicrobial activity of SLPI was in saliva
(McNeely et al., 1995), to date only one study
has addressed the functional role of sali-
vary SLPI during oral infection in vivo
(Chattopadhyay et al., 2004). This report on
HIV-associated oral candidiasis found signifi-
cantly higher levels of SLPI among partici-
pants with a history of OPC as compared to
those with no history of this oral infection,
but failed to show significantly higher levels in
individuals with current oral infection as com-
pared to uninfected controls. In an attempt to
explain these findings the authors suggested
that elevated levels of SLPI in response to
recurrent infection is an attempt of the host to
limit oral infection, a response that may per-
sist long after the infection is resolved
(Chattopadhyay et al., 2004).

7. Summary and Future
Directions

Oral candidiasis is characterized by a
recurrent, persistent, acute inflammatory
reaction to Candida infection, which is lim-
ited to the uppermost epithelial layers of the
oral mucosa. The inflammatory response to
this pathogen elicits chronic pain and dis-
comfort upon mastication, but it may also
be responsible for activation of immunoef-

fector cells and the prevention of invasive
infection. Although this chapter has concen-
trated on the innate immune and nonim-
mune mechanisms of the oral mucosal
defense against Candida, it is well recog-
nized that an intact arm of the adaptive
immunity, represented mainly by Th1 cells,
plays an instrumental role in regulating the
clearance of this infection by innate immu-
noeffectors. The mechanisms that trigger the
acute inflammatory response in the oral
mucosa are currently unknown. However,
dissection of this process is critical to the
understanding of the pathogenesis of this
fungal infection and may be important for
the development of strategies to prevent
invasive infection in immunocompromised
hosts. Evidence is accumulating that demon-
strates that the acute host response to oral
infection with Candida is initiated and per-
petuated by oral epithelial cells, the first and
principal targets of infection. A number of
studies support the hypothesis that oral
epithelial cells, just like epithelial cells from
other mucosal sites that normally harbor a
great number of commensal organisms (e.g.,
colon, vagina), require contact with the
microorganism and active invasion of the
host cell cytoplasm, possibly via destruction
of the plasma membrane, for a proinflam-
matory response. Further studies are needed
to demonstrate that induction of specific
cytokines in oral epithelial cells in vivo may
promote the ability of PMN, monocyte,
and/or keratinocyte antifungal activities.
Increased production of proinflammatory
cytokines by oral epithelial cells combined
with the cytolytic activity of the inflamma-
tion-inducing hyphal forms of C. albicans,
are also likely responsible for the clinical
findings of redness and surface ulceration of
the oral mucosa during this superficial oral
infection. Further studies are also necessary
to explore the contribution of other Candida
species such as C. glabrata or C. krusei to the
oral mucosal inflammatory response and
epithelial cell damage in a monoinfection as
well coinfection model system with C. albi-
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cans. Future animal studies are also needed
to determine whether mitigation of these
proinflammatory cytokine responses and
the ensuing acute inflammation would ame-
liorate the clinical symptoms of oral can-
didiasis, and/or promote invasion into the
submucosal tissues. Limited knowledge is
available about the contribution of salivary
and oral epithelial cell antifungal peptides in
the innate defense mechanisms in oral can-
didiasis in vivo. Knockout animal model
systems will be instrumental in fully eluci-
dating the role of such antifungal peptides
(histatins, defensins, calprotectin) in the
innate immune protection of the oral
mucosa from this microorganism in vivo.
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1. Introduction

The health of the oral cavity is dependent
on the integrity of the mucosa, which nor-
mally prevents the penetration of microor-
ganisms as well as macromolecules in the

diet and environment that might be anti-
genic. The oral mucosa is protected by both
innate and specific immune factors, and the
epithelium itself is capable of responding to
microbial challenge. The nature of the
epithelial cell responses and the action of
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the cytokines that they produce has been the
subject of much recent investigation. The
oral mucosa is covered by a mucin layer
some 30 µm thick, but the superficial epithe-
lial cells are constantly being desquamated
so that attachment and reattachment of
potentially pathogenic organisms such as
Candida is a constant process. The oral
mucous membranes are therefore protected
by a series of both non-specific innate fac-
tors, which include the physical factors, i.e.,
mucin and the cornification of the epithelial
cell layer and thickness of the epithelium as
well as the lipid-rich layers within the epithe-
lium that inhibit penetration of macromole-
cules, and humoral factors derived from
both secretions, tissue fluids, and epithelial
cells within the cells.

From a specific immunity perspective,
the oral mucosa is protected (or damaged)
by the secretory (mucosal) immune system
and the systemic immune system.
Antibodies in the saliva may be stimulated
locally or centrally and serum antibodies
can reach the mucosal surface via tissue flu-
ids and crevicular fluid. Epithelial cells may
respond to cellular immunity, which could
also be induced at local or distant sites.

Understanding the mechanisms of pro-
tection against oral candidiasis is a particu-
lar challenge since not only is there a
complexity of host defensive factors, but
also several different forms of oral candidi-
asis, some of which are superficial and some
penetrative, and the yeast itself produces
both yeast and hyphal forms in different cir-
cumstances. Candida organisms are found as
commensals in approximately 40% of the
population (Arendorf and Walker, 1980)
and the organism has a predilection for cer-
tain epithelial sites and particularly the dor-
sum of the tongue. In superficial Candida
infections it might be expected that humoral
immunity, especially secretory IgA might
play a predominant role. In other forms of
Candida infection where penetration of the
epithelial cells takes place, cell-mediated
immunity (CMI) may be expected to be

operative in addition to humoral immunity.
Both immune cells and Candida organisms
themselves in hyphal or yeast form may
induce an epithelial cytokine response,
which may play a further role in protection
or damage.

This review will concentrate on humoral
factors, both innate and specific, in relation
to protection of the oral cavity against can-
didiasis.

2. Host Factors Predisposing
to Oral Candidiasis

Oral candidiasis is a superficial mycosis
and can present in a variety of clinical
forms. The presence of Candida alone is not
an indication of disease since yeasts can be
found as a commensal in approximately 40%
of the population. Candidiasis is essentially
a disease of the diseased and reflects as
much changes in host defences as increased
pathogenicity of the organism. Oral can-
didiasis has been associated with a variety of
predisposing factors and these are sum-
marised in Table 3.1.

3. Classification of Oral
Candida Infections

Candida species can be found as com-
mensals in the mouths approximately 40%
of normal subjects in amounts up to
approximately 800 colony forming units
(CFU)/ml. There is usually some underlying
precipitating factor for oral candidiasis,
often an immunodeficiency and in patients
with various forms of candidiasis (Table
3.2), salivary counts of greater than 20,000
CFU/ml may be found. Oral candidiasis is a
common condition, especially in patients
with xerostomia, those taking immunosup-
pressive drugs, those with other oral dis-
eases, and in patients with HIV infection
where approximately 40% may have oral
candidiasis. All forms of candidiasis are
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strongly associated with smoking. Oral can-
didiasis is most commonly caused by the
yeast Candida albicans, and to a far lesser
extent by C. parapsilosis, C. tropicalis,
C. glabrata, C. krusei, C. pseudotropicalis,
and C. guilliermondi (Odds and Webster,
1988). More recently oral candidiasis has
been associated with C. dubliniensis in HIV-
infected individuals (Sullivan et al., 1995),
other immunocompromised groups, and in
Sjogren’s syndrome (Challacombe et al.,
unpublished).

Acute pseudomembranous candidiasis
(thrush, Fig. 3.1A) is a common infection in
very young, elderly, or debilitated people.
The white plaques are easily removable and
contain Candida hyphae, spores, epithelial

cells, and polymorphs (Fig. 3.1B). The con-
dition is chronic in those with HIV-induced
immune deficiency.

Acute atrophic candidiasis (Fig. 3.1C) is
also known as antibiotic sore mouth
because it frequently occurs during antibi-
otic therapy. This is a response to the sup-
pression of the normal bacterial flora, and
there is a widespread erythematous stomati-
tis with accompanying depapillation of the
tongue.

Chronic atrophic candidiasis (CAC) (Fig.
3.1D) is also known as denture sore mouth
and is very common. It presents as a rela-
tively asymptomatic confluent erythema
and inflammation of the entire denture-
bearing mucosa of the palate. This results
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Table 3.1. Host Factors Predisposing to Oral Candidiasis

Local
Reduced salivary flow—e.g., Sjogren’s syndrome, drugs
Epithelial changes, e.g., lichen planus, leukoplakia
Changes in commensal flora
High carbohydrate diet
Smoking

Systemic
Altered hormone state
Diabetes
Hypothyroidism
Hyperparathyroidism
Adrenal suppression Iron or folate deficiencies
Immunosuppression
Drugs
Immunodeficiencies
Altered polymorph function

Table 3.2. Classification of Oral Candidiasis

Acute Acute/chronic Chronic

Pseudomembranous Erythematous candidiasis Hyperplastic candidiasis
candidiasis (thrush) (HIV-associated)

Candida leucoplakia
Median rhomboid glossitis

Atrophic candidiasis Angular cheilitis Atrophic candidiasis 
(antibiotic sore tongue/mouth) (denture-induced stomatitis)

Mucocutaneous candidiasis



40 Stephen J. Challacombe et al.

Figure 3.1. (A) Acute pseudomembranous candidiasis. Note the white plaques, which consist of
hyphae, desquamated epithelial cells, and polymorphonuclear leukocytes. (B) Cytological smear
from pseudomembranous candidiasis showing hyphae, desquamated epithelial cells, and polymor-
phonuclear leukocytes (Periodic acid Shiff stain). (C) Acute atrophic candidiasis (antibiotic sore
tongue) showing generalised depapillation of the dorsum of the tongue secondary to Candida over-
growth. (D) Chronic atrophic candidiasis. Chronic atrophic candidiasis in a patient who wears a
cobalt chrome partial upper denture. The mid-portion of the palate is of normal color, but the
mucosa under the denture is very erythematous. (E) Chronic hyperplastic candidiasis. Mixed red and
white plaques inside the buccal mucosa in the commissure areas. These are often slightly raised and
histologically show hyphal invasion. (F) Section from chronic hyperplastic candidiasis showing
invading hypha forms of Candida (PAS stain). (G) Median rhomboid glossitis, a form of chronic
hyperplastic candidiasis of the tongue, usually found at the junction of the anterior two thirds and
posterior third of the tongue. (H) Erythematous candidiasis. The central portion of this tongue is
very erythematous as well as depapillated. This patient has AIDS. (I) Erythematous candidiasis. The
central portion of the palate is very erythematous. No white plaques are seen. This patient has
AIDS.



from Candida colonization of the surface of
the denture, usually in patients who wear
their prostheses continuously day and night.
There is no evidence of invasion by Candida
hyphae.

Chronic hyperplastic candidiasis (CHC)
(Fig. 3.1E) is a speckled or nodular chronic
leucoplakia usually found in middle-aged or
elderly patients. It is an invasive form of
candidiasis with hyphae present often
throughout the depth of the epithelium
(Fig. 3.1F). There is a significant risk of
malignant transformation. One form of
CHC, which affects the dorsum of the
tongue, is known as median rhomboid glos-
sitis (Fig. 3.1G).

A more recently recognised entity, ery-
thematous candidiasis, is often found associ-
ated with HIV infection. It presents as areas
of erythema in the absence of white plaques
(Challacombe, 1991), usually of the tongue
(Fig. 3.1H) or palate (Fig. 3.1I).

Angular cheilitis is probably not a condi-
tion that occurs in the absence of intraoral
increases in Candida, which probably acts as
the reservoir for infection. There are a num-
ber of cofactors such as iron deficiency and
inadequate denture construction involved in
the pathogenesis of the disease although it is
highly likely that the frequently cracked,
macerated, thin, moist atrophic epithelium
would be a key predisposing factor.

Chronic oral hyperplastic candidiasis
may occur as part of chronic mucocutaneous
candidiasis (CMCC), often with identifiable
immunological or endocrine abnormalities
as major factors. Endocrine disorders such
as hypothyroidism, hypoparathyroidism,
and adrenal insufficiency, have a familial
incidence and are found in children and
young adults, particularly in girls. The most
frequently associated endocrine manifesta-
tions include idiopathic hyperparathy-
roidism and hypoadrenocorticism, but
candidiasis follows only where there is an
immune defect (Kostiala et al., 1979).

Thus there are several different forms of
oral candidiasis with a varying preponder-

ance of yeast or hyphal forms, and with or
without invasion of the host tissues. It is cer-
tainly possible or even likely that immune
mechanisms for protection vary with the dif-
ferent clinical forms.

4. General Considerations
for Oral Mucosal Immunity
to Candida

Theoretically, SIgA, serum IgG transu-
dating through the mucosa, and cellular
immunity might all play a role in protection
of mucosal surfaces against Candida infec-
tions. Animal models have largely concen-
trated on systemic candidiasis possibly
because of the difficulties in obtaining
reproducible and relevant models of
mucosal candidiasis.

Evidence suggests a role for CMI, even at
mucosal surfaces. Infection with C. albicans
is an almost universal finding in patients
with severe immunodeficiency of the T cell
type. It is, however, rarely seen in patients
with B cell defects in the absence of con-
comitant T cell defects. Oral Candida infec-
tions are found in about 40% of
HIV-infected individuals and in over 75% of
patients who suffer from the acquired
immunodeficiency syndrome (AIDS)
(Palmer et al., 1996). Both erythematous and
pseudomembranous candidiasis is found,
particularly in association with low CD4
counts. However, in IgA-deficient individu-
als, a markedly increased prevalence of
Candida infection is apparent, and in
patients with CMCC, over 50% have reduced
salivary IgA antibodies (Lehner et al., 1972).

In CMCC a wide spectrum of immune
abnormalities have been reported, ranging
from lowered serum IgM and IgG antibod-
ies to defects in lymphocyte transformation
and mitogen stimulation in the most severe
types of CMCC (Lehner et al., 1972). It is
not clear, however, whether these immune
defects are primary to the disease or a con-
sequence of it. Some studies have shown
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restoration of immune functions once
Candida has been cleared by antifungal ther-
apy (Valdimarsson et al., 1973).

The observation that only slight alter-
ations in host physiological state can turn a
normally harmless commensal yeast into an
aggressive pathogen in the immunocompro-
mised host points to the significance of the
immune response in protection against
Candida pathogenicity. At the mucosal level,
CMI due to T cells represents the dominant
protective response against C. albicans with
Th1-type responses associated with resist-
ance and Th2-type responses correlating
with susceptibility (Romani et al., 1991a,b,
1993). Systemic CMI may play a more
important role in oral candidiasis than vagi-
nal candidiasis with local CMI responses,
orchestrated by epithelial cells, chemokines,
and cytokines being more relevant in the
latter (Saavedra et al., 1999; Steele et al.,
1999).

Using a germ-free mouse model of oral
candidiasis, we have observed that adoptive
transfer of mesenteric lymph node (MLN)
cells after intragastric (i.g.) immunisation
with whole cells of C. albicans or C. glabrata,
and spleen cells after intraperitoneal (i.p.)
immunisation, lead to significantly reduced
colonisation of C. albicans cells in saliva
after challenge (Rahman and Challacombe,
1995) though the protective antigens were
not identified. CD8+ cells from MLNs, but
not CD4+ cells, were responsible for this
effect after i.g. immunisation, whereas after
i.p. immunisation both CD8+ and CD4+ cells
from the spleen were responsible for reduced
colonisation of mice. These and other stud-
ies (Fidel et al., 1995a,b) indicate the impor-
tance of local and systemic CMI in the
protection against mucosal candidiasis,
though antibodies have also been shown to
be protective in experimental vaginitis (De
Bernardis et al., 1997).

In early animal studies using the rhesus
monkey, the role of cellular immunity in
chronic oral candidiasis was suggested since
azathioprine-treated monkeys showed a

depression of cellular immunity to Candida
but a normal humoral antibody response.
These animals had a prolonged and severe
oral mucosal Candida infection, suggesting
that cellular immunity to Candida is of pri-
mary importance in host resistance rather
than serum antibody (Budtz-Jorgensen, 1973).

Most models since have been in mice and
rats, but there appears to be strong evidence
for the role of CD4 cells in protection
against systemic candidiasis (Romani et al.,
1997a–c), as well as an important immunoreg-
ulatory role for neutrophils (Romani et al.,
1996). The protective immunity seems to be
associated with Th1 rather than Th2
responses. It is not clear, however, whether
these findings are totally transferable to
mucosal surfaces and to all types of oral
candidiasis. Intragastric inoculation can
lead to intestinal candidiasis and protective
Th1 responses but defective IgA production
from Peyer’s patches (Bistoni et al., 1993).
By contrast, oral immunisation and subse-
quent oral challenge in a murine model have
shown the induction of salivary antibodies
in the absence of detectable serum antibod-
ies and inhibition of oral colonisation
(Rahman and Challacombe, 1995).

A critical role for CMI in the host defence
against oral candidiasis is suggested by the
observations in a model of chronic oral C.
albicans infection in immunodeficient mice
that lack T lymphocytes (Farah et al.,
2002a). Complete resolution of the infection
in mice reconstituted with functional CD4+

T cells was found. There was evidence that
the transferred CD4+ T cells infiltrated the
oral tissues, and presumably exerted their
activity there. Additionally, draining lym-
phocytes isolated from the submandibular
and superficial cervical lymph nodes secreted
high titres of IL-12, and moderate levels of
IFN-γ, suggesting a role for these cytokines
in clearance (Farah et al., 2002b). These data
also support the role for Th1-type cytokines
and protective immunity in the resolution of
oral candidiasis in infected mice. However,
histology of hyperplastic candidiasis shows
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microabsecesses of polymorphs suggesting a
non-specific role for innate immunity includ-
ing polymorphonuclear neutrophils (PMNs),
epithelial cells, and possibly toll-like recep-
tors (TLRs).

5. Humoral Immunity against
Oral Candidiasis

A variety of studies have attempted to
address the question of whether antibodies
might be protective, in which case they
might be expected to be higher in controls
than in patients, or whether antibodies
might reflect the antigenic load in which
case they would be expected to be higher in
patients than in controls.

Studies of antibodies in humans in oral
candidiasis have used both serum and saliva,
with the main objectives of identifying
responses in relation to clinical disease or
sometimes using antibodies to identify indi-
vidual genes expressed (Cheng et al., 2003).

A summary of the studies is shown in
Table 3.3. With regard to salivary IgA anti-
bodies, they have been found to be raised in
patients with CAC (Kantardjiev and
Popova, 2002) using immunofluorescence
and whole cells and in patients with malig-
nancies (Dorko et al., 2002). However, sali-
vary antibodies were not found to be raised
in two groups of HIV-positive subjects using
whole cells and enzyme-linked immunosor-
bent assay (ELISA) (Belazi et al., 2002;
Wozniak et al., 2002), while serum IgG anti-
bodies were reduced.

A non-specific role of IgA has been sug-
gested by the finding that in patients who
are Candida positive, the carriage rate of
Candida is inversely proportional to the
non-specific secretory IgA level whereas
serum levels are unrelated (Kurnatowski and
Kurnatowska, 1999).

In addition to secreted aspartyl pro-
teinases (Saps), other specific antigens of
Candida have been examined including heat
shock mannoproteins. Antibodies in saliva

and in serum have been reported against
these mannoproteins in patients with oral or
vaginal candidiasis (Ivanyi and Ivanyi, 1990;
Swoboda et al., 1993; Polonelli et al., 1994).
Kozel et al. (2004) used serum to identify
antibodies reactive with C. albicans mannan
and showed a normal distribution in 34 sub-
jects though no account was taken of
Candida colonisation. Functionally, how-
ever, the anti-mannan IgG did not appear to
be needed for opsonophagocytic killing by
neutrophils as long as there was normal
complement levels in the individuals.

5.1. Saps and Oral Humoral
Immunity

The Saps appear to play a major role in
virulence by mediating adherence, causing
tissue damage, and evading of host immune
responses (reviewed by Naglik et al., 2003b).
Ten SAP genes have been identified that
encode a proteinase family between 35 and
50 kDa (Hube, 2000), which include two
major subfamilies based on nucleotide acid
sequences identity (SAP1–3 and 4–6).

The contribution of the Saps to C. albi-
cans pathogenesis has been clearly demon-
strated using SAP-deficient mutants and
proteinase inhibitors. These studies demon-
strated that different SAP genes appear to be
essential for mucosal (SAP1–3) (Watts et al.,
1998; De Bernardis et al., 1999; Schaller
et al., 1999) and systemic (SAP4–6) (Hube
et al., 1997; Sanglard et al., 1997) infections.
The Sap isoenzymes appear to have a variety
of functions in vivo, which are probably
called upon during different stages and types
of C. albicans infections. There might be an
expectation, therefore, that responses against
different Saps might be different in mucosal
and systemic candidiasis.

Recently, we have analysed SAP1–8
expression in over 130 subjects with oral and
vaginal C. albicans infection or asympto-
matic carriage (Naglik et al., 1999, 2003a,b).
SAP2 and SAP5 were the most common
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genes expressed during both infection and
carriage, possibly indicating a permanent
interaction of these proteinases with host
factors at mucosal surfaces. SAP1, SAP3,
SAP4, SAP7, and SAP8 expression corre-
lated with oral disease, whereas SAP1,
SAP3, SAP6, SAP7, and SAP8 expression
correlated with vaginal disease. The results
demonstrated that certain C. albicans SAP
genes are more frequently expressed during
active infection compared with carriage and
indicate that studies of immunity to Saps in
humans should be directed against those
proteinases expressed in vivo.

5.2. Host Immune Responses
to Saps

Very few studies have investigated the
interaction between Saps and the host
immune response. While high titres of anti-
Sap IgG antibodies have been demonstrated
in sera of candidiasis patients (Macdonald
and Odds, 1980; Rüchel and Boning, 1983;
Rüchel et al., 1988), few detailed studies on
mucosal antibody responses, using saliva or
vaginal secretions, against the Saps have
been performed.

However, recently two reports have
addressed this. In a small study of six
patients with oral candidiasis and HIV
infection, salivary IgA antibodies to Sap1
and Sap6 were found to be raised in patients
compared with controls. Serum IgG and
IgA antibodies were also raised (Drobacheff
et al., 2001). Similarly in a series of 15
patients with oral candidiasis and HIV
infection, Millon et al. (2001) found salivary
IgA antibodies to Sap2 and Sap6 to be
raised and related to infection. These studies
are suggestive of both inferences that
responses in HIV are not impaired in this
regard and that if shown to be specific, Sap1
and Sap6 may be expressed in such infec-
tions. Taken overall, the evidence would sug-
gest that oral candidiasis can induce a
response to both whole cells of Candida and

to Candida Saps and would not exclude the
possibility that such antibodies might subse-
quently be protective.

Preliminary data from our laboratory
have demonstrated strong anti-Sap2 salivary
IgA and serum IgG responses in mice after
intranasal (i.n.) immunisation, indicating
the immunogenic potential of the C. albi-
cans proteinases. Furthermore, we have
detected anti-Sap2 secretory IgA responses
in human saliva of both Candida carriers
and patients with C. albicans infections
(Naglik et al., unpublished).

Although Sap2 is known to be immuno-
genic and can induce antibody responses,
the protective potential of Sap antibodies
in vivo remains unclear. De Bernardis et al.
(1997) showed a protective effect of anti-
Sap2 IgA antibodies in experimental
vaginitis in rats. This not only demon-
strated that Sap2 contributed to vaginal
infections and was a target of the host
immune response, but also suggested that
anti-Sap IgA antibodies could afford pro-
tection against C. albicans infections at
mucosal sites in vivo.

No studies have yet reported the mecha-
nisms of antibody protection or whether
other members of the proteinase family can
induce protective responses. Key questions
remain such as whether Sap-specific anti-
bodies can inhibit proteinase activity and
whether passive immunisation could pro-
duce a protective or infection-attenuating
response? Recently, we assessed the ability of
saliva and serum, purified IgG, and Sap2-
specific antibodies to inhibit C. albicans
Sap2 proteinase activity, but found no
strong evidence for Sap2 inhibition (Naglik
et al., 2005). In addition, Borg et al. (1988)
demonstrated that three monoclonal IgM
antibodies raised against Sap2 did not
inhibit enzyme activity. Furthermore, a
C. albicans Sap-specific murine IgG mono-
clonal antibody was mapped to a specific
region of Sap2 (Asp77–Gly103) but was
also found not to inhibit Sap2 activity (Na
et al., 1999). Another study used sera from
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patients with oral and systemic candidiasis
to delineate six Sap2 epitopes, but human
recombinant antibodies against two of these
epitopes were not protective in a lethal
mouse model of candidiasis (Ghadjari et al.,
1997).

Identification of SIgA epitopes would
arguably be more relevant than IgG or IgM
epitopes to C. albicans infection at mucosal
sites and it is quite conceivable that a cock-
tail of epitopes from different proteinases
may be required before neutralising or pro-
tective antibody responses are attained
against C. albicans infections.

5.3. Functional Aspects
of Serum and Salivary
Antibodies to Candida

There have been many attempts to iden-
tify functional activity of serum or salivary
antibodies in vitro and in addition some
conclusions can be drawn from in vivo mod-
els. (Table 3.4) Thus Holmes et al. (2002)
showed that while whole saliva promoted the
binding of C. albicans to epithelial cell lines,
human Candida-specific IgA antibodies
could inhibit the adhesion. These antibodies
could be absorbed by both Candida or by an
anti-IgA. These findings seem to suggest that
IgA in the human oral cavity could be func-
tional. This concept is reinforced by the
observation that saliva also promotes the
adhesion of C. albicans to polystyrene and
that salivary IgA antibodies inhibited this
adhesion (San-Millan et al., 2000) and the
mechanism appeared to be blockage of the
adhesins in the cell wall. Interestingly, these
authors reported that while saliva increased
the adhesion of whole cells of C. albicans to
polystyrene, they inhibited the germinated
cells, suggesting that function of antibodies
may differentiate between the different forms
of Candida and thus might be different in the
various forms of oral candidiasis. In con-
trast, Sweet et al. (1995), using human
desquamated buccal epithelial cells, showed

that binding of Candida was inhibited by
saliva and that this inhibition did not appear
to be related to the antibody content.

There is evidence that antibodies may be
capable of anti-Candida function without the
presence of cells. Thus it has been shown that
recombinant anti-idiotypic antibodies repre-
senting the internal image of a yeast killer
toxin could be microbicidal in vitro against
Candida (Conti et al., 2002) (Table 3.4).
Antibodies have been used in vivo in humans
and Tollemar et al. (1999) used a bovine anti-
body against Candida in bone marrow trans-
plant patients. Repeated oral treatment
resulted in a reduction of the colonisation in
seven out of ten patients.

There is a suggestion that B cells and
therefore antibodies may be more protective
against systemic candidiasis than oral can-
didiasis. In a B cell knockout mouse model
the mice remained resistant to mucosal
infection with Candida but significantly
more susceptible to systemic candidiasis
(Wagner et al., 1996). Oral immunisation
with whole cells of Candida has been shown
to result in increased resistance to oral can-
didiasis (van Wyk and van der, 1994;
Rahman and Challacombe, 1995). While
this immunisation has been shown to induce
salivary IgA antibodies to Candida, protec-
tion could not be ascribed to antibodies
since adoptive transfer with both CD4 and
in some models CD8 cells could result in
protection in the recipient (Rahman and
Challacombe, 1995).

There seems to be good evidence that at
least monoclonal antibodies to C. albicans
can result in inhibition of adherence to
epithelial cells (Moragues et al., 2003) and
also inhibition to polystyrene and by anal-
ogy with the solid surface of dentures
(Rodier et al., 2003). Serum IgG antibodies
can also exhibit such inhibition of adher-
ence. This raises the possibility that in CAC
naturally occurring IgA antibodies or serum
transudate of IgG antibodies could play a
role in inhibiting adherence to dentures,
though this has not been proven. This type
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of response may be antigen specific since
immunisation with C. albicans of mice
resulted in antibodies, which were protective
and those against the β1–6 glucan were
blocking (inhibiting adherence) and protec-
tive (Bromuro et al., 2002) (Table 3.4).

5.4. Oral Immunity to Candida
in HIV Infection

Although patients with HIV infection
may have profound systemic cell-mediated
immune deficiencies, mucosal immunity
appears to be intact until late in the disease
process. Thus, Coogan and Challacombe
(2000) showed that salivary IgA antibodies
to a 65-kDa heat shock protein were raised
in HIV-infected patients compared with
controls, and with patients with AIDS.
These responses were further raised in the
presence of candidiasis. Although CD4+

cells are low in number in HIV-positive indi-
viduals, CD8+ cells appear to be the main
infiltrate in CHC in either HIV-positive or
HIV-negative individuals (Myers et al.,
2003). Some authors have found no relation-
ship of salivary antibodies with candidiasis
in HIV infection (Wozniak et al., 2002)

whilst others have shown that antibodies to
specific Candida antigens such as Saps are
related to the amount of colonisation and
infection (Millon et al., 2001).

In general, results from HIV suggest that
mucosal responses are not impaired until
later on in the infection and particularly in
AIDS (Challacombe and Sweet, 1997).

5.5. Serum Antibodies—
Responses to Oral
Candida Infection in
Humans

Serum antibodies against whole cell or
Candida antigens can be detected in the sera
of most persons, given sensitive enough detec-
tion techniques. This probably reflects the fact
that Candida is a commensal in the mouth
and other mucosal surfaces of approximately
40% of the population and also that such
antigens are able to stimulate a systemic
serum antibody response.

Few studies, however, have attempted to
discover whether serum antibodies differ
between the four main types of oral Candida
infections seen in non-immunocompromised
individuals. If it is accepted that CAC is
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Table 3.4. Mechanisms Reported for Antibody Activity against Candida

Action Substrate Class Author

Inhibition of adherence Hep2 cells Monoclonal Moragues et al. (2003)
Inhibition of germination Candida Monoclonal Moragues et al. (2003)

blastospores
Inhibition of colonisation Human mouth Bovine anti-Candida Tollemar et al. (1999)
Inhibition of adherence Epithelial cells Salivary IgA antibody Holmes et al. (2002)
Inhibition of adherence Polystyrene Saliva IgA San-Millan et al.

(2000) and Rodier
et al. (2003)

Candicidal Candida cells Monoclonal Conti et al. (2002) and 
Moragues et al. (2003)

Opsonisation PMN and Recombinant human Wellington et al. (2003)
Candida single chain

Fungal clearance In vivo mouse IgG Montagnoli et al. (2003)



predominated by the yeast form and that
CHC is dominated by an invasive hyphal form
of Candida, it might be expected that this
would be reflected in serum antibodies against
yeast or hyphal-specific antigens. This remains
an area to be further studied but it has been
reported that serum antibodies to whole cells
were higher in CAC than in the CHC group
(Lehner, 1970). This would bear repeating.

Antibody responses have been reported
against a variety of Candida antigens rang-
ing from 18 to 120 kDa and including Saps,
phospholipases, and heat shock proteins.
There was considerable interest in an anti-
gen of molecular weight of 47 kDa because
antibodies against this antigen had seemed
to be predictive of recovery from systemic
C. albicans infection (Matthews et al., 1987).
However, this does not seem to be a major
antigen in most murine models of mucosal
candidiasis.

It is possible for serum antibodies to
have a role against mucosal candidiasis in
the oral cavity. There is evidence for direct
transudation of serum IgG into saliva and
this is markedly increased in CAC. In addi-
tion, crevicular fluid antibodies derived
more directly from serum constitute 1 to 2
ml to the 5–700 ml of saliva per day.

5.6. Salivary IgA Subclass
Antibodies to Candida

IgA subclass antibodies have been
reported in a few studies in patients with
CAC. IgA antibodies and IgA1 antibodies
were increased in comparison with the con-
trols (Ivanyi and Ivanyi, 1990). However, it
is possible that some of this IgA1 antibody
might have been derived from inflammation
in the oral cavity itself. However, Coogan
et al. (1994) showed that in HIV infection
IgA1 and IgA2 subclass antibodies against
Candida were raised in both whole and
parotid saliva compared with controls. This
suggested that patients with HIV were not
significantly immunocompromised when

compared with controls and that Candida
infection could induce subclass responses in
these patients. More recently, Wellington
et al. (2003) have demonstrated enhanced
phagocytosis of Candida by polymorphonu-
clear leucocytes (PMNs) mediated by a
recombinant human antibody—single
chain. This demonstrates another mecha-
nism that may be operative in vivo, espe-
cially considering that PMNs are a major
cell type around invading hyphae. It might
be expected that if this mechanism was
operative in vivo that it would be active
against the CHC rather than the CAC type
of oral candidiasis.

An interesting development is the deriva-
tion of peptides from single chain recombi-
nant and idiotypic antibodies, which retain
microbicidal activity (Polonelli et al., 2003).
This killer peptide has been used in vivo
where in a rat model of vaginal candidiasis
local post-challenge administration of KP
was efficacious in rapidly ablating infections.
It probably acts through its interaction with
the β-glucan KT receptor on C. albicans but
it has not yet been reported as being used in
an oral infection. The concept of modelling
in vivo activity by using monoclonal anti-
bodies was studied further by Moragues
et al. (2003) where a monoclonal raised
against the main target of salivary secretory
IgA in the cell wall of the C. albicans was
demonstrated to show three separate anti-C.
albicans activities: (1) inhibition of adher-
ence to Hep2 cells, (2) inhibition of germi-
nation, and (3) direct candicidal activity.

6. Innate Factors against Oral
Candidiasis

6.1. Epithelial Cell Factors,
TLR etc.

This aspect is covered in more detail else-
where. However, one of the exciting new
areas of immunology has been the recogni-
tion that epithelial cells play an active part in
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innate immunity and that epithelial cells can
produce factors interactive with the immune
system upon contact with bacteria and other
antigens. Some of these factors appear to be
microbicidal to Candida. For example,
Pivarcsi et al. (2003) showed that antimicro-
bials induced from epithelial cells can kill
Candida. This appeared to be dependent on
the Candida induction of TLR2 and TLR4
as well as IL-8 expression. Interestingly anti-
bodies against TLR2 or TLR4 blocked both
IL-8 and microbicidal activity. TLRs are a
novel protein family that recognise con-
served motifs called pathogen-associated
molecular patterns (PAMPs), which repre-
sent broad groups of microbial pathogens or
components (bacteria, fungi, RNA, and
DNA). Stimulation of TLRs causes an
immediate defensive response, including the
production of an array of antimicrobial pep-
tides and proinflammatory cytokines
(through NF-κB), and the expression of cos-
timulatory molecules, which are essential for
the activation of adaptive immunity. C. albi-
cans can induce immunostimulation through
mannan or phospholipomannan recognised
by TLR4 (Netea et al., 2002).

Induction of TLR and the interactions
with Candida are reviewed elsewhere, but it
is clear that this similar interaction with
Candida induces soluble factors and that
these may play a role in defence of the oral
cavity (Netea et al., 2004). It is however
established that adherence of Candida to
epithelial cells, perhaps stimulated by Saps,
result in upregulation of TLR2 and TLR4
in epithelial cells (Roeder et al., 2004).

It is now clear that epithelial cells on stim-
ulation with microbes can produce a number
of chemokines and cytokines. The biological
relevance of these in vivo is not yet clear.
Granulocyte-macrophage colony-stimulating
factor (GM-CSF) responses of oral epithelial
cells to Candida have been shown to be
dependent on contact and are strain and via-
bility dependent (Dongari-Bagtzoglou and
Kashleva, 2003). Interestingly these
responses are optimal with hyphae rather

than yeast forms. Epithelial cells can have
direct anti-Candida activity (Nomanbhoy
et al., 2002). Such activity appears to require
direct contact and is not mediated by soluble
factors (Steele et al., 2001). Contact of
epithelial cells with Candida can have differ-
ential expression of cytokines. Whilst IFN-γ
is the preferential response of epithelial cells
to C.albicans, IL-18 expression was downreg-
ulated by the presence of the yeasts
(Rouabhia et al., 2002).

6.2. Cytokines

In animal models, however, there has
been some intensive study of cytokines in
relation to oral candidiasis in an attempt to
answer questions of their relationship with
protection. Farah et al. (2001a), in an irradi-
ated mouse model, showed that CD4 cell
depletion led to increased colonisation and
infection with Candida. This showed that
IL-12 from the draining submandibular
lymph nodes was higher in these infected
animals than in controls, suggesting that IL-
12 might have a role in clearance of the fun-
gus. These same authors showed in a slight
modification of this model that CD4 or
CD8 cell depletion did not affect the severity
of oral candidiasis but that depletion of
PMNs did (Farah et al., 2001b). Again
IL-12 as well as IFN-γ were raised in drain-
ing lymph nodes, drawing an inference that
the mechanism of action of CD4 was via
PMNs. However, Farah et al. (2002b) sug-
gested that TNF-α was best related to the
recovery from oral infection or resistance to
infection in nude BALB/c mice.

IL-12, IFN-γ, and IL-4 were also shown
to be associated with rapid elimination of
C. albicans in a BALB/c mouse model (Elahi
et al., 2000) who also showed that neutrali-
sation of IL-4 with antibody resulted in
delayed clearance. This suggests that the T
cell response in the local lymph nodes corre-
lates with rapid oral clearance that may be
Th0 since both IL-4 and IFN-γ were
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involved. Knockout mice have given further
insight into mechanisms. IFN-γ knockout
mice appear to be more susceptible to
Candida infection (Balish et al., 1998)
though these animals also had a poor Th2-
antibody response. IL-12 seems to be related
to mucosal infection in a number of studies
(Elahi et al., 2000; Farah et al., 2001a,b) and
overall there is consistency in results that
proinflammatory cytokines are produced by
oral epithelial cells constitutively and
enhanced in contact with C. albicans. These
include IL-1-α and TNF-α (Steele and
Fidel, 2002).

Few studies have examined the cytokine
profile in humans. Leigh et al. (2002) showed
that in HIV-negative denture wearers with
candidiasis there was a mixed Th1/Th2 pro-
file of cytokines in saliva, which was not sig-
nificantly different from controls. The
cytokine pattern suggested Th1 activity. This
suggests that saliva might be useful as a fluid
to measure upregulation of cytokines, but it
remains to be shown whether they are active
in this medium. In an earlier study the sali-
vary Th1/Th2-type cytokine profile was eval-
uated in HIV-positive individuals (Leigh
et al., 2001). In contrast to some other stud-
ies IL-10 concentrations were the highest in
these patients followed by IL-4 and IFN-γ
and surprisingly IL-12 was either not
detectable or at very low levels. The salivary
Th2-type cytokine profile did not appear to
be related to the CD4 count. This appears to
be the first study to evaluate the Th1/Th2-
type cytokine expression in saliva of HIV-
positive individuals and confirmed that a
constitutive expression of cytokines was
present in the whole saliva of healthy indi-
viduals. IL-12 levels were particularly high in
some controls. The authors concluded that
the Th0/Th1-type cytokine profile in HIV-
negative individuals is consistent with the
association of Th1-type cytokines in
immunocompetent individuals reported else-
where. Overall, these data suggested a Th1-
type profile in controls and a Th2-type

profile in those with oral candidiasis, and
suggested that the Th2-type profile may indi-
cate susceptibility to candidiasis. However,
the fact that many HIV-positive individuals
with a Th2-type cytokine profile do not have
oral candidiasis suggests that other factors
such as innate defences may predominate
over CMI as the protective mechanism in
this group.

6.3. Salivary Histatins

Salivary histatins are a family of basic
histidine-rich proteins in which therapeutic
potency against oral candidiasis is apparent
and thus have promise as therapeutic agents
for humans with oral candidiasis. Salivary
histatins appear to be particularly active
against intact cells rather than hyphae
(Edgerton et al., 1998) and appear to bind to
a 67-kDa protein in the cell wall. Salivary
histatin 5 (Hst5) is a potent toxin for C. albi-
cans; it induces non-cytolytic efflux of
Candida cellular ATP, potassium, and mag-
nesium in the absence of cytolysis without
implicating these ion movements in the tox-
ins’ fungicidal activity. Potassium is regu-
lated by a TOK-1 gene and this has now
been described in C. albicans (Baev et al.,
2003). However, even in TOK-1 knockouts
Hst5 treatment still resulted in substantial
killing of Candida, demonstrating that the
TOK-1 pp channels are not the primary site
of Hst5 action.

Biological activity is suggested by the
finding that a range of C. albicans isolates
from the oral cavities of HIV-positive
patients were susceptible to Hst5 (Nikawa
et al., 2002). However, C. albicans isolates
from HIV-positive individuals appear to be
less sensitive to Hst5 than oral isolates from
HIV-negative individuals. Salivary-derived
mucin peptide (MUC7) and Hst5 were
tested in a vaginal model and not shown to
promote significant differences even though
they possessed potent in vitro antifungal
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activity (Intini et al., 2003). This suggests
that caution should be expressed in over
interpreting in vitro activities to in vivo.

The mechanism of action of Hst5 is not
confirmed. Thus Baev et al. (2002) showed
that salivary Hst5 resulted in depletion of
intracellular ATP and that this led to dis-
ruption of the irregulatory circuits for the
volume of cells. In other words, that treat-
ment with salivary Hst5 led to pleomor-
phism of the Candida cells. Interestingly,
Edgerton et al. (2000) suggested that sali-
vary Hst5 and neutrophil-derived defensin 1
(HNP1) killed C. albicans via shared path-
ways. They showed that HNP1 prevented
Hst5 binding to Candida-binding protein,
suggesting that although these two peptides
are functionally distinct that they have over-
lapping actions.

6.4. Defensins

Defensins are cationic, arginine-rich pep-
tides containing 28 to 44 amino acids. Their
molecular weights vary from 3 to 5 kDa.
They all share a typical tertiary structure
despite differences in primary structure.
Defensins have a broad antimicrobial spec-
trum encompassing not only Candida but
also Gram-negative and Gram-positive bac-
teria. They are also chemotactic for mono-
cytes, PMNs, and T cells. The highest
density is found in granulocytes where
defensins 1–4 may make up 10% of the total
protein. HD5 and HD6 are of epithelial ori-
gin. HBD-2 is upregulated by TNF-α, IL-
1β, and yeasts in keratinocyte cultures
(Fellermann and Stange, 2001).

In one immunohistochemical study on
expression of HBD-2 in human buccal
epithelial cells with candidiasis, Sawaki et al.
(2002) showed that HBD-2 signals could be
found constitutively in most buccal epithe-
lium but that the signal intensity was upreg-
ulated in oral candidiasis. These results were
confirmed by Abiko et al. (2002) who also

suggested that HBD-2 may play an impor-
tant role in protection from C. albicans
infection. Earlier work with HBD-1 showed
that it was expressed in tongue epithelium
and the expression was related to the
Candida activity (Shi et al., 1999). It is
tempting to suggest that certain defensins
may be active in vivo and responsible for
natural resistance in humans to oral
Candida colonisation, but this has yet to be
demonstrated.

6.5. Other Soluble Factors

There are additional soluble factors in
saliva, which have been shown to have anti-
Candida activity. Earlier work had reported
that lysozyme in parotid saliva was
increased in relation to the oral Candida
load (Yeh et al., 1997) though the pathway
of such stimulation was not identified.
Statherin mediates a dose-dependent adhe-
sion of C. albicans to epithelial cells
(Johansson et al., 2000). This adhesion
could be inhibited by specific IgG antibod-
ies to statherin, suggesting that antibodies
derived from the gingival crevice could be
active in vivo. Other workers have suggested
that complement factors may have a role in
homeostasis of Candida. Triebel et al. (2003)
showed that in normal sera containing com-
plement factors that Sap activity was
reduced, growth of Candida was reduced,
and phagocytosis was enhanced. However,
these results suggest that in vivo these could
only be active around the gingival crevice
and might explain why this is not a favourite
site for Candida colonisation.

7. Conclusions

There are several soluble factors that
may be active against oral candidiasis in
the oral cavity. The major one of these is
antibody but anti-Candida factors also
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include defensins, histatins, and cytokines.
Analysing protective factors in the oral cav-
ity is challenging since both systemic and
mucosal immunity can play a role, and there
are several different forms of oral candidia-
sis where either yeast or hyphal forms pre-
dominate, and these infections may be acute
or chronic. Review of the literature reveals a
common though not universal finding that
serum IgG antibodies are raised in different
forms of oral candidiasis and there is a
majority view that salivary IgA antibodies
may also be raised. These studies indicate
that the presence of Candida in the oral cav-
ity in disease can stimulate a response in
both mucosal and systemic humoral sys-
tems. The main target antigens in yeast and
hyphal forms may be different. Functional
aspects of antibodies have largely been
examined in vitro. Inhibition of adherence
to epithelial cells by both monoclonal IgG
and salivary IgA has been demonstrated, as
well as inhibition of adherence to poly-
styrene. Antibody-mediated inhibition of
germination of Candida and inhibition of
colonisation and fungal clearance have also
been reported. A further mechanism is can-
dicidal activity demonstrated by mono-
clonal antibodies but not yet by naturally
induced serum or salivary antibodies. In
vivo, inhibition of colonisation in humans
has been demonstrated as proof of principle
by the application of bovine anti-Candida,
but the role of other mechanisms in vivo
remains to be confirmed. Inhibition of
Sap activity is an attractive hypothesis and
has been reported in vaginal candidiasis
though not confirmed to date in oral can-
didiasis. Thus, there are several different
mechanisms whereby antibodies present in
saliva or coming into the oral cavity from
serum may influence candidiasis and could
be protective. However, demonstrating the
latter has proved elusive and it is likely that
a number of different mechanisms are
operative concurrently in any protection of
the oral cavity against the various forms of
candidiasis.
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1. Introduction

Many Candida species are commensals
of the oral mucosa. They are usually
innocuous, but when conditions are favor-
able, they can proliferate and cause disease.
Candida spp. are readily isolated from vari-
ous sites within the oral cavity, but simple
carriage does not inevitably result in the
development of clinical symptoms. Whether
the organism remains as a commensal, or
proliferates and causes disease, is usually
determined by preexisting or concomitant
alterations in the integrity of the immune
system.

Oral candidiasis is seen most frequently
in patients at-risk, such as those suffering
from HIV/acquired immunodeficiency syn-
drome (AIDS), immunosuppression, dia-
betes, xerostomia, or those wearing dentures
(Fotos and Hellstein, 1992); however, clini-
cal observations in these and other patient
groups have suggested that these predispos-
ing factors are almost invariably associated
with deficiencies in innate and adaptive
immune functions that compromise effective
host responses against the infection. The
seminal observations by Kirkpatrick and
colleagues (1971) on children with chronic
mucocutaneous candidiasis (CMC) strongly
implicated defects in cell-mediated immu-
nity as a major predisposing factor, and the
importance of T lymphocytes, and CD4+

cells in particular, has been confirmed by the
high incidence of oral candidiasis in HIV-
infected individuals whose CD4+ lympho-
cyte counts are declining.

In this chapter, the epidemiology of the
disease, associated risk factors, and clinical
features are briefly outlined. This is fol-
lowed by reviews of the host immune factors
relevant to recovery from oral infection in
humans and mice, and the discussion con-
cludes with an evaluation of the ways in
which these immune mechanisms may
relate to the clinical manifestations of the
disease.

2. Epidemiology of Oral
Candidiasis

2.1. Candida Species

Candidiasis is most commonly caused by
the yeast C. albicans, and to a far lesser
extent by C. glabrata, C. krusei, C. tropicalis,
C. pseudotropicalis, C. parapsilosis, and C.
guilliermondi (Odds, 1988). More recently,
oral candidiasis in HIV-positive individuals
has been associated with C. dubliniensis
(Sullivan et al., 1995).

C. albicans is a commensal residing in the
oral cavity of the majority of healthy per-
sons (Odds, 1988). It is a dimorphic fungus
that can exist both in a yeast phase (blas-
tospore, blastoconidial) and a hyphal
(mycelial) phase. Depending on the environ-
mental conditions, they may develop either
in the mycelial form, composed of long
branching septae or filaments, or as spheri-
cal or ovoid yeast cells. In the yeast phase
C. albicans are from 2–8 to 3–14 µm in size,
but hyphae can extend a few hundred
micrometers (Saltarelli, 1989). They repro-
duce by multilateral budding and do not
undergo a sexual cycle. Dimorphism is rele-
vant both to the pathogenicity of the yeast
and to the clinical problems of diagnosis
and treatment (Saltarelli, 1989).

C. albicans is the most common Candida
species isolated from the oral cavity both in
the healthy and the diseased (Samaranayake
and MacFarlane, 1990). Symptom-free oral
carriage of Candida organisms has been rec-
ognized for many years, with the reported
prevalence ranging from 3% to 48% in clini-
cally normal mouths of healthy adults
(Arendorf and Walker, 1980), and 45% to
65% in healthy children (Odds, 1988). The
oral carriage of yeasts is higher in hospital-
ized than ambulant patients, with a median
carriage rate of 54.7% for all species and
38.1% for C. albicans alone (Wilkieson et al.,
1991).
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In the past C. dubliniensis was probably
identified as an atypical strain of C. albi-
cans. Although it was initially found to col-
onize the oral cavity and to be a cause of
oropharyngeal candidiasis (OPC) in HIV-
positive patients (Sullivan et al., 1995), it has
since been found to colonize and infect var-
ious other groups (Redding, 2001;
Kantarcioglu and Yucel, 2002; Tekeli et al.,
2002). Incidence rates for C. dubliniensis in
oral cultures from adults vary from 3% in
asymptomatic HIV-negative individuals to
32% in HIV-positive patients with clinical
signs and symptoms of OPC (Coleman
et al., 1997; Meiller et al., 1999; Fisher et al.,
2001; Giammanco et al., 2002). C. dublinien-
sis has also been detected in pediatric
patients (Sano et al., 2000), with one study
reporting positive cultures in 11% of HIV-
positive pediatric patients (Brown et al.,
2000). Mixed infections, especially with C.
albicans, are common in patients who are
positive for oral C. dubliniensis (Schorling
et al., 2000).

C. glabrata is much less pathogenic than
C. albicans, but in recent years it has
emerged as a significant pathogen in
humans. It is currently the second to third
leading cause of candidiasis of all kinds and
comprises approximately 5% of all Candida
isolates (Thuraisingam and Denning, 2000).
The role of C. glabrata in OPC is controver-
sial, and the yeast is mostly seen in cases of
systemic candidiasis. C. glabrata is com-
monly isolated along with C. albicans when
cultured from patients with OPC. C.
glabrata makes up between 5% and 10% of
all oral isolates recovered from HIV-positive
patients who have OPC (Fidel et al., 1999).
OPC can be caused solely by C. glabrata
(Hoegl et al., 1998), with one study report-
ing that up to 14% of all oropharyngeal
infections were caused by this species
(Masia Canuto et al., 2000). It was esti-
mated that approximately 30% of patients
over 80 years of age were colonized orally
with C. glabrata (Lockhart et al., 1999), but

the percentage was almost doubled if the
patients wore dentures.

OPC caused by C. tropicalis has been
reported but is relatively rare. Colonization
on the other hand is quite common; approx-
imately 6% of yeast isolates other than
C. albicans in HIV-positive patients are C.
tropicalis (Cartledge et al., 1999). It is a
pathogenic organism, especially in patients
receiving chemotherapy for hematologic
malignancies, and OPC associated with
C. tropicalis can cause fungemia in these
patients (Redding, 2001).

Oral colonization with C. krusei is com-
mon, making up approximately 20% of
yeasts other than C. albicans cultured in
HIV-positive patients (Cartledge et al.,
1999), but OPC caused by C. krusei alone is
rare.

2.2. Pathogen Risk Factors

Oral infection with Candida is associated
with certain pathogenic variables. Adhesion
of the yeast to epithelial cell walls, an impor-
tant first step of infection, is promoted by
fungal wall components such as mannose,
C3d receptors, mannoprotein, and saccha-
rins (Ghannoum et al., 1986; Brassart et al.,
1991; Kanbe et al., 1991). Hydrophobicity
(Hazen et al., 1991) and the ability to bind
to host fibronectin (Klotz and Smith, 1991)
are also important pathogenic mechanisms
used by the yeast in the initial stages of
infection. Some other factors important in
host infection include germ tube formation
(Sobel et al., 1984), presence of mycelia
(Saltarelli et al., 1975), endotoxins (Cutler
et al., 1972), and proteinases (Kwon-Chung
et al., 1985).

The family of secreted aspartyl pro-
teinases (SAPs) are considered to be one of
the more important of the putative virulence
factors of C. albicans. Analysis of patients
with asymptomatic Candida carriage, and
those with oral candidiasis, showed that
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SAP2 and SAPs 4 to 6 were expressed in
both subpopulations, whereas SAP1 and
SAP3 were observed only in patients with
oral disease (Naglik et al., 1999). More
extensive studies (Naglik et al., 2003a) con-
firmed that SAP2 and SAP5 were the most
common genes expressed during both infec-
tion and carriage, whereas expression of
SAP1, SAP3, SAP4, SAP7, and SAP8 corre-
lated with oral disease. Using an in vitro
model, the gene products of SAPs1 to 3, but
not SAPs4 to 6, appeared to be predomi-
nantly responsible for damage to reconsti-
tuted human epithelium (Schaller et al.,
1999), although studies with specific SAP
mutants suggested that the yeast may have
the ability to compensate for the loss of one
SAP gene by the upregulation of others.

Interestingly, viable, but not heat-killed
Candida, was able to induce increased
expression of genes coding for a variety of
immunologically relevant cytokines and
chemokines by epithelial cells (Schaller
et al., 2002), and cytokine production corre-
lated with the virulence of the organism.
This suggests that the “quality” of the infec-
tious challenge may influence the nature of
the immune response elicited. This concept
will be considered later, in relation to the dif-
ferent manifestations of oral infection.

2.3. Host Risk Factors

Although the transition from commen-
salism to disease may be associated with the
virulence characteristics of the organism, it
is widely accepted that host factors are of
paramount importance in the development
of the infection. Candida species are strictly
opportunistic pathogens, which cause dis-
ease when the host defenses are defective—
hence the designation “disease of the
diseased” given to Candida infections
(Trousseau, 1869).

The local intraoral environmental milieu,
such as the presence of prostheses, plays a
crucial role in the disease process. Indeed it

is the combination of the microbial viru-
lence factors, environmental factors, and
host defense factors that determines the ulti-
mate outcome of infection. The major local
and systemic factors that predispose
humans to candidiasis have been classified
as natural, dietary, mechanical, and iatro-
genic (Odds, 1988), but only those relevant
to immune dysfunction are considered here.

Host defense mechanisms are impaired
in patients with malignant disease, particu-
larly as a consequence of chemotherapy and
radiotherapy. Longitudinal studies of
patients undergoing radiation therapy to the
head and neck show significant increases in
Candida species counts on the tongue sur-
face, in whole saliva, and in dental plaque
(Epstein et al., 1984; Samaranayake et al.,
1988). Therapeutic interventions can also
reduce numbers and impair the function of
polymorphonuclear and mononuclear
phagocytes, leading to oral candidiasis
(Kostiala, 1986).

Chronic hyperplastic candidiasis may
occur as part of CMC, often with identifi-
able immunologic or endocrine abnormali-
ties as major factors. Endocrine disorders
such as hypothyroidism, hypoparathy-
roidism, and adrenal insufficiency, have a
familial incidence and are found in children
and young adults, particularly in girls. The
most frequently associated endocrine mani-
festations include idiopathic hyperparathy-
roidism and hypoadrenocorticism, but
candidiasis follows only where there is an
immune defect (Kostiala et al., 1979).

Fungal infections, particularly atrophic
and pseudomembranous candidiasis, are
common in patients with HIV infection. The
immunodeficiency affecting T helper lympho-
cytes during HIV infection makes patients
with the disease more predisposed to second-
ary infections, notably opportunistic Candida
infections. The first patient diagnosed with
AIDS presented with oral candidiasis
(Gottlieb et al., 1981a), and oral candidiasis
was a common feature in patients who even-
tually developed AIDS (Gottlieb et al.,
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1981b). Oral candidiasis occurs in 75% of
HIV-positive patients (Palmer et al., 1996) and
92% of patients diagnosed with AIDS had
oral candidiasis (McCarthy et al., 1991).
Indeed more than 90% of patients who are
HIV-positive will develop at least one episode
of oral candidiasis during the progression to
AIDS. The erythematous variant is most fre-
quently seen in these patients, followed by the
pseudomembranous, angular cheilitis, and
then hyperplastic candidiasis (Samaranayake
and MacFarlane, 1990).

A myriad of immunological abnormali-
ties occur as a consequence of HIV infec-
tion, particularly as the disease progresses to
AIDS (Fauci, 1993). Monocytes and
macrophages express CD4, and HIV can
directly infect these cells (Alkhatib et al.,
1996). There are also other alterations to
mononuclear phagocyte function including
alterations in phenotypic marker expression,
accessory cell function, chemotaxis,
cytokine production, and respiratory burst
activity (Ho et al., 1994; Trial et al., 1995;
Wahl et al., 1996). Nonetheless, profound
CD4+ T cell depletion is the immunological
hallmark of AIDS, and is the most likely
factor accounting for the increased suscepti-
bility of these patients to opportunistic
infections. The role for CD4+ T cells in host
resistance against opportunistic fungal
infections is supported by the frequent
occurrence of fungal infections in patients
with idiopathic CD4+ T cell lymphocytope-
nia, a condition characterized by low CD4+

counts in the absence of HIV infection
(Duncan et al., 1993).

Oral candidiasis occurs in association
with congenital deficiencies in both innate
and adaptive immunity. Chronic recalcitrant
mucocutaneous candidiasis is particularly
common in patients with DiGeorge’s syn-
drome (Cleveland et al., 1968), a condition
characterized by depletion of T cells in the
thymus-dependent areas of lymph nodes and
in peripheral blood due to thymic hypopla-
sia. Patients with severe combined immun-
odeficiency (SCID) syndrome demonstrate

multiple defects in cell-mediated immune
functions, and frequently suffer from CMC
that may disseminate to other tissues (Porter
and Scully, 1990). Syndromes that affect
innate immunity include hereditary
myeloperoxidase (MPO) deficiency, in which
the lack of MPO in the granules of poly-
morphonuclear leukocytes (PMNLs) and
macrophages results in impaired killing of C.
albicans (Lehrer and Cline, 1969; Klebanoff,
1970), and predisposes to recurrent episodes
of oral thrush or CMC in these patients
(Lehrer and Cline, 1969; Kirkpatrick et al.,
1971). Patients with Chediak–Higashi syn-
drome, an autosomal recessive disease pre-
senting with abnormal neutrophils,
neutropenia, and impaired chemotaxis
(Wolff, 1972; Oliver and Essner, 1975), also
commonly suffer from candidal infections.

3. Clinical Manifestations
of Oral Candidiasis

The classification of oral candidiasis has
been fraught with difficulties and complica-
tions, due to the many manifestations the
disease can take and because of the multi-
faceted etiology of the different conditions
involved. Recently, it has been suggested
that oral candidiasis can be arranged into
two categories based on the distribution of
the lesions (Scully et al., 1994): Category I,
candidal infections confined to oral and
perioral tissues (primary oral candidiasis)
and Category II, disorders where oral can-
didiasis is a manifestation of generalized
systemic mucocutaneous candidal infection
(secondary oral candidiasis). Category II
lesions are divided into subgroups, which
take into account CMC and other immune
defect disorders such as SCID syndrome,
DiGeorge’s syndrome, and AIDS.

The following clinical descriptions are
based on revised classifications by Sama-
ranayake and Yaacob (1990), Holmstrup
and Axell (1990), and Samaranayake 
(1991).
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3.1. Pseudomembranous
Candidiasis

Pseudomembranous candidiasis is char-
acterized by whitish-yellowish creamy
patches on the surface of the oral mucosa
and tongue (Fig. 4.1a). The lesions develop
into confluent plaques that resemble milk
curds and can be wiped off to reveal a raw
erythematous base (Odds, 1988). The plaques
consist of necrotic material and desquamated
parakeratotic epithelium, penetrated by
C. albicans yeast cells and hyphae that invade
as far as the stratum spinosum. Edema and
microabscesses containing PMNLs are found
in the outer layers of the epithelium. The

deeper parts of the epithelium show acantho-
sis, and the inflammatory response in the
connective tissue comprises lymphocytes,
plasma cells, and PMNL (Odds, 1988). This
form of the disease is most commonly
found in infants, the elderly, and those termi-
nally ill (Finlay, 1986), particularly in combi-
nation with severe underlying conditions
such as leukemia, and HIV and AIDS
(Samaranayake and MacFarlane, 1990).

3.2. Erythematous Candidiasis

This condition is mainly associated with
the use of corticosteroids or broad-spectrum
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antibiotics. More recently it has commonly
been seen in HIV-positive patients (Dodd
et al., 1991). Clinically, it is characterized by
erythematous areas generally on the dorsum
of the tongue, palate, or buccal mucosa.
Lesions seen on the dorsum of the tongue
classically present as depapillated areas
(Scully et al., 1994). The condition is relatively
rare, but in the acute form it is consistently
painful (Lehner, 1967). The histopathology
of acute erythematous candidiasis is essen-
tially like other forms of the disease, with
pseudohyphae penetrating and extending
into the superficial epithelium. The inflam-
matory reaction is characterized by neu-
trophils in the epithelium and a lymphocytic
infiltrate in the connective tissue.

3.3. Chronic Hyperplastic
Candidiasis

Hyperplastic candidal lesions are
chronic, discrete raised lesions that vary
from small, palpable, translucent, whitish
areas to large, dense, opaque plaques
(Fig. 4.1f ). The homogeneous form presents
as a uniform adherent white plaque, whereas
the nodular (speckled) lesion has a clinical
appearance of multiple white nodules on an

erythematous background (Walker and
Arendorf, 1990). Neither lesion will rub off.
Hyperplastic candidiasis usually occurs on
the inside surface of the cheeks, palate, and
tongue (Walker and Arendorf, 1990).
Biopsy is important, as the condition is pre-
malignant and shows varying degrees of
dysplasia (Samaranayake and MacFarlane,
1990). Histopathological examination of the
lesions reveals parakeratosis showing irregu-
lar separation and epithelial hyperplasia,
with Candida invasion restricted to the
upper layers of epithelium (Daniels et al.,
1985). Polymorphonuclear microabscesses
form in the epithelium beneath the candidal
hyphae, with a poorly demarcated chronic
inflammatory infiltrate of lymphocytes and
plasma cells in the upper half of the corium.
Mitotic activity is often increased, but
restricted to the basal and suprabasal layers
of the stratum spinosum. Epithelial dyspla-
sia is more common in the nodular form
(Walker and Arendorf, 1990).

3.4. Candida-associated
Denture Stomatitis

Classically this condition presents
as chronic erythema and edema of the
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denture-bearing mucosa, especially under
maxillary prostheses (Fig. 4.1c). The patient
is usually symptom-free, but may complain
of slight soreness and angular cheilitis can
be a presenting complaint. Other factors
such as bacterial accumulation, reduced
salivary protection, and mechanical irrita-
tion may be implicated in denture stomatitis,
which is present in approximately 50% of
complete denture wearers (Budtz-Jorgensen,
1974). Histological examination of the tis-
sues beneath the dentures shows prolifera-
tive or degenerative responses (Razek and
Shaaban, 1978) with reduced keratinization
and thinner epithelium (Watson and
MacDonald, 1982). Tissue invasion by
Candida does not occur as commonly as
other forms of oral candidiasis, and rela-
tively little yeast is isolated from the mucosal
surface (Budtz-Jorgensen, 1974).

3.5. Angular Cheilitis

Clinically, angular cheilitis presents as
sore, erythematous, fissured lesions, affect-
ing the angles of the mouth, and is com-
monly associated with denture stomatitis
(Fig. 4.1d) (Budtz-Jorgensen, 1974). In
orofacial granulomatosis, a significant num-
ber of patients have angular cheilitis
(Samaranayake, 1988), and it may also be
seen in AIDS (Samaranayake and
Holmstrup, 1989). As mentioned earlier, the
condition can be associated with iron defi-
ciency anemia or vitamin B12 deficiency
(Scully and Cawson, 1998).

3.6. Median Rhomboid
Glossitis

Median rhomboid glossitis is character-
ized by an area of papillary atrophy that is
elliptical or rhomboid-like, symmetrically
placed and centered at the midline of the
tongue, anterior to the circumvallate papil-
lae (Fig. 4.1e) (Walker and Arendorf, 1990).

Occasionally, midline glossitis presents with
a hyperplastic exophytic or lobulated
appearance. Histopathologically, candidal
hyphae are seen invading the superficial lay-
ers of the parakeratotic epithelium with
elongated hyperplastic rete ridges extending
into the corium, a PMNL infiltrate occupy-
ing the epithelium, and a lymphocyte infil-
tration in the corium erupting into the bases
of the epithelial processes (Walker and
Arendorf, 1990).

3.7. Chronic Mucocutaneous
Candidiasis

CMC is a term given to a group of het-
erogeneous disorders that are characterized
by persistent superficial candidal infection
of the mouth, skin, and nail beds, some-
times producing granulomatous masses over
the face and scalp (Fig. 4.1b) (Kirkpatrick
et al., 1971; Edwards et al., 1978). The prin-
cipal clinical features include chronic oral
candidiasis, chronic cutaneous candidiasis,
and chronic vulvovaginal candidiasis
(Chilgren et al., 1967). Oral candidiasis has
been observed in more than 90% of all
CMC patients (Odds, 1988). The tongue can
become enlarged, fissured, and may have
hyperplastic nodules on the lateral borders.
Painful angular cheilitis is frequent (Porter
and Scully, 1990). CMC is associated with a
variety of primary immunodeficiencies
such as SCID syndrome, Nezelof’s syn-
drome (thymic alymphoplasia), DiGeorge
syndrome (congenital thymic aplasia),
hyperimmunoglobulin E syndrome, MPO
deficiency, and endocrine disorders, espe-
cially Addison’s disease and hypoparathy-
roidism (Porter and Scully, 1990, 1993a,b).
The oral lesions of CMC have histopatho-
logical features similar to those of chronic
candidiasis (Cawson and Lehner, 1968),
although candidal infection can occasion-
ally spread into the pharynx, larynx, or
esophagus, but further visceral involvement
is rare (Porter and Scully, 1990).
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4. Cellular Adaptive Host
Responses

4.1. Clinical Studies

CMC is frequently seen in association
with endocrinopathies (Kirkpatrick et al.,
1971), but it is generally recognized that the
main predisposing factor is a defect in cell-
mediated immunity (Kirkpatrick, 1994).
These patients can be grouped according to
their specific abnormalities in immunological
responsiveness (Kirkpatrick, 1989), but there
is no Candida-specific defect common to all
groups. Nevertheless, therapy directed at
restoration of cellular immune function gen-
erally results in remission, and the demon-
strable link between systemic cell-mediated
immunity and mucosal defense mechanisms
has been crucial in developing an under-
standing of the pathogenesis of the disease.

The link between CMC, immunodefi-
ciency, and endocrinopathies is now well-
recognized, but with the spread of HIV
infection and AIDS, and the increasing use
of aggressive chemotherapeutic regimens for
transplantation and cancer patients, severe
oropharyngeal infections are appearing in a
much greater variety of clinical contexts.
These include situations in which there is
a deficiency in cell-mediated immune
responses, as well as others in which the
dominant feature is neutropenia. These
observations suggest that host responses
against oral and OPC may involve not only
cells of the adaptive immune response, but
also phagocytic cells, and other nonspecific
innate immune effector mechanisms.

Human epithelial cells from the oral cav-
ity have recently been shown to possess
inhibitory activity against both Candida
yeasts and hyphae (Steele et al., 2000). The
anti-Candida activity required cell contact,
and in these experiments, neither saliva
nor culture supernatants alone inhibited
Candida growth, nor was the epithelial cell
activity enhanced in the presence of saliva.
Although differential staining showed that

the effect of the epithelial cells was can-
didastatic rather than candidacidal
(Nomanbhoy et al., 2002), the phenomenon
may be of some biological significance, as
epithelial cell anti-Candida activity was sig-
nificantly lower in HIV-positive patients
with OPC (Steele et al., 2000). The oral
epithelial cells may also act to enhance effec-
tor cell activity through the production of
cytokines and/or chemokines that increase
recruitment of phagocytic cells and stimu-
late innate immunity.

After challenge with C. albicans, primary
oral mucosal epithelial cells and oral epithe-
lial cell lines produced interleukin-8 (IL-8)
(Dongari-Bagtzoglou and Kashleva, 2003b),
and a proportion also produced granulo-
cyte-macrophage colony-stimulating factor
(GM-CSF) (Dongari-Bagtzoglou and
Kashleva, 2003a). Both responses were
dependent on physical contact with viable
yeasts and were optimal when the yeast ger-
minated into hyphae. IL-8 secretion was
dependent, at least in part, on autocrine
production of IL-1α (Dongari-Bagtzoglou
and Kashleva, 2003b). In addition, oral
fibroblasts have been shown to produce
both IL-6 and IL-8 after exposure to C. albi-
cans in culture (Dongari-Bagtzoglou et al.,
1999). Thus, the oral mucosa may, after
infection, produce a cytokine microenviron-
ment that is able to influence the develop-
ment and maturation of the cell-mediated
immune response against the yeast.

It is currently believed that host
responses against C. albicans are determined
predominantly by the relative dominance of
Th1-type cytokines that lead to recovery
and the development of protection, or Th2-
type cytokines, that are associated with sus-
ceptibility to infection (Romani, 1999).
However, studies in humans have given vari-
able results. Adult patients with chronic oral
candidiasis showed significantly lower
levels of serum IFN-γ healthy controls
(Szkaradkiewicz et al., 1998), but there have
been no more recent studies of oral candidi-
asis in the absence of other infections.
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Analysis of salivary cytokine profiles in
normal (HIV-negative) individuals showed a
Th0/Th1 profile, whereas in HIV-positive
individuals, it was of a predominantly Th2-
type (Leigh et al., 1998), apparently as a
consequence of a reduction in Th1-type
rather than an enhancement of Th2-type
cytokines. HIV-positive individuals with
OPC tended to show a more exaggerated
Th2-type salivary cytokine profile, but the
relevance of this to the pathogenesis of the
Candida infection is unclear at present. Both
HIV-positive and HIV-negative patients dis-
played Candida-specific lymphocyte prolif-
erative responses, and although skin test
reactivity to C. albicans antigens in HIV-
positive patients with low CD4+ cell counts
was reduced compared to controls (Leigh
et al., 2001), there were no consistent differ-
ences in systemic immune responses that
correlated with the development of OPC.

Denture stomatitis is another manifesta-
tion of oral infection with C. albicans,
although the extent of colonization appears
to be related to the severity of the inflam-
mation induced by external factors, such
as smoking or the wearing of dentures at
night (Barbeau et al., 2003). Patients with
Candida-associated denture stomatitis show
impaired responses against antigens of
C. albicans, as demonstrated by skin test
and leukocyte migration inhibition assays
(Davenport and Wilton, 1971), and may
have overactive suppressor T cells or other
lymphocyte/phagocyte defects (Iacopino
and Wathen, 1992), indicating that normal
immunoregulatory responses can also be
impaired.

Nevertheless, analysis of salivary
cytokines in HIV-negative individuals either
with or without denture stomatitis demon-
strated a mixed Th1/Th2 profile (Leigh
et al., 2002), with no significant differences
between the two groups, indicating that sus-
ceptibility to Candida-associated denture
stomatitis in the immunocompetent patient
was not associated with a bias towards pro-
duction of Th2-type cytokines. In contrast,

analysis of serum levels of interleukins and
their soluble receptors found significant
increases in the concentrations of IL-6 and
TNF-α in both patients with dentures, and
those with denture stomatitis, compared to
normal controls (Pietruski et al., 2000),
whereas concentrations of soluble TNF
receptor were reduced in these same groups.

Phenotypic analysis by immunohisto-
chemistry and electron microscopy of cells
of the oral mucosal immune system present
in biopsies of erythematous and
pseudomembranous candidiasis in HIV-
positive patients has shown that the superfi-
cial lamina propria and basal epithelial layer
was populated by CD1a+ Langerhans cells,
with an infiltration of CD8+ lymphocytes.
CD36+ dendritic macrophages and lympho-
cytes were detected within the submucosa,
although CD4+ cells were absent from the
infiltrate (Romagnoli et al., 1997). In the
pseudomembranous form, CD14+ leuko-
cytes were found in the basal epithelial
layer. Langerhans cells were significantly
more numerous in erythematous than in
pseudomembranous candidiasis. It is clear
that oral candidiasis is associated with per-
turbations in the number and state of differ-
entiation of lymphocytes and dendritic cells,
these being more severe in the pseudomem-
branous than in the erythematous form.
These alterations may play a role in the
pathogenesis and evolution of the disease
(Romagnoli et al., 1997).

Further immunohistochemical evalua-
tion of T cells in both HIV-negative and
HIV-positive individuals showed a majority
of CD8+ rather than CD4+ cells equally dis-
tributed throughout the buccal mucosa in
cases where these patients were OPC-nega-
tive, irrespective of blood CD4+ cell num-
bers. In contrast, CD8+ cells in lesions from
HIV-positive/OPC-positive persons were
present in significantly higher numbers, and
concentrated at the lamina propria–epithe-
lium interface, a considerable distance from
the Candida at the outer epithelium. Dual
fluorescence and confocal microscopy
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confirmed that the majority of CD8+, but
not CD4+ cells, were T cells by the presence
or absence, respectively, of CD3 on each cell
type. These results suggest that CD8+ T cells
may be important for oral host defense
against OPC, especially when CD4+ T cell
numbers are reduced (Myers et al., 2003).

Characterization of the inflammatory cell
infiltrate in oral mucosal biopsy material of
chronic hyperplastic candidiasis (Williams
et al., 1997) showed that T lymphocytes
were the dominant cell type, with fewer
macrophages and B lymphocytes. Many Ig-
containing cells were seen, and although IgG-
containing cells predominated, there was a
high proportion of IgA-containing cells with
few IgM-containing cells. Many neutrophils,
together with smaller numbers of T lympho-
cytes and macrophages, were seen in the
epithelium. These authors have suggested
that mucosal defense to Candida infection
involves a cell-mediated reaction in which
there is recruitment of macrophages and
local production of immunoglobulin with a
prominent IgA component.

4.2. Mouse Models

Mucosal candidiasis has been studied in
a number of different models—gastroin-
testinal (GI), vaginal, and oral—and it has
perhaps been too readily assumed that
results obtained from infection of one par-
ticular mucosal site (e.g., the GI tract) can
be extrapolated to other manifestations of
the disease. It has recently become clear that
this is not the case (Fidel, 2002), and that
there may be significant differences in the
“mix” of adaptive and innate immune
responses that mediate responsiveness to
Candida at the different mucosal sites.
Nevertheless, many valuable insights have
been obtained by Balish and colleagues
using infection of the GI tract, and in the
following discussion, attempts will be made
to integrate these findings with those from
the various oral models.

Models used for the study of oral can-
didiasis have been of three kinds: those
using normal mice (Lacasse et al., 1993;
Elahi et al., 2000; Farah et al., 2001a), those
using immunodeficient mice (Farah et al.,
2002b), and those that involve conditioning
by treatment with immunosuppressive drugs
(Kamai et al., 2001; Takakura et al., 2003).

4.2.1. Studies in Normal Mice

In general, the study of oral infection in
normal mice has sought to identify crucial
host variables by comparison of responses
in genetically defined inbred mice. In inbred
mice, oral candidiasis closely resembles the
human disease (Farah et al., 2002b).
BALB/c and DBA/2 mice are of the same
major histocompatibility complex (MHC)
type, but BALB/c is C5-sufficient, whereas
DBA/2 is C5-deficient. Although DBA/2
mice were somewhat more prone to infec-
tion than BALB/c mice (Chakir et al., 1994),
oral infection in both strains resulted in
an increase in MAC-1+ cells and a compara-
ble recruitment of CD4+ and CD8+ T lym-
phocytes into the mucosal tissue. Thus, in
contrast to systemic infection, complement-
derived chemotactic factors appear to have
little or no effect on inflammatory processes
in the oral mucosa. In addition, the number
of intraepithelial CD4+ T cells was five- to
sevenfold greater in infected animals when
compared to control mice (Deslauriers et al.,
1995). Using the same mouse strains, Elahi
and colleagues (2000) demonstrated signifi-
cantly higher Candida-specific proliferation
by cells from the draining lymph nodes of
BALB/c as compared to DBA/2 mice, after
oral infection.

Although these studies in vitro strongly
implicated T cells in the host response
against oral infection, initial attempts to
demonstrate their essential role in host
resistance in normal mice by antibody
depletion of CD4 or CD8 cells mice were
unsuccessful. However, when the head and
neck were irradiated, at a dose sufficient to
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block lymphocyte proliferation, depletion of
CD4+, but not CD8+, lymphocytes caused a
prolongation of infection and increased the
severity of oral lesions (Farah et al., 2001b).
This was interpreted as indicating that the
immune response in the oral cavity was
essentially self-contained, but that CD4+

cells from the systemic circulation had the
potential to exert a protective effect. An
alternative, but not mutually exclusive
explanation, is that irradiation-induced tis-
sue damage favored further proliferation of
the yeast. This could place additional
demands on the local immune response,
resulting in recruitment of CD4+ cells from
the peripheral circulation. In the irradiated
mice, recovery from infection was associated
with production of high levels of IL-12 by
lymph node cells, but concentrations of
IFN-γ in infected mice were comparable to
those in controls.

The importance of T cells and cell-
mediated immunity in oral candidiasis has
been supported by studies in infectious dis-
ease models. Mice infected with the
Du5H(G6T2) mixture of mouse leukemia
viruses develop a disease (murine AIDS or
MAIDS) that exhibits many of the immune
abnormalities found in human HIV infec-
tion. When these animals were orally colo-
nized with C. albicans, approximately 30%
developed recurring 2- to 3-week episodes of
acute Candida proliferation, which were
thought to result from virally induced fluc-
tuations in the levels of CD4+ T cells
(Deslauriers et al., 1997). Similarly, trans-
genic mice that expressed HIV type 1 in
immune cells (de Repentigny et al., 2002)
showed a sustained enhancement of oral
burdens of C. albicans, penetration by
Candida hyphae of the stratified squamous
epithelium of the oral cavity, and a mononu-
clear inflammatory cell infiltrate in the
mucosa.

These results are generally consistent
with those derived from models of orogas-
tric candidiasis. Euthymic mice infected in
this manner developed Candida-specific

lymphoproliferative and delayed-type hyper-
sensitivity (DTH) responses that correlated
with the clearance of hyphae from mucosal
surfaces (Balish et al., 1990). Conversely,
depletion of CD4+ lymphocytes from T cell-
sufficient bg/bg nu/+ mice using an anti-CD4
monoclonal antibody increased their sus-
ceptibility to Candida infection of the
tongue and esophagus (Cantorna and
Balish, 1991), and confirmed that the CD4+

cell population was crucial for protection of
mice from orogastric candidiasis, although
neither IL-2 nor IFN-γ was essential for an
effective host response. In disseminated can-
didiasis, the different subsets of CD4+ T
helper cells, and cytokines produced by
them, show a strong correlation with sus-
ceptibility and protection from infection
(Romani, 1999), and parallels have been
drawn between this and GI infection.

For example, BALB/c mice are resistant
to systemic challenge with an avirulent iso-
late of C. albicans, and protective host
responses are associated with a Th1
cytokine profile (Romani et al., 1993). In
contrast, systemic infection of these mice
with a virulent isolate causes early mortality,
whereas GI colonization with the virulent
yeast results in the production of both Th1-
and Th2-type cytokines by CD4+ cells from
Peyer’s patches and mesenteric lymph nodes,
and clearance of the yeast from the intestine
(Cenci et al., 1995). DBA/2Cr mice develop
fatal disseminated candidiasis after intra-
venous infection with the avirulent strain of
C. albicans (Romani et al., 1993), but intra-
gastric inoculation with the virulent strain
was again associated with the induction of
Th1-type cell-mediated immune responses
and eventual clearance of the infection
(Bistoni et al., 1993).

These data suggest that activation of
Th1-type cytokine responses is associated
with recovery from orogastric Candida
infection, but the nature of the effector
pathways, and the relevance of the Th2-like
response in the “resistant” BALB/c strain,
have not yet been resolved.
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4.2.2. Studies in
Immunodeficient Mice

C. albicans is recognized as an organism
that is uniquely adept in exploiting deficien-
cies in host responsiveness, and significant
advances have been made in understanding
yeast–host relationships by the use of
mutant and genetically modified mice. In
humans, cellular immunodeficiency, partic-
ularly that associated with HIV infection,
substantially increases the risk of mucosal
infections with C. albicans, and this condi-
tion has been modeled by the use of the T
cell-deficient “nude” mouse.

Nude mice were shown to be markedly
more susceptible to oral infection than
euthymic controls (Farah et al., 2002b),
and developed a chronic infection. There
was extensive hyphal penetration of the oral
epithelium, associated with infiltration of
PMNLs and the formation of microab-
scesses. Mice of the CBA/CaH strain
that are predisposed to severe tissue pathol-
ogy (Ashman and Papadimitriou, 1987)
acquired a greater fungal burden and devel-
oped more severe lesions after oral infection
than the “low pathology” BALB/c mice.
This is consistent with the regulation of
tissue susceptibility by the Carg1 gene
(Ashman, 1998). Established infections in
nude mice could be cleared by the adoptive
transfer of syngeneic lymphocytes (Farah
et al., 2002b), and the protective effect was
mediated by the CD4+, but not the CD8+

lymphocyte subset. After reconstitution,
IFN-γ and IL-12 were produced by lympho-
cytes from the cervical and submaxillary
lymph nodes of the infected mice, but IL-4
and IL-10 were generally not detected.

Similar conclusions have been drawn
from studies of orogastric candidiasis. Nude
mice were unable to clear Candida from the
stomach or the tongue (Balish et al., 1990),
and did not develop either DTH or lympho-
proliferative responses to C. albicans anti-
gens. After intragastric or oral inoculation,
both SCID mice, which lack functional T

and B cells, and multiply-immunodeficient
(bg/bg, nu/nu) mice, which are deficient in
both T cells and phagocytic cells, develop a
persistent GI infection, whereas mice that
lack only phagocytic cells (bg/bg, nu/+) are
able to clear the infection efficiently
(Cantorna and Balish, 1990). Transgenic
epsilon 26 mice have defects in both natural
killer cells and T cells and are highly suscep-
tible to oro-esophageal and gastric candidi-
asis (Balish et al., 2001), but resistant to
acute systemic candidiasis and systemic can-
didiasis of endogenous origin. Granulocytes
were the major effector population responsi-
ble for protection against systemic infection
(Balish et al., 2001), whereas T cells
appeared to be essential for protection
against mucosal infection. In contrast, B cell
knockout (KO) mice, which lack both
functional B cells and antibodies, were
as resistant to orogastric candidiasis as
immunocompetent controls (Narayanan
et al., 1991), further substantiating a con-
vincing case that cell-mediated immunity
plays a central role in host protection
against mucocutaneous candidiasis.

4.2.3. g/d T Cells

The γ/δ subset of T cells represents an
important component of the mucosal
immune system that has been implicated in
the process of host defense against the yeast.
In BALB/c and DBA/2 mice, oral infection
with C. albicans resulted in an expansion of
the γ/δ cell population (Chakir et al., 1994;
Elahi et al., 2000), although the strains
showed different kinetics, with the influx
commencing on day 3 in the BALB/c mice,
but on day 5 in the DBA/2 strain (Chakir
et al., 1994). In both strains, the increase in
γ/δ cell numbers was associated with a sub-
stantial decrease in the number of viable
organisms recovered from the mucosal tis-
sue. Oral colonization of B cell-deficient
mice, which have a normal T cell response,
increased the number of both α/β and γ/δ T
cells in the GI mucosa (Jones-Carson et al.,
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1997), and an accumulation of γ/δ T cells in
the peritoneal cavity was also observed after
intraperitoneal infection of immunocompe-
tent and KO mice with C. albicans (Jones-
Carson et al., 1995). In vitro, the γ/δ T cells
enhanced nitric oxide production and
macrophage candidacidal activity, and
depletion in vivo abrogated expression of
inducible NO synthase in the mucosa and
enhanced susceptibility to Candida infec-
tion. Interestingly, mice lacking both α/β
and γ/δ T cells were found to be susceptible
to orogastric candidiasis, but not to acute
systemic candidiasis (Jones-Carson et al.,
2000), patterns of susceptibility that are
similar to those seen in nude mice (Ashman
et al., 2004).

4.2.4. Role of Cytokines

In systemic candidiasis, the roles of the
Th1 and Th2 cytokines as regulators of host
immune responses have been well estab-
lished (Romani, 1999), whereas in oral infec-
tion, the identity of the cytokine mediator(s)
of host resistance remains elusive and the
relationship seems more complex. In gen-
eral, IL-12 and IFN-γ were the dominant
cytokines produced by lymphocytes from
the draining lymph nodes of recovering ani-
mals (Farah et al., 2001a), but levels of IL-4
and IL-10 did not show any association with
recovery from oral infection. TNF-α was the
only cytokine that appeared to be unique to
infected oral mucosa (Farah et al., 2002a). A
comparison of host responses in the rela-
tively resistant BALB/c or infection-prone
DBA/2 mice showed that rapid clearance of
C. albicans from the mucosa of BALB/c
mice was associated with an early increase in
levels of IL-4, IL-12, and IFN-γ in cells
from the cervical lymph nodes, whereas in
the infection-prone DBA/2 mice, expression
of message for IL-4 was delayed, and the
levels secreted were lower (Elahi et al.,
2000). In BALB/c mice, monoclonal anti-
body neutralization of IL-4 increased the
fungal burden and delayed the clearance of

the yeast. Thus, IL-4 appears to be an
important mediator of protection in oral
candidiasis. In contrast, IL-12-deficient
mice were highly susceptible to primary GI
infection and showed an elevated produc-
tion of IL-4 with a concomitant reduction in
IFN-γ (Mencacci et al., 1998). Treatment of
mice with GI candidiasis by administration
of soluble IL-4 receptor (sIL-4R) acceler-
ated clearance of the yeast from the stomach
and stimulated Th1-associated resistance
(Puccetti et al., 1994).

It might have been expected that the use
of mice in which specific cytokine genes had
been genetically deleted would have enabled
some of these conflicts to be resolved; how-
ever, studies of candidiasis in cytokine KO
mice has confused, rather than clarified the
issue. In one study, IFN-γ KO mice showed
increased susceptibility to both gastric and
systemic candidiasis (Balish et al., 1998),
whereas another reported no effect on either
form of the disease (Qian and Cutler, 1997),
and a third found increased mortality of the
KO mice, although the increased susceptibil-
ity did not correlate with the extent of
organ colonization (Kaposzta et al., 1998).
Ablation of IL-10 increased resistance
against both GI (Del Sero et al., 1999) and
systemic (Vazquez-Torres et al., 1999) can-
didiasis, but deletion of the gene for IL-4
had no effect (Kaposzta et al., 1998). Mice
lacking the homologue for the IL-8 receptor
showed increased susceptibility to gastric
and acute systemic candidiasis (Balish et al.,
1999), with a slower influx of polymor-
phonuclear neutrophils into infected tissues,
and a reduction in the candidacidal capacity
of these cells.

In contrast, recent studies of oral can-
didiasis in IFN-γ, IL-4, IL-10, and iNOS
KO mice have failed to demonstrate any
alteration in the severity or course of the
disease (Farah, unpublished data). In TNF-
α KO mice, there was an early increase in the
fungal burden in the oral cavity, but the
duration of the infection was not different
from controls. Infection in IL-12 KO mice,
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however, was similar to that in T cell-defi-
cient nude mice (Farah, unpublished data)
in that the fungal burden in the oral cavity
increased and the infection became chronic,
persisting undiminished for at least 3
months. The precise role of IL-12 as a medi-
ator of host resistance, the anomalous posi-
tion of IFN-γ, and the importance of IL-4
remain to be resolved. Our failure to identify
a particular cytokine or set of cytokines as a
crucial link in the effector pathway against
the yeast may be due to a redundancy
among the cytokines that masks the effect of
gene deletion in KO mice; however, it is dif-
ficult to evaluate the significance of such
functional overlap in vivo. Alternatively,
there may exist additional effector path-
ways; or there may be significant, as yet
unidentified, differences between the experi-
mental models. Based on the work under-
taken by the authors, a hypothetical
pathway for activation of effector cells in
oral candidiasis is presented in Fig. 4.2.

4.2.5. Candidacidal Effector
Mechanisms

Although T cells have been shown to be
essential for recovery from oral candidiasis,
neither αβ nor γδ T cells have any candi-
dacidal or candidastatic effect per se.
Therefore, other cell types are required for
the eradication of the yeasts from the
infected mucosa.

Depletion of neutrophils or inactivation
of macrophages/monocytes increased the
severity of oral infection in BALB/c mice,
but had a lesser effect in the CBA/CaH
strain (Farah et al., 2001a). Ablation of
both cell populations further increased
infection in BALB/c mice, but dramatically
exacerbated the fungal burden in the
CBA/CaH strain. In the absence of activa-
tion, Candida killing by phagocytic cells
(both neutrophils and macrophages) is rela-
tively inefficient, but the candidacidal
potential of both cell types is significantly
enhanced by exposure to Th1-type

cytokines, such as IFN-γ and TNF-α. It
thus seems that phagocytic cells play a more
dominant role in the susceptible CBA/CaH
mice than in the resistant strains, although
there was no significant difference in clear-
ance of chronic infections in nude mice of
either strain after reconstitution with lym-
phocytes (Farah et al., 2002b).

Nevertheless, recent studies in nude mice
have thrown further light on the critical role
of the bone marrow in the determination of
tissue susceptibility to infection with C. albi-
cans (Ashman and Papadimitriou, 1992).
Bone marrow colony formation in vitro was
unchanged in immunocompetent mice
infected either orally or systemically
(Wanasaengsakul and Ashman, 2004);
however, it was significantly depressed in
chronically infected, “high pathology”
CBA/CaH nude mice, compared to BALB/c.
Reconstitution of nude mice with T cells
significantly increased the colony-forming
response in infected BALB/c, but not in
infected CBA/CaH mice. These results sug-
gest that T cell-mediated enhancement of
phagocytic cell production by the bone mar-
row may be one effector pathway.

The importance of phagocytic cells in
host resistance was confirmed by treatment
of SCID mice with cyclophosphamide
(Balish et al., 1993). This caused severe neu-
tropenia and impairment of innate immune
mechanisms, and enhanced their susceptibil-
ity to mucosal candidiasis. Furthermore,
impairment of macrophage function in
SCID mice by administration of poly(I–C)
increased susceptibility to disseminated can-
didiasis of endogenous (GI tract) origin
(Jensen et al., 1992, 1994), but the resistance
of immunocompetent controls to mucosal
candidiasis was not altered by treatment
with poly(I–C) alone. Interference with both
macrophage and neutrophil function was
necessary to render these mice susceptible to
the disease (Jensen et al., 1993).

GI colonization of athymic (Jones-
Carson et al., 1995) and SCID (Vazquez-
Torres et al., 1995b) mice with C. albicans
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Hypothetical pathway for activation
of candidacidal effector cells
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Figure 4.2. Hypothetical pathway for activation of effector cells in oral candidiasis. Stimulation of
antigen-presenting cells (APC) by antigen(s) of Candida results in the production of TNF-α, which
increases recruitment of inflammatory cells, and augments the candidacidal activity of phagocytic cells
early in the course of infection. The APCs secrete IL-12, which drives the differentiation of naïve CD4+

T cells, and induces a Th1-type cellular immune response. The Th1 cytokines (IFN-γ and TNF-α) act
both separately and synergistically to promote Candida killing by both neutrophils and macrophages;
while both IL-12 and IFN-γ act on the APC in a feedback loop to enhance their activation.



stimulated the expression of inducible nitric
oxide synthase (iNOS) in the gastric and
oral mucosa. Inhibition of NO production
in SCID mice enhanced their susceptibility
to orogastric candidiasis, but in athymic
mice, the expression of iNOS was controlled
by γ/δ T cells (Jones-Carson et al., 1995)
because depletion of these cells not only
abrogated the expression of iNOS in the
tongue and stomach, but also increased sus-
ceptibility to orogastric candidiasis. In con-
trast, immunocompetent mice did not
express iNOS in the orogastric mucosa after
they were monoassociated with C. albicans
and mucosal candidiasis was not exacer-
bated after treatment with NOS inhibitors
(Jones-Carson et al., 1995). However, no
direct correlation was demonstrable between
nitric oxide production and Candida killing
(Vazquez-Torres et al., 1995a), suggesting
that nitric oxide was candidastatic rather
than candidacidal, and was associated with
or induced other macrophage candidacidal
mechanisms.

In inbred mice, NO was detected in the
effector phase of the response against oral
infection (Elahi et al., 2001b). Concentrations
of NO in the saliva of mice increased after
infection and saliva from infected mice
inhibited the growth of yeast in vitro.
Neutralization of IL-4 in vivo caused a
marked reduction of NO levels in saliva
(Elahi et al., 2001b), and in cultures of cervi-
cal lymph node cells after stimulation with
C. albicans antigen. Conversely, treatment
with NG-monomethyl-L-arginine (MMLA),
which inhibits NO synthesis, led to an
increase in C. albicans in the oral cavity and a
concomitant abrogation of expression
mRNA for IL-4, but not IFN-γ, in lympho-
cytes from the draining lymph nodes.
Paradoxically, inhibition of IL-4 production
was accompanied by an increase in IFN-γ
production in susceptible DBA/2 mice (Elahi
et al., 2001b), which tends to argue against a
strict Th1/Th2 dichotomy as a determinant of
resistance and susceptibility in oral candidia-
sis. However, in a different model, treatment
of orally infected mice with aminoguanidine

(AG), which inhibits iNOS, had no effect on
the magnitude or duration of infection
(Farah, unpublished data).

4.2.6. Role of the Infectious
Challenge

The above review of results from models
of oral and GI candidiasis has identified a
number of common themes in mechanisms
of host defense, but anomalies still remain.
The contrast between the results of Elahi
and Farah is of particular interest, as both
groups were using the same isolate of the
yeast (3630, from the Mycology Reference
Laboratory at the Royal North Shore
Hospital). After oral infection, DBA/2 mice
showed a bimodal pattern of colonization
(Chakir et al., 1994), a feature reproduced
by Elahi et al. (2000), whereas in the experi-
ments of Farah (Ashman et al., 2003), only
a single peak was observed. It seemed prob-
able that the course of oral infection in this
mouse strain was influenced by the actual
technique used for infection. Elahi et al.
(2000) pressed the yeast onto the gums using
a small swab, whereas Farah et al. (2001a)
introduced a suspension of yeasts into the
mouth, without damaging or traumatizing
the oral mucosa. Thus, in the former case,
microtrauma may have facilitated both
deeper penetration of the yeast and the
rapid elicitation of protective cell-mediated
immune response. When inoculation was
atraumatic, adhesion of the yeast to the oral
mucosa may have been more difficult to
establish, and innate immune mechanisms
more directly involved, leading to more
effective resistance against initial coloniza-
tion by the yeasts.

This observation led us to test the
hypothesis that there was a gradation in host
responses from innate to adaptive immunity,
which was determined by the severity of the
infectious challenge. Nude mice develop
chronic infections after oral challenge with
108 yeasts. However, as the doses used for
infection were progressively decreased, the
magnitude of the fungal burden in the
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chronically infected mice decreased propor-
tionally, until eventually, the nude mice were
able to clear the infection completely
(Ashman et al., 2004). Thus, the require-
ment for CD4+ T cells for clearance of the
infection in these mice apparently relates to
the immunological deficit that permitted the
infection to become established—a situation
comparable to the susceptibility to oropha-
ryngeal candidiasis of HIV/AIDS patients.
It is noteworthy that in neither the human
nor the experimental model is there any sys-
temic dissemination of the mucosal infec-
tion, suggesting that innate immunity may
also play a major role in the response
against systemic disease.

4.2.7. Experimental Immunity
and Protection

The genetic background of the mice influ-
ences the nature and magnitude of Candida-
specific memory responses in systemic
infection, in that the susceptible CBA/CaH
mice tend to show lower cell-mediated
immune responses (Ashman, 1990), but
greater levels of antibody-mediated protec-
tion (Ashman and Papadimitriou, 1988) than
the more resistant BALB/c strain. However,
following oral infection, Candida-specific
DTH responses developed in the relatively
infection-prone DBA/2, but not in the more
resistant BALB/c mice (Chakir et al., 1994).
Humoral immune responses were detectable
after infection had resolved (Elahi et al.,
2000), but levels of serum IgG and salivary
IgA antibodies were higher in BALB/c than
in DBA/2 mice. In neonatal mice, primary
infection of the GI tract primed them for
enhanced DTH responses and conferred pro-
tection from systemic challenge as adults
(Domer, 1988), whereas adult mice infected
via the oral cavity, but not intravenously, were
protected against a second oral infection
(Farah, unpublished data). However, neither
serum nor cells from orally or systemically
immunized mice, transferred into naive

recipients, was able to protect against oral
challenge.

5. Prospects for Vaccination

Vaccination against C. albicans is a chal-
lenge, because of the commensal nature of the
organism and because humans are colonized
with the yeast in the early postnatal period.
A thorough understanding of the mechanisms
that confer protective immunity is fundamen-
tal to successful vaccine design, particularly in
view of the problems inherent in delivering
protection to mucosal surfaces. Direct immu-
nization of the oral cavity has been shown to
have therapeutic potential in mice (Elahi et al.,
2001a). Mice given the oral vaccine had a
reduction in colonization associated with
increased levels of secretion of IFN-γ and IL-
4 from the regional node cells and increased
levels of nitric oxide in saliva. The use of
mannan–protein conjugates as immunogens
has been shown to have potential (Han et al.,
1999), but perhaps a more exciting approach
is the use of cytokines as adjuvants (Deepe,
1997). Another approach to vaccination
against oral C. albicans infection has been the
use of oral Lactobacillus acidophilus (LAVRI-
A1) to induce local cytokines and enhance
clearance (Elahi et al., 2003). Protective anti-
bodies against C. albicans, including a human
recombinant mAb specific for C. albicans
hsp90 (Mycofab), are also being evaluated
(Matthews and Burnie, 2001).

Vaccination of the immunocompromised
host represents a further challenge, as vaccines
that rely on a competent immune system are
unlikely to be useful in immunodeficient
patients. In these cases, protective antibodies
could be more beneficial than cellular immu-
nity because of the longevity of the circulating
antibodies. Ultimately though, a vaccine in
these patients will not succeed unless it is
linked with attempts to restore the integrity of
the immune system. This might be done by
delivering the vaccine with cytokines that are
known to enhance the immune response
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(Deepe, 1997), or introducing the vaccine with
immunocompetent T or B cells, to promote its
immunogenic potential.

6. Conclusion

There is now convincing evidence, both
clinical and experimental, that cell-mediated
immunity is crucial to host recovery from
oral or OPC. This infection, however,
appears to demonstrate a gradation between
the involvement of the innate and adaptive
immune responses, depending on the sever-
ity of the challenge. CD4+ lymphocytes are
certainly involved in the more severe mani-
festations of the disease, but the precise
pathways through which they interact with
the phagocytic effector cells that clear the
infection have yet to be completely eluci-
dated. Oral immunization can confer pro-
tection, but again, the mechanisms by which
this is achieved require further investigation.
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1. Introduction

The dimorphic fungus, Histoplasma cap-
sulatum, is a facultative intracellular
pathogen that is endemic to many regions of
the Americas including the midwestern and
southeastern United States, Central, and
South America. H. capsulatum is found in
the soil as mycelia that contain both macro-
and microconidia. The preferred niche is
bird or bat guano that is decayed, has an
acidic pH, and a high nitrogen content. The
fungus exists best in temperate climates that
are not arid (Deepe, 2000).

Infection of humans and other mam-
mals with H. capsulatum appears to be
largely a consequence of chance. Upon dis-
ruption of soil, mycelial fragments and
microconidia are inhaled and reach termi-
nal bronchioles and alveolar spaces where
they initiate the infectious process. Upon
exposure to a temperature of 37°C, the
mycelial and microconidia convert to the
yeast phase, which is the form that is largely
responsible for the clinical and pathological
manifestations of histoplasmosis. The pro-
gression of the infectious process requires
intracellular growth of the yeast form until
cell-mediated immunity is activated. Once
this arm of the immune system is engaged,
replication of the organism is arrested, and
eventually the fungal burden is decreased. It
is likely that much of the growth inhibition
transpires within granulomas, the patholog-
ical hallmark of a successful cell-mediated
immune response. Yeast phase cells are
entrapped within granulomas, but they
apparently are not entirely eliminated from
tissues. A proportion of the infecting inocu-
lum remains viable within tissues for years.

Thus, the organism can establish a dormant
or persistent state in the human host
(Deepe, 2000).

Active infection has a multitude of clini-
cal manifestations. Acute pulmonary infec-
tion often presents as an influenza-like
illness that spontaneously resolves. In this
form, multiple rheumatologic manifestation
may be apparent (Rosenthal et al., 1983). In
those with preexisting lung disease such as
emphysema, a chronic cavitary disease can
develop (Goodwin et al., 1976, 1981). At the
other end of the clinical spectrum is pro-
gressive disseminated histoplasmosis in
which multiple organ systems, both visceral
and lymphoid, are involved. This form of
histoplasmosis is ultimately fatal if not clin-
ically suspected and detected (Goodwin
et al., 1980). Disseminated disease is usually
observed in those whose immune systems
are impaired from infections such as human
immunodeficiency virus (HIV) or from
pharmacologic agents including corticos-
teroids, cyclosporine, and cyclophos-
phamide (Wheat et al., 1982; Wheat and
Small, 1984). The most grave clinical mani-
festation of disseminated infection is one
with high fever, encephalopathy, and dis-
seminated intravascular coagulation.
Prompt antifungal treatment is necessary for
a successful outcome. In the following chap-
ter, the innate and adaptive elements of the
host response to this fungus will be
reviewed. The mechanisms that are required
for the generation of protective immunity
and those that subvert the protective
immune response will be detailed. Figure 5.1
illustrates the major constituents of the
innate and adaptive immunity to this
fungus.



2. Innate Immunity

The innate arm of immunity, present in
many multicellular forms of life, is com-
posed of a limited repertoire of receptors
that are encoded within the germline. These
receptors distinguish self from nonself and

have evolved to respond to products of
invading microbes. This branch is critically
important in the initial confrontation with
H. capsulatum since subversion of the innate
immune system obviates the generation of
an effective adaptive immune response.

2.1. Cellular Constituents of
Innate Immunity

2.1.1. The Contact between
H. capsulatum and
Phagocytes

H. capsulatum morphotypes are princi-
pally engulfed by three cell types, neu-
trophils, immature dendritic cells, and
monocytes/macrophages (MΦ) (Bullock
and Wright, 1987; Newman et al., 1990,
1993, 2000; Schnur and Newman, 1990;
Brummer et al., 1991; Eissenberg et al.,
1991; Kurita et al., 1991a,b; Couto et al.,
1994; Medeiros et al., 1999, 2002; Gildea
et al., 2001). The point of contact is a piv-
otal feature of this interaction since it estab-
lishes the subsequent fate of the organisms
within phagocytes. In fact, the fate of intra-
cellular yeasts differs among the effector cell
populations (Fig. 5.2).
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Figure 5.1. Summary of critical elements in host
defenses to H. capsulatum. Bar graph illustrates
the typical course of the burden of infection in a
visceral organ, and the chronology of innate and
adaptive immunity. NO, nitric oxide; AA, arachi-
donic acid metabolites.
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Figure 5.2. Fate of H. capsulatum in effector cell populations. The organism replicates in MΦ, growth
is inhibited within neutrophils, and dendritic cells kill the organism.



Unopsonized H. capsulatum yeasts and
conidia bind to the CD11/CD18 family of
adhesin-promoting receptors on both
monocytes/MΦ and neutrophils (Bullock
and Wright, 1987). Attachment to this fam-
ily of receptors provides a conduit for gain-
ing access to the intracellular compartment
of these phagocytes. A major ligand for this
contact appears to be surface-expressed heat
shock protein (hsp) 60 (Long et al., 2003).
This molecule, which is typically found
within the cytoplasm, decorates the surface
of yeasts as small clusters of protein rather
than a uniform, circumferential distribu-
tion. The topology suggests that there are
limited numbers of hsp 60 molecules for
engagement.

One issue to be resolved is to understand
the means by which a cytosolic protein gains
access to the surface. One possibility is that
hsp 60 is shed from yeasts and attaches to
the surface. This scenario would be similar
to that found for the surface antigen, BAD1,
of Blastomyces dermatitidis. This protein is
released into the extracellular milieu and
reattaches to chitin within the cell wall of
this fungus (Brandhorst and Klein, 2000).
Alternatively, H. capsulatum hsp 60 may be
transported to the surface although a classi-
cal signal peptide has not been identified.
Nevertheless, there is precedent for the sur-
face expression of hsp 60. Bordetella pertus-
sis and Legionella pneumophila both express
this molecule on the surface (Hoffman et al.,
1990; Burns et al., 1992).

Yeasts attach to the surface of immature
dendritic cells. Despite the expression of the
CD11/CD18 family on this cell population
(McCarthy et al., 1997), yeasts predomi-
nantly, if not exclusively, bind to the very
late antigen (VLA)-5 molecule (Gildea et al.,
2001). The ligand on H. capsulatum that
engages this receptor does not seem to be
hsp 60. The finding that yeast cells engage a
different receptor on dendritic cells than
MΦ might account for the disparate fate of
this fungal element within the two popula-
tions of cells.

2.1.2. Intracellular Fate of the
Fungus in Cells of Innate
Host Defenses

2.1.2.1. Neutrophils Human and murine
neutrophils phagocytose unopsonized H.
capsulatum yeast, but fungistasis by this
phagocytic population requires incubation
with either heat labile (complement) or heat
stable (antibody) serum opsonins (Brummer
et al., 1991; Kurita et al., 1991a,b; Newman
et al., 1993). Although engulfment of yeast
cells triggers a respiratory burst, the prod-
ucts of this reaction are not responsible for
the fungistatic effect. Cells from subjects
with chronic granulomatous disease, an
inherited trait in which the respiratory burst
can not be generated, exert fungistasis
(Newman et al., 1993).

The contribution of neutrophils to
human host defenses in vivo remain to be
elucidated. Elimination of neutrophils from
mice in a primary infection converts a non-
lethal infection into one that is lethal (Zhou
et al., 1998). Since these cells are capable of
elaborating cytokines such as interleukin
(IL)-12 and tumor necrosis factor (TNF)-α
(Romani et al., 1997; Maatta et al., 1998), it
may be possible that the death of the ani-
mals is caused as much by the loss of the
cytokine release as the absence of cells that
exert fungistatic activity.

2.1.2.2. Dendritic Cells This cell popula-
tion is crucial in the interaction between
host and pathogen. Dendritic cells are the
most potent antigen-presenting cell popula-
tion and are key to directing the immune
response towards a T helper (Th)1 or a Th2
(Palucka and Banchereau, 1999). Human
dendritic cells derived from monocytes cul-
tured in the presence of granulocyte-
macrophage colony-stimulating factor
(GM-CSF) and IL-4 ingest and rapidly kill
H. capsulatum yeast (Gildea et al., 2001).
Degradation of yeasts can be observed
within this cell population within 2 h of
incubation. By 24 h, dendritic cells contain
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many empty vacuoles that once harbored
these yeasts. The prompt response by den-
dritic cells against yeasts suggests that a pre-
formed molecule or molecules express
fungicidal activity.

2.1.2.3. Monocytes and MΦ In contrast to
neutrophils and dendritic cells, intracellular
residence of yeast or conidia within mono-
cytes or MΦ does not result in the death of
fungal elements. Conidia germinate and
yeast cells replicate within monocytes or
MΦ (Kimberlin et al., 1981; Bullock and
Wright, 1987). Thus, these two cell popula-
tions provide a safe haven for the fungus to
thrive and replicate.

Monocytes and MΦ accommodate
actively growing yeast cells and cannot halt
intracellular replication unless they have
been activated (Wu-Hsieh and Howard,
1984). The presence of these cells is, how-
ever, essential for survival of the host.
Functional impairment of these popula-
tions in mice by injection of silica markedly
enhances susceptibility to infection (Von
Behren et al., 1983a,b), and pretreatment
with polyvinylpyrrolidine reverses this
effect (Von Behren et al., 1983a,b).
Dysfunctional phagocytic cells most likely
lead to disease exacerbation by their inabil-
ity to (1) phagocytose the fungus and (2)
generate mediators that are important in
host defenses (e.g., nitric oxide or TNF-α),
or both.

Yeasts possess a number of potential
mechanisms to elude the plethora of poten-
tial killing mechanisms of activated MΦ.
Yeasts survive an oxidative burst generated
by plastic-adherent MΦ from humans.
Therefore, this organism must produce mol-
ecules that blunt the action of reactive oxy-
gen intermediates. One such candidate is
catalase although other scavengers of oxida-
tive metabolites may be generated (Howard,
1983). In contrast to the findings with
human MΦ, H. capsulatum inhibits the
oxidative burst by murine MΦ (Eissenberg
and Goldman, 1987; Wolf et al., 1987).

The organism may promote intracellular
survival within MΦ by inhibiting apoptosis.
Human phagocytes that have ingested yeasts
are more resistant to apoptosis-inducing
stimuli (Medeiros et al., 2002). This suppres-
sion is associated with a decrement in the
expression of CD11b on the surface of cells.
By inhibiting apoptosis, the fungus may
lengthen the time of its existence with this
phagocytic population.

Another instrument that phagocytes uti-
lize to combat invasion by infectious agents
is to fuse a phagosome with a lysosome. This
process produces a vacuole that contains
acidic proteinases whose enzymatic activity
can digest the cell membrane and cell wall of
pathogens upon acidification of the com-
partment. Pathogens can avoid the destruc-
tive properties of this compartment by
inhibiting fusion, escaping from the vacuole,
or by coexisting in it. H. capsulatum yeasts
are found within phagolysosomes in the
murine MΦ line, P388D1 (Eissenberg et al.,
1988). Yeast cells contained within the
phagolysosomes of this MΦ line alkalinize
the pH to between 6 and 6.5 (Eissenberg
et al., 1993). This value represents a delicate
balance between survival and death. A pH of
6 to 6.5 is sufficiently acidic to permit yeast
cells to remove iron from transferrin, one of
the major iron-binding proteins. Iron is
essential for yeast cell growth whether
in vitro or in vivo (Sutcliffe et al., 1980;
Howard, 1999; Woods, 2003). The pH of 6 to
6.5 blunts the biological activity of the acid
proteinases found within phagolysosomes.

The importance of pH regulation and
iron acquisition is supported by additional
data analyzing human MΦ exposed to
chloroquine, a weak base. Treatment of H.
capsulatum-infected MΦ with this biochem-
ical results in the death of yeasts whereas
chloroquine does not alter yeast growth in a
cell-free system (Newman et al., 1994). The
fungicidal action of chloroquine-treated
MΦ was reversed by exposure to iron
nitriloacetate, a form of iron that can be uti-
lized at any pH, but not by apotransferrin.
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Iron limitation is a key element in host
defenses expressed by MΦ.

In contrast to the findings in P388D1
cells, H. capsulatum yeast cells appear to
thwart phagolysosomal fusion in human
MΦ or in another murine MΦ cell line
RAW264.7 (Newman et al., 1997; Strasser
et al., 1999). This action is another survival
strategy since inhibition prevents the yeast
from entering one of the most hostile envi-
ronments for a pathogen. In the RAW MΦ,
yeasts actively diminish the accretion in
phagosomes of vacuolar ATPase, a mem-
brane-bound enzyme that generates and
maintains an acidic pH within the phagoso-
mal and endosomal pathways (Strasser
et al., 1999). By suppressing the accumula-
tion of this enzyme, a highly acidic pH (<6)
cannot be produced. Consequently, acid
proteinases are not active and growth of
yeasts can proceed unabated.

Although particular cytokines activate
the antimicrobial properties of MΦ (dis-
cussed below in adaptive immunity), they
are not the only stimuli. Interestingly,
human MΦ that are adhered to gelled type I
collagen are fungistatic against H. capsula-
tum (Newman et al., 1997). This inhibitory
activity requires that the collagen matrix
develop a lattice since adherence of MΦ to
nongelled collagen does not transform the
cells into expressing antifungal properties.
The effect is specific for collagen since other
extracellular matrix proteins including
fibronectin, vitronectin, and laminin do not
induce an antifungal effect. Exposure of the
bound MΦ to several cytokines including
IL-3, GM-CSF, TNF-α, interferon (IFN)-γ,
or MΦ (M)-CSF does not increase fungis-
tasis. Thus, the formation of a three-
dimensional complex is the signal that
activates MΦ. When compared to plastic-
adherent MΦ, the collagen-adherent MΦ
manifest a marked increase in phagolyso-
somal fusion. These data may seem para-
doxical since prior data suggest that this
fungus can survive within a phagolyso-
some. However, the confluence of many

phagolysosomes may overwhelm the defenses
of H. capsulatum.

The findings describing the interaction of
H. capsulatum with yeast cells or conidia
with human monocytes or MΦ are per-
formed nearly exclusively with cells from
healthy individuals. H. capsulatum can act
as an opportunistic pathogen, and as
described above, disseminated histoplasmo-
sis often develops in immunosuppressed
individuals including those harboring the
HIV whose CD4+ T cell count is less than
100 cells/µl (Wheat and Small, 1984). HIV
infects not only T cells but also MΦ and can
perturb the function of the latter popula-
tion. MΦ from HIV-infected individuals
phagocytize fewer yeast than cells from
those who are HIV seronegative, and the
explanation is that fewer unopsonized yeast
bind to the surface of MΦ from HIV-
infected individuals (Chaturvedi et al.,
1995; Chaturvedi and Newman, 1997).
Phagocytosis is not altered, but rather
binding is. Another finding of note in these
studies is that the generation time of H. cap-
sulatum in MΦ form HIV-infected subjects
is more accelerated as compared to controls
(Chaturvedi and Newman, 1997). Although
a doubling time has not been reported,
incorporation of 3H-leucine by yeasts in
MΦ from HIV-infected subjects substan-
tially exceeds that in HIV seronegative
subjects.

Mononuclear cells from HIV-infected
subjects may have a number of immunolog-
ical perturbations to account for these find-
ings. If MΦ from healthy subjects are
infected in vitro with a MΦ-tropic strain of
HIV the findings are similar to those
described above. Fewer yeasts are bound
and ingested by HIV-infected MΦ in vitro.
This decrement is a result of the HIV enve-
lope glycoprotein, gp120, which interferes
with binding to the CD11/CD18 family
(Chaturvedi and Newman, 1997). Although
fewer yeasts were ingested by MΦ from
HIV-infected subjects, once inside, yeasts
replicate more rapidly. The accelerated
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intracellular growth observed in MΦ from
HIV-positive individuals appears to be the
result of a serum factor that is yet to be
identified (Chaturvedi and Newman, 1997).
The more vigorous growth of yeasts within
MΦ from HIV-infected individuals may
account, in part, for the rapid progression of
disease.

In contrast to the effector role that MΦ
play in containing this fungal infection,
these cells from infected mice or humans can
suppress T cell-dependent responses (Stobo
et al., 1976; Artz and Bullock, 1979a,b). In
mice infected intravenously with H. capsula-
tum yeasts, a nylon-wool adherent popula-
tion of splenic MΦ depresses T
cell-dependent antibody production in vitro
(Nickerson et al., 1981; Watson and
Bullock, 1982). The nonspecific suppressive
activity of these cells directly correlates with
the fungal burden in the spleens. Similarly, a
population of suppressor MΦ from the
peripheral blood of humans with dissemi-
nated histoplasmosis depresses the prolifera-
tive response to a mitogenic stimulus (Stobo
et al., 1976).

2.1.2.4. Natural Killer (NK) Cells There
is little evidence that these cells play much
of a role in controlling infection. Beige mice
that possess defective NK cell activity are
no more susceptible to infection than wild-
type controls (Patino et al., 1987). The
effect of these cells may not be apparent in
an immunocompetent host since T cells
appear to be the dominant force in host’s
ability to eliminate the fungus. In altered
states of immunity, the influence of NK
cells may be uncovered. H. capsulatum is
a fatal infection in severe combined immu-
nodeficiency mice that lack both T and B
cells. Immunity can be improved by admin-
istration of IL-12. This treatment boosts
the production of IFN-γ most likely by
NK cells (Zhou et al., 1997). Thus, this
cell population can enhance the protec-
tive immune response, but under conditions
in which the dominant cell populations

involved in protective immunity are absent
or dysfunctional.

2.2. Acellular Constituents of
Innate Immunity

2.2.1. Cytokines

Among the cytokines that are important
in innate defenses, IL-12 is perhaps the key
cytokine known to induce the differentiation
of T cells into a Th1 phenotype (Seder and
Paul, 1994). The induction of a Th1
response is a necessity for host survival to H.
capsulatum (Wu-Hsieh, 1989; Allendoerfer
and Deepe, 1997; Allendoerfer et al., 1997;
Zhou et al., 1997; Clemons et al., 2000). IL-
12 can be generated by MΦ, dendritic cells,
neutrophils, and B cells in response to a
variety of stimuli (Heufler et al., 1996;
Trinchieri and Gerosa, 1996).

In vivo, transcripts for IL-12 are detected
in the lungs of H. capsulatum-infected mice
as early as day 3 after intranasal challenge
(Cain and Deepe, 1998). Neutralization of
IL-12 at the time of yeast challenge or the
genetic absence of this cytokine in mice con-
verts a nonlethal infection into a lethal one
(Zhou et al., 1995; Allendoerfer et al., 1997).
The absence of IL-12 in vivo is not only
associated with a failure to generate IFN-γ
but also nitric oxide whose production
requires the presence of the latter cytokine
(Zhou et al., 1995; Allendoerfer et al., 1997).
Interestingly, mice deficient in IL-12 or
IFN-γ or both, manifest an exuberant influx
of neutrophils in the lungs (Cain and Deepe,
2000). The influx of cells indicates that the
signals driving cellular migration are intact.
Although neutrophils can inhibit the growth
of H. capsulatum yeasts, the presence of
massive numbers of these cells is obviously
ineffective in elimination of this fungus in
mice-deficient IL-12 and/or IFN-γ.

The inimical effects accompanying IL-12
neutralization can be mitigated by treatment
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of mice with monoclonal antibody (mAb) to
IL-4 (Allendoerfer et al., 1997). Inhibiting
the biological activity of this cytokine in the
absence of IL-12 most likely restores the
balance between IFN-γ and IL-4. The neces-
sity of the host for IL-12 is dictated by the
time at which it is lost during the infection.
Neutralization of IL-12 beginning at the
time of infection or 3 days postinfection
renders mice highly susceptible to a pul-
monary challenge with H. capsulatum
yeasts. Interdiction at day 5 postinfection
with mAb to IL-12 does not alter survival
(Allendoerfer et al., 1997). By day 5 of infec-
tion, the Th1 phenotype has differentiated
sufficiently to be independent of IL-12. This
freedom from a reliance on IL-12 coincides
with the production of IFN-γ (Allendoerfer
et al., 1997; Cain and Deepe, 1998).

Reduction in endogenous IL-12 alters
the character of the inflammatory response
to H. capsulatum. Mice administered mAb
to IL-12 and infected with this fungus man-
ifest a decrease in the number of T cells in
lungs and an increase in the number of
neutrophils (Cain and Deepe, 2000).
Neutralization of IL-12 increases the num-
ber of CD80+ cells, but decreases the num-
ber of CD86+ cells and class II major
histocompatibility complex (MHC)+ cells.
The importance of these perturbations
remains speculative, but the decrease in
CD86+ cells class II MHC+ may contribute
to the poor host resistance mechanisms in
IL-12 deficient mice.

The source for IL-12 production in
murine or human infection with H. capsula-
tum has not been defined. MΦ appear to be
an unlikely source since signaling through
one of the major receptors for unopsonized
H. capsulatum yeasts, CD11b, inhibits pro-
duction of IL-12. One mechanism by which
ligation of CD11b impairs IL-12 production
is by interfering with IFN-γ-mediated tyro-
sine phosphorylation (Marth and Kelsall,
1997). Dendritic cells, on the other hand, are
a likely candidate. The reason is that yeasts

mainly, if not exclusively, engage VLA-5,
and signaling through this receptor may
prompt IL-12 generation. This supposition
requires experimental validation.

TNF-α is another cytokine of the innate
immune system that is critically important
in host defenses (Smith et al., 1990; Wu-
Hsieh et al., 1992; Allendoerfer and Deepe,
1998; Zhou et al., 1998; Allendoerfer et al.,
1999). In response to infection with H. cap-
sulatum, there is a brisk and rapid produc-
tion of TNF-α in lungs (Smith et al., 1990).
The levels peak within 24 h of infection and
decline steeply thereafter. Neutralization of
TNF-α markedly increases susceptibility to
primary pulmonary and systemic infection
in mice (Smith et al., 1990; Wu-Hsieh et al.,
1992; Allendoerfer and Deepe, 1998; Zhou
et al., 1998). The reasons for the failure of
the immune response to control infection
when TNF-α is absent have not been com-
pletely defined. Several explanations have
been excluded. For example, production of
IFN-γ in TNF-α-neutralized mice remains
vigorous (Allendoerfer and Deepe, 1998).
This cytokine does not directly stimulate
anti-Histoplasma activity of MΦ (Newman
et al., 1991; Allendoerfer and Deepe, 1998).
Moreover the absence of TNF-α does not
alter the architecture of the inflammatory
response or the number of several cell pop-
ulations including neutrophils, MΦ, CD4+,
and CD8+ cells in lungs (Allendoerfer and
Deepe, 1998). These results contrast with
other experimental systems in which the
presence of TNF-α is key in the migration
of inflammatory cells into tissues and in the
development of granulomas (Kindler et al.,
1989; Huffnagle et al., 1996).

One mechanism to explain the profound
alteration in host response in TNF-α-defi-
cient mice is the lack of nitric oxide pro-
duction, but that may not be the sole
reason (Allendoerfer and Deepe, 1998).
Since this cytokine exerts multiple biologi-
cal activities, it is, in fact, quite likely that
its absence affects more than just nitric
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oxide production. Other facets of the pro-
tective immune response in TNF-α-defi-
cient mice that require examination are the
integrity of T cell-mediated immunity and
the role of apoptosis.

Signaling by TNF-α is transduced by
two receptors, TNF receptor (R) 1 and 2
(Beutler and Cerami, 1989; Feldmann and
Maini, 2001). The genetic absence of
TNFR1 and 2 in mice is associated with a
progressive infection in response to an oth-
erwise nonlethal inoculum (2 × 106) of H.
capsulatum yeasts although the two knock-
out groups manifest differences in suscepti-
bility when various inocula are used.
TNFR1−/− mice succumb when as few as 103

yeasts are inoculated intranasally whereas
TNFR2−/− mice resist up to 105 yeasts. The
perturbations in immunity also differ
between the two groups. TNFR1−/− mice
manifest a marked impairment in the
inflammatory response to this fungus.
Cellular infiltration in the lungs is markedly
diminished compared to wild-type controls
or to TNFR2−/− mice. In contrast, the
absence of TNFR2 is accompanied by a
marked decrement in IFN-γ generation, and
treatment with recombinant murine IFN-γ
restores protective immunity (Allendoerfer
and Deepe, 2000). In both groups of mice,
generation of nitric oxide is not impaired
when compared to controls. The findings
listed above contrast with those found in
mice whose endogenous TNF-α has been
neutralized. To reiterate, these mice are able
to mount a vigorous inflammatory response,
production of IFN-γ is similar to that of
infected controls, and nitric oxide genera-
tion is markedly diminished (Allendoerfer
and Deepe, 2000). These results suggest
that nitric oxide generation is dependent
on the engagement of both receptors.
Furthermore, there are pronounced differ-
ences in the immunological response to H.
capsulatum in mice lacking the cytokine or
the receptor for the cytokine. Even though
the biological effect may be similar, in this

case inhibiting the biological action of
TNF-α, the mechanisms involved in the
ineffectiveness of a protective immune
response differ.

2.2.2. Collectins

The collectins are a family of proteins
that contain a collagen-like region that is
responsible for its trimeric structure and a
C-type lectin domain that binds to complex
carbohydrates on the surface of microbes.
Among the collectin family are the surfac-
tant proteins (SP)-A and D. Surfactant pro-
teins line the interface between air and
liquid of the lung, and they are important in
lung homeostasis. In addition, they are one
of the earliest host resistance mechanisms to
inhaled pathogens. SP-A and SP-D are
hydrophilic and are homologous to the
serum opsonin, mannose-binding protein A
(McCormack and Whitsett, 2002). One of
the primary mechanisms by which the col-
lectins mediate host defenses is to induce
aggregation of pathogenic microbes and to
opsonize microbes (McCormack and
Whitsett, 2002). Evidence has emerged that
SP-A and SP-D manifest direct antimicro-
bial properties. Each of the surfactant pro-
teins directly kills several strains of
Escherichia coli as well as other Gram nega-
tives (Wu et al., 2003). SP-A and SP-D also
express potent anti-Histoplasma activity.
Incubation of yeast cells with either of these
surfactant proteins results in marked fungi-
cidal activity. Exposure of yeasts to either of
these proteins results in substantial release
of intracellular contents, and this effect is
Ca2+-dependent. It appears, therefore, that
both SP-A and SP-D alter the integrity of
the cell wall and perhaps the cell membrane,
resulting in an efflux of intracellular con-
tents. If yeasts are ingested by MΦ and then
exposed to surfactant proteins, the fungi-
cidal effect is not observed. The most likely
explanation is that only a fraction of the
surfactant protein is taken up by MΦ
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(McCormack et al., 2003). This finding sup-
ports the concept that intracellular residence
with this particular cell population provides
a sanctuary from host defenses, in this case
surfactant proteins.

2.2.3. Antimicrobial Effector
Molecules from
Phagocytes

The principal mediators within neu-
trophils that restrict yeast growth are found
in azurophil granules (Newman et al., 1993,
2000). The cationic peptides, defensins, con-
tribute to the anti-Histoplasma properties of
human, but not murine, neutrophils since
the latter do not contain these peptides
(Eisenhauer and Lehrer, 1992; Couto et al.,
1994; Newman et al., 2000). Other candi-
dates for the activity within azurophilic
granules are bactericidal permeability-
increasing protein and cathepsin G
(Newman et al., 2000). Lysozyme and elas-
tase are only weakly active whereas azuro-
cidin and proteinase 3 manifest no
antifungal effect (Newman et al., 2000).

2.2.4. Prostaglandins and
Leukotrienes

Ingestion of heat-killed H. capsulatum by
murine MΦ stimulates both prostaglandin
E2 and leukotriene C4 production albeit less
than that of cells exposed to zymosan (Wolf
et al., 1992). IFN-γ priming of H. capsula-
tum-infected MΦ augments only the release
of prostaglandin E2 (Wolf et al., 1992). The
in vivo significance of production of these
arachidonic acid metabolites remains
unclear. Prostaglandin E2 can suppress cel-
lular immunity, and it may be one means by
which the fungus blunts the activation of
an effective cellular immune response.
Nonviable H. capsulatum yeasts suppress
the activity of protein kinase C in MΦ
membranes, and this effect may dampen the

generation of the oxidative burst since this
enzyme is central in the formation of oxida-
tive intermediates. Thus, the absence of an
oxidative burst in murine MΦ may be
attributed to modulation of protein kinase
C activity.

Leukotrienes are known to promote the
migration of both neutrophils and MΦ into
tissues (Medeiros et al., 1999). Infection
with H. capsulatum is associated with an
early neutrophilic influx followed by MΦ
into tissues. The migration of these cells is
inhibited by administration of a specific
inhibitor of leukotriene synthesis, MK886.
These results suggest that leukotrienes are
one of the mediators in the generation of
inflammation (Medeiros et al., 1999).

2.2.5. Perforin

Another of the cytokine-independent
mediators of host control of H. capsulatum
is perforin. This molecule, expressed by
CD8+ T cells, causes lysis of target cells
(Young et al., 1989). Mice deficient in this
molecule are highly susceptible to a non-
lethal primary, but not secondary, challenge
with H. capsulatum. Perforin knockout mice
can be immunized and establish immuno-
logical memory, but they lack the ability to
resist a primary infection at least at certain
inocula sizes (Zhou et al., 2001).

The absence of perforin, however, does
not alter the protective function of CD8+ T
cells since transfer of this population from
H. capsulatum-immunized perforin knock-
out mice confers protection to IFN-γ knock-
out mice. CD8+ T cells appear to function in
both perforin-dependent and -independent
manner (Zhou et al., 2001). Perforin is
essential for the development of a Th1
response in mice infected with H. capsula-
tum whereas this is not true for mice
infected with two other intracellular
pathogens, Mycobacterium tuberculosis and
Toxoplasma gondii (Cooper et al., 1997;
Denkers et al., 1997; Canaday et al., 2001).
In those experimental models, the organisms
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are efficiently eliminated in the absence of
perforin. It is likely that perforin is required
for optimal production of IFN-γ and/or
TNF-α since either one of these is key in
mediating primary immunity.

3. Adaptive Immunity

In contrast to the limited plasticity of the
cellular receptors involved in innate immu-
nity, those that mediate adaptive immunity
are vastly more plastic in their repertoire. As
an example, T cells bear up to 1015 (mice) to
1021 (humans) different T cell receptors
(TCR) as a result of genetic rearrangements
(Davis, 1990). This diversity enables T cells
to confront and respond to the multitude of
antigens that are present in nature. In the
following section, the elements of the adap-
tive immune response that are for control-
ling histoplasmosis will be discussed.

3.1. Cellular Constituents of
Adaptive Immunity

3.1.1. T cells

3.1.1.1. Primary Infection α/β TCR+ cells
are required for controlling primary infec-
tion with H. capsulatum (Allendoerfer et al.,
1999). Among the two major subsets, CD4+

and CD8+ cells, the former are the more
influential in host resistance (Gomez et al.,
1988; Deepe, 1994; Allendoerfer et al.,
1999). The absence of CD4+ T cells in mice
converts a nonlethal challenge of yeasts into
a lethal one irrespective of the route of
infection (Gomez et al., 1988; Allendoerfer
et al., 1999). As a corollary, the risk of
developing histoplasmosis in humans
infected with HIV can be stratified by the
number of CD4+ cells; they are at much
greater risk for progressive, disseminated
histoplasmosis if the CD4+ cells is less than
100/µl (Wheat et al., 1990). The susceptibil-

ity of mice lacking CD4+ cells is most likely
caused by poor production of IFN-γ (Zhou
et al., 1998; Allendoerfer et al., 1999). Mice
depleted of this cell population manifest
depressed levels of this cytokine, which is
essential for survival. CD8+ cells, on the
other hand, are necessary for optimal elimi-
nation, but their absence does not transform
a nonlethal infection into one that compro-
mises survival (Allendoerfer et al., 1999).
This finding is true for mice that genetically
lack CD8+ cells or those whose cells have
been eliminated by administration of com-
plement-fixing mAb (Deepe, 1994). The
mechanism(s) underlying altered suscepti-
bility in CD8+-deficient mice have not been
identified. Elimination of these cells does
not modify production of cytokines known
to be involved in the generation of protec-
tive immunity including IFN-γ, TNF-α, or
GM-CSF (Zhou et al., 1998; Allendoerfer
et al., 1999).

Collectively, the results indicate that
there is a gradation in the functional impor-
tance of each of these T cell subpopulations
in host control; CD4+ cells are necessary for
host survival whereas CD8+ cells provide
assistance in clearance of the fungus. By
contrast, B cells appear to be dispensable.
The burden of infection in mice deficient in
mature B cells is quite similar to that of B
cell sufficient animals (Allendoerfer et al.,
1999).

Under certain experimental conditions,
CD8+ T cells may dampen immunity. In
mice infected with H. capsulatum and a MΦ
and endothelial variant clone (13) of lym-
phocytic choriomeningitis virus (LCMV),
there is a sharp decrement in the number of
CD4+ T cells and B cells and a failure to
control the fungus. CD8+ T cells are respon-
sible for this change since their removal
restores not only the presence of CD4+ T
cells and B cells, but also the efficacy of the
protective immune response (Wu-Hsieh
et al., 2001). In this model, CD8+ T cells
subserve as an immunosuppressive activity.
This finding recalls earlier studies in murine
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models of disseminated histoplasmosis
induced by intravenous injection of yeasts in
which CD8+ T cells from actively infected
mice suppress T cell-dependent functions
in vitro (Nickerson et al., 1981; Watson
et al., 1983). The action of these cells is
dependent upon a soluble protein or glyco-
protein (Deepe et al., 1984).

The organization of the clonal T cell
response in lungs of C57BL/6 mice reveals a
bias in TCR usage. Among the families
expressing the variable region of the β chain
(Vβ), Vβ4+ cells are expanded on days 7 to
14 postinfection, which is the period when T
cell-mediated immunity is activated. The
amplification of this family is oligoclonal, as
determined by sequencing the complemen-
tarity determining region 3 (CDR3) of the
TCR. This finding suggests that a limited set
of epitopes drives the increase in cell num-
ber. This elevation has a functional corre-
late. Depletion of Vβ4+ cells impairs
clearance of the fungus in lungs. Unlike the
elimination of CD4+ cells in which the ani-
mals die, the absence of Vβ4+ cells does not
lead to a progressive, unrelenting infection.
Rather, mice lacking this population mani-
fest a delayed clearance of organisms
(Gomez et al., 1998).

3.1.1.2. Secondary Infection Upon expo-
sure to H. capsulatum, mice develop a pro-
tective immune response in which a
subsequent challenge with the fungus results
in a more rapid clearance as compared to
primary infection (Allendoerfer et al., 1999).
In mice with a prior exposure to H. capsula-
tum, the elimination of CD4+ cells blunts the
clearance when compared to controls, but
eventually yeasts are eliminated. Depletion
of CD8+ cells does not alter handling of the
infectious process (Allendoerfer et al.,
1999). When both subsets are eliminated,
the infection progresses to death.
Surprisingly, the lungs of mice that lack
both CD4+ and CD8+ cells can contain the
burden whereas the number of yeasts in
lymphoid tissue escalates dramatically, that

is up to ~4 log10 colony-forming units
(Allendoerfer et al., 1999). Thus, in the
absence of the major subsets of T cells,
lungs, but not spleens, of immunized mice
are capable of controlling infection. The
demise of the animals is a consequence of
uncontrolled fungal growth in lymphoid tis-
sue, not visceral organs. Similar findings are
manifest in B cell deficient mice
(Allendoerfer et al., 1999).

One mechanism to explain the difference
between lymphoid organs and lungs is pro-
duction of the cytokine, TNF-α
(Allendoerfer et al., 1999). In the model of
secondary infection, elimination of CD4+

cells or CD4+ and CD8+ cells markedly
diminishes generation of IFN-γ (Allendoerfer
et al., 1999). Yet, the course of infection is
vastly different between the two groups of
mice. Deficiency of CD4+ cells moderately
delays clearance of the fungus from the lungs
and spleens whereas the absence of CD4+ and
CD8+ cells leads to a containment of the
infection in lungs but not spleens. Thus, there
appears to be little influence of IFN-γ in this
form of the infection. On the other hand,
TNF-α is a critically important cytokine in
handling of yeasts in CD4+- and CD8+-defi-
cient mice. Lung cells from mice lacking both
T cell subset and/or B cells are capable of
generating TNF-α, but splenocytes are not.
Lung production of TNF-α in secondary
infection is independent of the presence of T
and B cells whereas the spleen requires the
presence of both CD4+ and CD8+ cells
(Allendoerfer et al., 1999).

There is a shift in the Vβ repertoire in the
lungs between primary and secondary H.
capsulatum infection. Instead of the eleva-
tion in Vβ4+ cells, the Vβ6+ family is elevated
(Gomez et al., 2001). This shift differs from
what has been described in mice infected
with Listeria monocytogenes (Busch et al.,
1998). The Vβ6+ cells are oligoclonal.
Elimination of this population, but not the
Vβ4+ family, produces only a modest impair-
ment in host defenses to this fungus.
Interestingly, depletion of both Vβ4+ and
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Vβ6+ cells is accompanied by a much more
dramatic difference in handling the fungal
burden (Gomez et al., 2001). The loss of
these two-cell populations markedly impairs
clearance. These results suggest that the
absence of an elevation in cell number does
not necessarily exclude their functional
importance.

3.2. Acellular Constituents of
Adaptive Immunity

3.2.1. Cytokines

3.2.1.1. Primary Infection The evolution of
the adaptive immune response to H. capsula-
tum is critically dependent on the production
of several cytokines including IFN-γ, GM-
CSF, TNF-α, and IL-12 (Smith et al., 1990;
Wu-Hsieh et al., 1992; Zhou et al., 1995,
1997, 1998; Allendoerfer and Deepe, 1997,
1998; Allendoerfer et al., 1997; Deepe et al.,
1999; Clemons et al., 2000). The influence of
the last two factors on primary infection has
been discussed in the context of innate
immunity. It is obvious from these data that
the effect of IL-12 is largely if not exclu-
sively dependent on its ability to drive pro-
duction of IFN-γ (Zhou et al., 1995, 1997;
Allendoerfer et al., 1997). Following
intranasal inoculation of yeasts, IFN-γ pro-
duction can be detected by day 5, peaks on
day 7, and begins to decline thereafter (Cain
and Deepe, 1998). The principal source of
IFN-γ is CD4+ cells although generation of
this cytokine can be detected in both CD8+

and NK cells (Cain and Deepe, 1998).
The absence of IFN-γ renders mice

highly susceptible to infection (Allendoerfer
et al., 1997; Zhou et al., 1997, 1998). Two
disturbances in immunity are associated
with this deficiency. First, an imbalance in
the levels of IL-4 and IFN-γ exists. IL-4
becomes the dominant cytokine and it sub-
verts the generation of an adaptive response.
Second, a deficiency in IFN-γ impairs

release of nitric oxide, a critical constituent
of host defenses to primary infection with
H. capsulatum (Zhou et al., 1998). The defi-
ciency in IFN-γ, however, does not impact
the production of TNF-α or GM-CSF, two
cytokines that mediate host resistance.

The means by which IFN-γ contribute to
the adaptive immune response have been
defined partially. The principal focus of
studies has been the MΦ. This cytokine is a
known activator of MΦ function (Boehm
et al., 1997), and this assertion is true, at
least in part for H. capsulatum. Peritoneal
murine MΦ incubated with IFN-γ are acti-
vated to inhibit the growth of H. capsulatum
yeasts, but it does not appear that expo-
sure to it leads to killing (Wu-Hsieh and
Howard, 1984; Wu-Hsieh et al., 1987, 1992).
Activation of murine splenic MΦ requires a
priming signal, such as lipopolysaccharide,
in addition to IFN-γ (Lane et al., 1993). This
cytokine in the presence or absence of
lipopolysaccharide fails to activate murine
alveolar MΦ (Allendoerfer et al., 1999).
Similarly, human monocyte-derived MΦ are
not activated by IFN-γ to express anti-
Histoplasma activity (Fleischmann et al.,
1990; Newman et al., 1991). Thus, anti-
Histoplasma activity of IFN-γ is dependent
on the source of MΦ.

Two mechanisms have been proferred to
explain the growth inhibitory properties of
IFN-γ. Stimulation of peritoneal murine
MΦ by this cytokine limits acquisition of
iron by diminishing the number of transfer-
rin receptors on the surface of cells. This
modulation restricts access to extracellular
iron. Exposure to IFN-γ results in the pro-
duction of nitric oxide that also appears to
be responsible for the growth inhibitory
properties of this cell population as block-
ing the production of this reactive nitrogen
intermediate restores intracellular growth
(Lane et al., 1991). The effect of nitric oxide
on the growth of intracellular H. capsulatum
is mediated by the formation of metal–nitric
oxide complexes, specifically iron–nitric
oxide. This event removes the metal from
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being acquired by yeast (Lane et al., 1991,
1994; Bogdan, 2001).

The generation of an efficacious adaptive
immune response is also dependent on
endogenous GM-CSF. It is requisite for host
survival. Neutralization of this cytokine is
associated with marked perturbations in the
release of a number of soluble mediators in
lungs of mice infected with H. capsulatum
and is associated with a loss of host resist-
ance (Deepe et al., 1999). Neutralization of
GM-CSF produces two insults to the pro-
tective immune response that ultimately
converts a nonlethal challenge of yeasts to a
lethal one, but modulation of the character
of the inflammatory response is not one of
them. Levels of IFN-γ, TNF-α, and nitric
oxide, the three mediators required for pro-
tection, are depressed compared to lungs
from infected controls. The decrement in
nitric oxide release may be explained not
only by impaired synthesis of IFN-γ and/or
TNF-α, but also by a deficiency of GM-
CSF, since this cytokine can stimulate nitric
oxide production (Hill et al., 1993, 1995;
Blau et al., 1997). In addition to the
decreases in “protective” mediators, levels of
IL-4 and IL-10, two cytokines that may
cause disease exacerbation are greater than
infected controls. This finding has biological
importance since neutralization of either
one restores the capacity of GM-CSF-neu-
tralized mice to resist infection. The myriad
of subversions in mediator release accompa-
nying inhibition of endogenous GM-CSF
activity indicates the existence of a network
of cytokine interactions that are intercon-
nected with GM-CSF.

GM-CSF and M-CSF activate murine or
human MΦ to express anti-Histoplasma
activity in vitro. Administration recombi-
nant M-CSF or GM-CSF to mice produces
a marked enhancement in the ex vivo anti-
Histoplasma activity by phagocytes
(Brummer and Stevens, 1994; Deepe and
Gibbons, 2000). For M-CSF, this action is
abrogated by blocking the generation of
nitric oxide. For human MΦ, M-CSF

induces killing of yeasts in a short-term
assay (2 h) and fungistasis in a long-term
assay (24 h). The effect observed in the
short-term assay was dependent on superox-
ide generation. Neither superoxide, nitric
oxide, nor hydrogen peroxide could be
implicated in the fungistasis detected in the
long-term assay (Brummer and Stevens,
1994).

Two cytokines, IL-4 and IL-10, often are
associated with exacerbation of infection
with intracellular pathogens (Villard et al.,
1995; Suzuki et al., 1996; Launois et al., 1997;
Murphy et al., 1998; Himmelrich et al., 2000;
Belkaid et al., 2001; Moore et al., 2001;
Belkaid, 2003). Regarding the former
cytokine, there is both indirect and direct evi-
dence for its role as a mediator that enhances
the burden of H. capsulatum. Mice infected
with a lethal challenge of yeasts are rescued
by treatment with mAb to IL-4 (Zhou et al.,
1995). Likewise, administration of mAb to
IL-4 improves survival of mice deficient in
IL-12 and IFN-γ (Allendoerfer et al., 1997).
More direct evidence for the inimical effects
of IL-4 arises from studies using IL-4 lung
transgenic mice in which the IL-4 gene is
overexpressed exclusively in the lungs. In
these mice, a challenge with H. capsulatum
results in a higher fungal burden in lungs but
not spleens and is not observed until the cel-
lular immune response has been activated (≥7
days postinfection). The whole body and lung
levels of IFN-γ and TNF-α are not dimin-
ished in the presence of high levels of IL-4.
Remarkably the levels of IFN-γ in lungs are
considerably higher in the IL-4 lung trans-
genic mice than wild type. The high levels of
IL-4 in the lungs do not subvert the capacity
of the host to generate two of the principal
cytokines involved in host protection. An
additional approach to understanding the
role of IL-4 on host defenses to this fungus is
to induce IL-4 using an allergen. Mice
exposed to Ascaris pseudocoelomic fluid
develop a Th2 response in lungs dominated
by production of IL-4. In such mice, the fun-
gal burden in lungs is higher than controls
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(Gildea et al., 2003). Excess production of
endogenous IL-4 modulates protective immu-
nity but does not inhibit the generation of a
Th1 response. This latter result has clinical
implications especially for those with asthma
in which a Th2 response dominates in the
lungs. It is possible that such individuals may
be more susceptible to infection with H. cap-
sulatum should they come in contact with the
organism.

IL-10 is a potent anti-inflammatory medi-
ator that modulates the adaptive immune
response (Moore et al., 2001). In many mod-
els of infectious diseases, the absence of IL-10
is associated with enhanced protective immu-
nity (Moore et al., 2001). In IL-10 knockout
mice, the clearance of H. capsulatum is accel-
erated but not until the second week of infec-
tion which is the time at which T
cell-mediated immunity is activated (Deepe
and Gibbons, 2003). IL-10 knockout mice
infected with H. capsulatum manifest higher
levels of IFN-γ in lungs and this alteration
may explain the heightened efficiency of
clearance. These results strongly suggest that
IL-10 does not contribute to the innate
immune response; rather it is key in the adap-
tive immune response.

The ameliorative effect associated with
the absence of IL-10 can be breached by
neutralization of TNF-α or IFN-γ, but not
GM-CSF (Deepe and Gibbons, 2003).
Treatment of IL-10 knockout mice with
mAb to TNF-α or IFN-γ transforms a non-
lethal infection into a lethal one. The failure
of treatment with mAb to GM-CSF to sub-
vert the protective immune response con-
trasts sharply with the results found in
wild-type mice. In IL-10 knockout mice, the
cellular character of the inflammatory
response in lungs is not strikingly different
than wild-type infected controls. However,
the inflammatory cell infiltrate in TNF-α-
neutralized mice manifest a decrease in the
number of CD8+ T cells in lungs whereas in
knockout animals given mAb to IFN-γ there
is a pronounced increase in the number of
neutrophils and MΦ (Deepe and Gibbons,

2003). Since CD8+ T cells influence host
resistance, a decrement in this population
may contribute to the impaired immunity in
IL-10 knockout mice administered mAb to
TNF-α. Despite the influx of neutrophils
and MΦ in IFN-γ-neutralized mice, the pro-
tective response is ineffective. Hence, TNF-α
and IFN-γ are required for the expression of
protective immunity even in the absence of
IL-10.

IL-2 is a Th1 cytokine that is important
in T cell growth and cellular immunity
(Smith, 1992). Splenocytes from mice with
disseminated histoplasmosis manifest a defi-
ciency in IL-2 during the height of the infec-
tion. As the burden wanes, there is recovery
of IL-2 generation (Watson et al., 1985). As
an extension of these studies, IL-2 treatment
of immunocompetent mice with dissemi-
nated histoplasmosis improves the depres-
sion of T cell-dependent responses but does
not alter the fungal burden (Deepe et al.,
1986). This dissociation suggests that the
immunodepression induced by this fungus is
not responsible for or does not contribute to
the severity of infection.

3.2.1.2. Secondary Infection TNF-α is at
present the principal mediator of protection
in secondary infection. Neutralization of
this cytokine is associated with progressive
infection and eventual death of mice
(Allendoerfer and Deepe, 1998; Zhou et al.,
1998). IFN-γ appears to be dispensable for
secondary infection although one communi-
cation reports that IFN-γ knockout mice
challenged with H. capsulatum succumb to a
rechallenge (Allendoerfer et al., 1997). But
the weight of the evidence favors the con-
cept that IFN-γ is not a major contributor to
control of secondary infection. The mecha-
nism by which the absence of TNF-α mod-
ulates protective immunity in secondary
infection differs from that found in primary
histoplasmosis. In the latter, treatment with
mAb to TNF-α is associated with a decre-
ment in nitric oxide production. In second-
ary infection, no modulation of nitric oxide
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is observed; rather, there is a dramatic
increase in the levels of IL-4 and IL-10 in
lungs. The elevation of these cytokines
appear to mediate the inimical effects of
TNF-α neutralization since administration
of mAb to both IL-4 and IL-10, but not
either alone, restores the protective immune
response (Allendoerfer and Deepe, 1998).
Thus, the dysregulation in immunity associ-
ated with a deficiency in TNF-α can be cor-
rected by neutralizing the activity of
cytokines known to depress immunity.

The loss of the protective immune
response that is manifest in TNF-α-neutral-
ized mice can be mimicked by blockade of
TNFR1 (Allendoerfer and Deepe, 2000). In
mice in which signaling through TNFR1 is
blocked, there is a dramatic loss of protec-
tion against secondary infection and a
marked and broad impairment in the
inflammatory response that probably
accounts, in part, for the poor host response.

Treatment with mAb to GM-CSF
inhibits the efficacy of the protective
immune response to secondary histoplasmo-
sis (Deepe et al., 1999). The mechanism for
this impaired immunity has not yet been
defined. TNF-α and IFN-γ levels are similar
to controls, and IL-4 and IL-10 are not dif-
ferent than controls. The inflammatory
response does not differ between the two
groups. These results contrast with those in
primary infection in which several cytokine
perturbations are evident in GM-CSF-defi-
cient mice.

As in primary infection, the absence of
IL-10 is associated with a more rapid and
efficient elimination of H. capsulatum yeasts
(Deepe and Gibbons, 2003). In secondary
infection, the lungs of IL-10 knockout mice
exhibit elevated levels of TNF-α and IL-4.
Despite the increase in the latter cytokine,
the net result is a more vigorous protective
immune response in the knockout animals.
The integrity of the protective immune
response in these animals can be disrupted
by administration of mAb to TNF-α, lead-
ing to the demise of the animals. TNF-α-

neutralized mice manifest depressed num-
bers of CD8+ T cells in lungs and slightly
increased IL-4 levels, both of which may
contribute to the impairment in protective
immunity.

The accelerated clearance of H. cap-
sulatum in IL-10 knockout mice during sec-
ondary infection appears not to be a
consequence of an enhanced number of
memory T cells resident in lungs or spleens 8
weeks after immunization with viable yeasts.
Rather, the protective effect is mediated by T
cells from immunized IL-10 knockout ani-
mals and is more robust than that of T cells
from wild-type mice. Thus, fewer T cells
from IL-10 knockout mice are required to
induce a protective response than those
from wild-type.

3.2.2. Antibody

The role of B cells in the adaptive
immune response remains largely an
enigma. The absence of B cells does not dra-
matically alter the host response to this fun-
gus in primary or secondary infection.
Removal of T cells in B cell-deficient mice
also does not uncover any influence of B
cells in host defenses. Past experiments also
failed to prove any role for antibodies when
immune serum from H. capsulatum-immu-
nized mice was transferred into naive recipi-
ents (Rowley and Huber, 1956). One report
indicates that antibodies may be used as
immunotherapy to this fungus under certain
conditions (Nosanchuk et al., 2003). An
IgM mAb to the surface of yeast cells rec-
ognizes a histone-like protein. If this mAb is
given to mice prior to infection, it amelio-
rates the course of infection modestly and is
associated with a reduction in inflammation
and fungal burden. Protection was associ-
ated with increases in IL-4, IL-6, and IFN-γ
although the significance of this finding is
unknown. The salutary effect of the mAb is
more pronounced in mice that receive a sub-
optimal amount of amphotericin B
(Nosanchuk et al., 2003). There appears to
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be an interaction between the mAb and the
antifungal agent, which is known to modu-
late production of cytokines and to signal
through Toll-like receptor 2 (Sau et al.,
2003). In vitro, mAb-opsonized, but not
unopsonized, organisms are killed by a MΦ
line J774.16.

3.2.3. CD40 Ligand

The interaction between CD40 and
CD40 ligand (CD40L) is thought to be crit-
ical in mediating an effective adaptive
immune response. Early studies with
CD40L knockout mice established that fail-
ure of engagement between these two sur-
face molecules often resulted in poor T cell
stimulation, impaired IFN-γ production,
and a bias to Th2 (Xu et al., 1994; Stuber
et al., 1996; Grewal and Flavell, 1997; Lee
et al., 2002). Extension to a model of leish-
maniasis reveals that the absence of this
interaction leads to a progressive infection
(Campbell et al., 1996). Moreover, humans
who possess a defect in the CD40L gene,
otherwise known as the hyper-IgM syn-
drome, are known to be susceptible to sev-
eral opportunistic infections (Winkelstein
et al., 2003). Infection of CD40L knockout
mice with H. capsulatum surprisingly results
in a strong Th1 response as determined by
IFN-γ and nitric oxide production and by
the ability of knockout mice to handle the
infection identical to that of wild-type
(Zhou and Seder, 1998; Wheat et al., 2002).
The lack of Th1 immunity observed in CD40L
knockout mice infected with Leishmania
contrasts sharply with the robust response
observed in Histoplasma-infected animals.
The underlying reasons for these differences
are not well understood. One explanation
that has been preferred is that production of
IL-12 by MΦ or dendritic cells in response
to Leishmania is dependent on the presence
of CD40L, whereas this is not the case for
H. capsulatum. Another postulate is that
production of IFN-γ in response to
Leishmania is strictly reliant upon CD4+

cells and CD40–CD40L interactions. On the
other hand, in murine histoplasmosis, NK
cells and CD8+ cells in addition to CD4+

cells can generate IFN-γ, thus providing the
host salvage pathways for synthesis and
release of this Th1 cytokine (Cain and
Deepe, 1998; Zhou et al., 1998).

4. Vaccine-induced Immunity

Elucidation of the cellular and molecular
requirements for a potential immunogen is
critical to the development of highly effica-
cious and useful vaccines. Without uncover-
ing the immunologic underpinnings of a
vaccine, failures cannot be understood, and
more efficacious vaccines will not be gener-
ated. In this context, this section will discuss
the innate and adaptive response to a pro-
tective immunogen from H. capsulatum.

Over the years, several candidates for a
vaccine to H. capsulatum have been
described. The use of viable yeasts, ribo-
somes, killed mycelia, and an ethylenedi-
amine extract of yeasts have been reported
to confer protection (Salvin, 1956; Garcia
and Howard, 1971; Tewari et al., 1977;
Medoff et al., 1986; Gomez et al., 1991a,b).
More recently, single protein species iso-
lated from the yeast phase of the fungus
have been demonstrated to mediate protec-
tive immunity. Hsp 60, the H antigen, and
an 80-kDa antigen that is recognized by
mAb to hsp 70 induce a protective immune
response to this fungus (Gomez et al.,
1991a,b, 1992, 1995; Deepe and Gibbons,
2001). On the other hand, hsp 70 does not
confer a protective immune response
(Allendoerfer et al., 1996). Among the
protective antigens, the best studied has
been hsp 60 and will be the focus of the
discussion.

Hsp 60 is a major target of the cellular
and humoral response to many pathogenic
microbes including M. tuberculosis, M. lep-
rae, Chlamydia trachomatis, L. pneumophila,
and Paracoccidioides brasiliensis (Hoffman
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et al., 1990; Morrison, 1991; Kong et al.,
1993; Izacc et al., 2001; Lewthwaite et al.,
2001). Hsp 60 has been utilized as a vaccine
for M. tuberculosis, L. pneumophila, and
Yersinia pestis (Blander and Horwitz, 1993;
Noll et al., 1994; Autenrieth et al., 1995;
Noll and Autenrieth, 1996; Tascon et al.,
1996). Likewise, recombinant or native hsp
60 from H. capsulatum mediate protection
against both sublethal and lethal challenges
with yeasts in several strains of mice
(Gomez et al., 1995). The protective effect of
recombinant hsp 60 is confined to a single
domain that spans amino acids 172 to 443.
This region, termed F3, protects mice
against nonlethal and lethal challenges
(Deepe et al., 1996).

4.1. Molecular Requirements

Vaccination with recombinant hsp 60
induces the production of several cytokines
including IL-12, IL-10, and IFN-γ (Deepe
and Gibbons, 2002a,b). The inability of hsp
70 to induce IL-12 and a robust IFN-γ
response may be one explanation for the
lack of protective efficacy. The factors nec-
essary for vaccine efficacy in the afferent
limb of immunity are IL-12, IFN-γ, and IL-
10 (Fig. 5.3). The former two but not the lat-
ter is required for protection in the efferent
limb (Deepe and Gibbons, 2002a,b).

Perhaps the most surprising finding is the
upregulation in IL-10 and the reliance of the
afferent arm for this cytokine. The prepon-
derance of data would suggest that the
absence of this cytokine might enhance vac-
cine-associated immunity not dampen it.
The anti-inflammatory properties of this
cytokine probably do not explain its effect
on the efficacy of hsp 60. Rather, this
cytokine is known to promote the produc-
tion of IFN-γ, TNF-α, and GM-CSF when
given with IL-12 or IL-18 (Cai et al., 1999).
One possibility is that IL-10 modulates the
production of IFN-γ in response to hsp 60.

4.2. Cellular Requirements

CD4+ cells must be present during the
afferent phase of hsp 60-induced protection.
If they are eliminated, the protective effect is
abolished. In contrast, the absence of either
CD4+ or CD8+ cells during the efferent
phase does not completely eliminate protec-
tion. However, removal of both cell popula-
tions does. The principal mechanism by
which elimination of CD4+ cells contributes
to the lack of efficacy of hsp 60 is by sharply
reducing IFN-γ production (Deepe and
Gibbons, 2002a,b).

Vaccination with recombinant hsp 60
produces a strong bias in the TCR usage; the
vast majority of T cells that recognize this
protein express Vβ8.1/8.2. Analysis by
sequencing TCR gene indicates that the
response within this Vβ family is oligo-
clonal. Vβ4+ cells emerge as the dominant
population when Vβ8.1/8.2+ cells are
depleted during vaccination (Scheckelhoff
and Deepe, 2002). The Vβ8.1/8.2+ cells are
required for protective efficacy since their
elimination abolishes the efficacy of recom-
binant hsp 60. Moreover, the findings indi-
cate that despite the emergence of Vβ4+ cells
as the dominant population in Vβ8.1/8.2-
depleted mice, the former are unable to
engender a protective response. Extended

102 George S. Deepe, Jr.

Affector limb Effector limb
IL-12, IFN-γ, IL-10 IL-12, IFN-γ,
CD4 CD4 + CD8

HSP 60

Figure 5.3. Summary of the acellular and cellu-
lar elements involved in vaccination-induced
immunity. All information is based on the
response to heat shock protein 60.



analysis of the Vβ8.1/8.2 family reveals that
approximately 50% of this population is
Th1 and among those cells, approximately
50% of those react to the protective frag-
ment, F3. The identification of responsive-
ness to this fragment is key to the protective
activity of the Vβ8.1/8.2+ cells since a Th1
Vβ8.1/8.2+ clone that reacts with F3 trans-
fers protection to TCR α/β and IFN-γ
knockout mice. This effect is not observed if
a Th1 Vβ8.1/8.2+ clone that is F3 nonre-
sponsive is transferred (Scheckelhoff and
Deepe, 2002). The mere fact that a cell is
Th1 is not sufficient for protection.

Although Vβ8.1/8.2+ cells are the domi-
nant population in response to hsp 60, they
constitute a minor population following
vaccination with F3. T cells from F3-immu-
nized mice are principally Vβ6+ and express
a limited heterogeneity in terms of CDR3
usage. Like the Vβ8.1/8.2+ cells, the Vβ6+

cells are necessary for vaccine efficacy in
both sublethal and lethal challenges. The
majority of Vβ6+ cells are Th1, but Th2-
expressing cells not only fail to confer pro-
tection, but also exacerbate the severity of
infection (Deepe and Gibbons, 2002a,b).
Collectively, the results with recombinant
hsp 60 and F3 suggest that protection medi-
ated by these cells is restricted to small pop-
ulations whose absence exerts a profound
effect on the protective utility of these anti-
gens. The findings also may be one explana-
tion for the failure of a vaccine. The absence
of a single TCR family produces a large gap
in vaccine efficacy.

5. Summary

In this chapter, the rapidly increasing
information regarding the innate and adap-
tive response to this pathogenic fungus has
been reviewed. A summary of the require-
ments is presented herein, and the principal
elements of innate and adaptive immunity
are illustrated in Fig. 5.4. The cellular

elements that are key in the innate response
include dendritic cells, neutrophils, and MΦ.
The fate of yeast within each of these cell
populations differs. Dendritic cells rapidly kill
yeasts, neutrophils exhibit fungistatic activity,
and in resting MΦ, the fungus replicates.
Thus, the latter population appears to serve
as a safe haven for the fungus. Activation of
MΦ by several cytokines, IFN-γ in mice,
GM-CSF, M-CSF, and IL-3 in humans
results in growth arrest in these phagocytes.
The differences in the fate of yeasts in den-
dritic cells compared to MΦ may be
explained in part by the binding and inges-
tion of the organism through CD11/CD18 on
the latter and VLA-5 on the former.

Several cytokines of the innate system
are crucial for the generation of a protective
immune response. IL-12 is essential in the
generation of IFN-γ and consequently the
Th1 response. TNF-α and GM-CSF also
are key cytokines in the generation of a pro-
tective immune response. IFN-γ, TNF-α,
and GM-CSF regulate the protective
immune response in part by inducing the
production of nitric oxide, a necessary mol-
ecule in the elimination of the fungus during
primary infection. In addition, GM-CSF
also appears to regulate the production of
IFN-γ and TNF-α. IL-4 and IL-10 both
appear to inhibit full expression of a robust
Th1 response in the innate response.

The adaptive immune response is acti-
vated following the first week or so follow-
ing nonlethal infection with this fungus.
CD4+ T cells are the dominant mediators
of resistance in primary infection although
CD8+ cells do contribute to the expres-
sion of an optimal protective response. The
preeminence of CD4+ cells is not as appar-
ent in secondary infection. Activation of an
effective T cell-mediated immune response
most likely requires upregulation in IFN-γ,
TNF-α, and GM-CSF but not IL-4, IL-10,
or CD40L expression, Distinct subsets of T
cells influence the protective immune
response—Vβ4+ cells in primary and Vβ6+
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and Vβ4+ in secondary histoplasmosis. Among
the cytokines, TNF-α is absolutely necessary
for control of both primary and secondary
infections. Neither IL-12, IFN-γ, nor GM-
CSF is essential for host control of secondary
infection. Thus, once the adaptive immune
response has evolved only TNF-α is absolutely
required for control of the organism.

The chapter should be viewed only as a
starting point rather than a conclusion. The
complexities of the host-Histoplasma inter-
action require a great deal of investigation
as new host response elements are discov-
ered. Much of what we have learned has
been performed on immunocompetent mice
and humans. The challenges are to under-
stand the failures in immunologic respon-
siveness in the immunosuppressed host in
order that we may design more aggressive
therapies for such individuals in whom the
course of infection is often more virulent.
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1. Introduction

The dimorphic fungus Blastomyces dermati-
tidis inhabits moist acidic soil along the
Mississippi and Ohio River valleys (Klein et al.,
1986). Upon inhalation of conidia or mycelial
fragments, it converts to the yeast form within
the alveolar spaces and establishes infection. B.
dermatitidis produces a progressive pulmonary
and disseminated infection and is one of the
principal systemic mycoses of humans and ani-
mals worldwide. The infection may remain pul-
monary or may disseminate to other sites such
as the skin, bone, or genitourinary tract
(Bradsher, 1996). Both pulmonary and dissemi-
nated blastomycosis can be fatal. Infections that
go undiagnosed or untreated often progress and
become fatal even in immunocompetent hosts.
The progressive nature of many clinical B. der-
matitidis infections distinguishes blastomycosis
from several other related mycoses such as
histoplasmosis, coccidioidomycosis, and para-
coccidioidomycosis, which more often occur as
self-limited infections. A murine model of
B. dermatitidis infection has been developed
that resembles clinical features of pulmonary
blastomycosis in people (Harvey et al., 1978;
Wüthrich et al., 1998). Administration of B. der-
matitidis via the respiratory route, with as few
as 10–100 virulent yeast, leads to chronic, pro-
gressive pneumonia, which consumes mice
within several weeks of infection (Brandhorst
et al., 1999). Thus, even a small number of
B. dermatitidis yeast cannot be resolved by an
immunocompetent host. In this chapter, we
review aspects of innate and acquired immunity
against B. dermatitidis infection, and explore
some of the molecular determinants that make
this agent such a formidable foe for these ele-
ments of host immunity.

2. Innate Immunity in the
Lungs to B. dermatitidis
Infection

2.1. Cellular Resistance by
Alveolar Macrophages and
Polymorphonuclear
Neutrophils (PMNs)

Alveolar macrophages are the first line of
defense against inhaled microbes, including
B. dermatitidis. However, alveolar macrophages
from normal persons and naïve mice are only
modestly capable of ingesting and killing
B. dermatitidis yeasts. After 72 h of in vitro
coincubation of yeasts with pulmonary alveolar
macrophages from normal persons, only
12–18% of the cells had ingested the yeast, and
the population of yeast had surprisingly
increased by 52% over the starting inoculum
(Bradsher et al., 1987). In coculture assays with
murine alveolar macrophages from normal ani-
mals and yeasts, only 0–5% of the yeasts were
killed after 4 h (Brummer and Stevens, 1987;
Brummer et al., 1988). One explanation for the
seemingly modest fungicidal activity of alveolar
macrophages for B. dermatitidis might relate to
the correspondingly modest respiratory burst
the fungus triggers in alveolar macrophages.
Under optimal conditions in which monolayers
of murine alveolar macrophages are challenged
with B. dermatitidis conidia, the particles elicit
a respiratory burst (measured by O2

– production)
only 25–31% of that seen with the potent stim-
ulus of zymosan, and the suboptimal response is
independent of fungal strain (Sugar and Field,
1987a). Similar trends were found when B. der-
matitidis yeast strains were evaluated in this
assay system (Sugar and Field, 1987b).
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Upon a naturally acquired infection by
conidia of B. dermatitidis or an experimen-
tal pulmonary challenge with yeast in mice,
mononuclear phagocytes, predominantly
PMNs influx into the site of infection and
form characteristic pyogranulomatous lesions.
Human PMNs phagocytize infective conidia
rapidly and efficiently. In vitro, under condi-
tions in which PMNs and conidia were
cocultured at a ratio of 10:1, PMNs phago-
cytized 83% of the particles in 1 h and 90%
in 2 h. However, PMNs killed conidia more
slowly and incompletely; after 1 h only 18%
of conidia were killed and after 3 h the max-
imum, 50% were killed. The phagocytosis
and killing of B. dermatitidis conidia by
PMNs is accomplished mainly by oxidative
mechanisms. By 20 min of coincubation of
conidia with human PMNs, phagocytes
have produced peak values of oxidative
burst chemicals that are approximately 70%
of the positive control values produced by
zymosan, a potent trigger of oxidative
metabolism (Drutz and Frey, 1985).

The yeasts of B. dermatitidis are consider-
ably more difficult for PMNs to phagocytize
and kill than conidia, regardless of the strain
size. Drutz and Frey (1985) found that an
average of only 18% of the yeasts of six
strains were killed when PMNs and yeasts
were coincubated for 2 h at the optimal ratio
of 10 PMNs per yeast. Upon exposure to
B. dermatitidis yeasts, PMNs display a rapid
and pronounced oxidative burst as measured
by chemiluminescence response (Sixbey et al.,
1979; Drutz and Frey, 1985; Schaffner et al.,
1986), although this is smaller than the oxida-
tive burst that follows exposure to conidia.
Further, yeasts are 50 times more resistant
than conidia to the lethal effects of H2O2
(Schaffner et al., 1986). For most yeasts of
B. dermatitidis, the mechanisms of killing by
PMNs may be similar to that described by
Diamond et al. (Diamond and Krzesicki,
1978; Diamond et al., 1978) for filamentous
fungi: an extracellular process whereby the
PMNs attach directly to yeast cells and empty
granule contents into the extracellular space.

The relative ease with which nonspecific
phagocytes dispense with B. dermatitidis
conidia and, conversely, the relative diffi-
culty that these cells have in ingesting and
killing yeasts in the absence of immune acti-
vation suggest that the dimorphism of B.
dermatitidis confers a selective advantage
with regard to pathogenicity. On one hand,
the extreme susceptibility of conidia to the
gamut of nonspecific defense mechanisms
may in part explain the relative rarity of
blastomycosis as a clinically apparent prob-
lem. On the other hand, resistance of the
yeast form explains why the organism is a
primary fungal pathogen in the normal
host, in contrast to opportunistic fungal
pathogens that require compromised host
defenses to establish infection and disease.

2.2. BAD1 Expression is
Restricted to the
Pathogenic Yeast form of
B. dermatitidis

Conversion to the yeast phase appears to
offer the organism protection from host immune
defenses (Drutz and Frey, 1985; Sugar and
Picard, 1991). B. dermatitidis conidia are more
sensitive than yeast to the killing mechanisms of
neutrophils, monocytes, and macrophages. It is
possible that induction of phase-specific factors
enhance survival of yeast within the host.
Despite their potential roles in pathogenesis, few
yeast phase-specific genes have been identified,
and little is known about their roles in virulence.

BAD1 was identified from the yeast phase
of B. dermatitidis using patient antisera
(Klein et al., 1993). This highly immunogenic
120-kDa protein localizes to the cell wall and
is also found in in vitro culture supernatants
(Klein et al., 1992; Klein and Newman,
1996). The central portion of the protein
consists of a 24-amino-acid repeat show-
ing homology to invasin, a protein from
Yersinia spp. involved in mediating binding
to and uptake by host M cells (Klein et al.,
1993; Hogan et al., 1995). This tandem repeat
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region has been shown to be sufficient for
binding to cell surface receptors CD11b/
CD18 (CR3) and CD14 on human macro-
phages (Newman et al., 1995). Expression of
BAD1 is restricted to the yeast phase and con-
trolled transcriptionally by a mechanism that
appears to be shared with at least one other
systemic dimorphic fungus, Histoplasma cap-
sulatum, suggesting that elements of this
pathogenetically crucial process may be con-
served (Rooney et al., 2001).

2.3. BAD1 Adhesin is
Indispensable for
Pathogenicity of
B. dermatitidis

Despite the worldwide occurrence and
growing incidence of fungal infections, little is
known about the factors that account for their
pathogenicity. In many cases, pathogenicity
can be attributed to the ability of fungi and
other microbes to adhere to target tissues, but
the lack of tractable genetic systems in sys-
temic dimorphic fungi has severely limited our
understanding of the responsible products. We
have recently developed the ability to geneti-
cally manipulate B. dermatitidis using DNA-
mediated gene transfer (Hogan and Klein,
1997). This transformation system opened the
way toward targeting genes, creating knockout
strains, and formally testing the role of candi-
date factors such as BAD1 in adherence and
virulence of B. dermatitidis.

Targeted disruption of the BAD1 locus in
two independent strains abolished BAD1
expression and resulted in impaired binding
and entry of yeasts into macrophages, and
loss of adherence to lung tissue. Each of
these properties was fully restored after
reconstitution of BAD1 by means of gene
transfer (Brandhorst et al., 1999). This study
confirmed and extended prior observations
by demonstrating that BAD1 is necessary for
binding of the yeast to macrophages in vitro,
as well as to lung tissue ex vivo. Wild-type

yeast bound avidly, in a time-dependent
manner, whereas knockout yeasts were
impaired profoundly in their binding, and
binding was largely restored in the BAD1-
reconstituted strain. In addition, cells that
bound poorly did not enter macrophages, as
evidenced by low ingestion indices during the
course of the incubation. These observations
suggest that BAD1 serves as the principal
ligand mediating attachment of yeast to
macrophages and host tissue, and the other
ligands play a lesser role.

The isogenic strains were also used to
address the role of BAD1 in virulence.
BAD1 is indispensable for the pathogenicity
of B. dermatitidis (Brandhorst et al., 1999).
Knocking out BAD1 in wild-type strain
26199 rendered these yeast unable to estab-
lish a lethal pulmonary infection, even when
administered at 100 times the minimal lethal
inoculum. Similar results were observed after
knocking out BAD1 in a second strain,
60915, further strengthening our conclusions
about the importance of BAD1. Analyses of
organ load and distribution of infection
showed that wild-type yeast grew steadily in
the lung and increased sharply in number by
7–14 days after infection. Although the num-
ber of knockout yeast that entered the lung
was comparable to that of the wild-type
yeast immediately after infection, the num-
ber of knockout yeast in the lung remained
low throughout the observation period.
After primary lung infection, wild-type yeast
also disseminated to liver and spleen,
whereas knockout yeast did not disseminate.
This could reflect the ability of wild-type
yeast to enter macrophages and disseminate
while inside them, or possibly a burden of
yeast beyond the lung’s capacity. On histo-
logical examination, the pulmonary alveoli
of mice infected with the wild-type were
obliterated with inflammation and yeast,
whereas the lungs of mice that received the
knockout appeared mostly normal, except
for focal well-formed granulomas with small
numbers of sequestered organisms.
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2.4. Evidence for Non-
Adhesive Pathogenic
Mechanisms of BAD1 on
B. dermatitidis

Mechanisms that underlie the virulence-
promoting effect of BAD1 have been partially
elucidated. According to the results described
above, adherence seems to be one of them.
Yeast that lack BAD1 bind poorly to the lung ex
vivo and to macrophages in vitro (Brandhorst
et al., 1999). These findings imply that knock-
out yeasts are unable to establish infection in
the lower respiratory tract because they bind
poorly to structures in the airway or alveoli.
Nonadherent yeast might be more easily dis-
lodged from the lung, or when lacking the
capacity to enter inactivated lung macrophages,
more readily recognized and killed by effector
cells.

Recent results point to additional defects
in B. dermatitidis yeast mutated at the BAD1
locus. Following i.v. inoculation of B. der-
matitidis yeast into mice, wild-type yeast
multiplied rapidly in the lung, killing the
mice, whereas BAD1 knockout yeast multi-
plied poorly (B. Klein, M. Wüthrich, T.
Brandhorst, and B. Finkel-Jimenez, manu-
script in preparation). This finding implies
that BAD1 knockout yeasts are defective in
pathogenicity even when the route of infec-
tion does not require airway or alveolar
adherence. This residual defect neither
impairs cell-wall integrity of the yeast, nor
does it render the yeast more susceptible to
phagocyte killing. Instead, immune devia-
tion may be an additional attribute of BAD1
and provide an explanation. Histologic
staining of lung sections demonstrates
mature granulomas with only small numbers
of sequestered yeast in mice that received the
knockout, as compared with disorganized
granulomas overrun by yeast in mice that
received the wild-type (Brandhorst et al.,
1999). Similarly, the number and distribution
of hematopoietic cells in the lung lesions

show corresponding differences. Lungs of
knockout-infected mice contain relatively
more CD3+ T cells and fewer neutrophils,
whereas the lungs of wild-type infected mice
demonstrate the opposite. Thus, the profile
of inflammatory response is heavily influ-
enced by the presence of BAD1.

2.5. BAD1 Modulates Innate
Immune Response to
B. dermatitidis Infection
in the Lung

Based on above findings, we hypothesized
that BAD1 modulates innate host immunity
early in the course of infection and thereby
facilitates establishment of B. dermatitidis in
the lung. Many diverse microbes escape host
elimination by modulation of host immunity
(Galan and Collmer, 1999). We demonstrated
that BAD1 interferes with host immunity by
blocking production of a key proinflammatory
cytokine, TNF-α (Finkel-Jimenez et al., 2001).
TNF-α is produced chiefly by mononuclear
phagocytes and plays a prominent role in host
defense against microbes. It has pleotropic
immunoregulatory effects including synergiz-
ing with IL-12 to increase the production of
IFN-γ by NK cells, synergizing with IFN-γ to
enhance microbicidal activity of macrophages
through NO-dependent mechanisms, and facil-
itating maturation of the adaptive immune
response (Pasparakis et al., 1996; Allendoerfer
and Deepe, 1998).

TNF-α contributes to host defense against
B. dermatitidis infection. Neutralization of
TNF-α led to a tenfold elevation in the num-
ber of organisms in the lung 1 week after
infection. The effect of neutralization was
most pronounced in mice infected with the
BAD1 knockout; such mice survive over 6
months, whereas mice infected with the wild-
type succumb in 14 days (Brandhorst et al.,
2003). In mice depleted of TNF-α numbers of
colony-forming units (CFUs) for the knock-
out at 7 days postinfection increased to that
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normally seen only with the wild-type yeast.
Hence, interference with early TNF-α pro-
duction or function impairs control of pul-
monary infection with B. dermatitidis.

It is noteworthy, in view of an established
role of TNF-α in host defense, that virulent
B. dermatitidis yeast block the production of
TNF-α (Finkel-Jimenez et al., 2001). In
comparing the behavior of virulent wild-
type yeast with that of BAD1 knockout
yeast, we found marked differences between
these two strains in evoking TNF-α produc-
tion in different experimental systems. Mice
infected with the knockout had severalfold
more TNF-α in alveolar lavage fluid than
did mice infected with the virulent strain. In
vitro coculture of lung cells with each of the
two strains, respectively, confirmed sharp
differences in lung TNF-α production (Fig.
6.1A). Furthermore, although the knockout
strain evoked robust production of TNF-α
in peritoneal macrophages and neutrophils
over the entire time-course of in vitro cocul-
ture, the virulent wild-type strain initially
stimulated a small amount TNF-α produc-
tion, but then downregulated production.
Lastly, the stimulatory phenotype of the
knockout could be abolished by the addition
of wild-type yeast, demonstrating active
downregulation of TNF-α by virulent B.
dermatitidis.

Multiple lines of evidence demonstrate
that BAD1 on wild-type yeast is responsible
for blocking production of TNF-α (Finkel-
Jimenez et al., 2001). First and most obvious
is the fact that the strains used in this study
are isogenic, differing only in the expression
of BAD1 (Brandhorst et al., 1999). Second,
the coating of stimulatory knockout yeast
with BAD1, or addition of purified BAD1
into wells with knockout yeast, reversed the
effect on immune cells from stimulatory to
inhibitory (Fig. 6.1B). Despite these obser-
vations, it remained possible that BAD1
through its adhesive property could bind the
yeast and phagocyte together, yet on apposi-
tion, a second or additional factor could
deliver a downregulatory signal to the cell.

However, soluble, purified BAD1 was
shown to inhibit Saccharomyces cerevisiae-
induced production of TNF-α by phago-
cytes even though BAD1 is unable to bind
the surface of that yeast. Hence, it would
appear that BAD1 itself downregulates
TNF-α production by phagocytes.
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The biological significance of TNF-α
downregulation by wild-type yeast was inves-
tigated using a gene therapy approach. We
reasoned from in vitro data and alveolar
lavage fluid analysis that mice infected with
wild-type yeast might have insufficient TNF-α
levels in vivo at the site of infection, which
could be restored via gene therapy. We
restored lung TNF-α levels in vivo early in the
course of infection with B. dermatitidis, using
gene therapy. This approach resulted in local
pulmonary production of rTNF-α, a signifi-
cant reduction in the progression of lung
infection with wild-type yeast, and corre-
spondingly elevated levels of TNF-α in vivo
compared with infected control mice that
received control adenovirus expressing LacZ.
These observations indicate that restoration of
TNF-α in infected mice circumvented a path-
ogenic mechanism of B. dermatitidis yeast.

2.6. BAD1 Suppresses Host
TNF-a Production through
TGF-b-dependent
and -independent
Mechanisms

Because TNF-α suppression is important in
understanding the pathogenesis of this and
other infectious diseases, we explored the
mechanism(s) responsible for BAD1 inhibition
of TNF-α production. We postulated that
BAD1 could act directly on the phagocyte by
inducing toxicity, apoptosis, or a signaling
pathway that shuts off TNF-α production, or
alternatively, act indirectly by inducing release
of inhibitory product(s) that act in autocrine
and paracrine fashions. Such mechanisms are
not mutually exclusive.

We demonstrated a mechanism that
entails BAD1 induction of TGF-β, which in
turn sharply suppresses TNF-α production
by phagocytes (Finkel-Jimenez et al., 2002)
(Fig. 6.2). We suspected a suppressive mecha-
nism involving a soluble inhibitor from results
of a mixing experiment (Finkel-Jimenez et al.,
2001). Stimulatory BAD1 knockout yeasts
(106 cells) were mixed with wild-type yeast

(103 cells) and added to wells containing 106

phagocytes (E:T ratio of 1000:1 with respect
to wild-type yeast). Hence, in theory, wild-
type yeast in wells interacted with only 1 in
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TGF-β dependent manner, and soluble BAD1 sup-
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Adapted with permission from Finkel-Jimenez, B.,
Wüthrich, M., and Klein, B.S. (2002). BAD1, an
essential virulence factor of Blastomyces dermati-
tidis, suppresses host TNF-alpha production
through TGF-beta-dependent and -independent
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1000 phagocytes. Despite this, wild-type yeast
eliminated TNF-α production in the wells.
This result is consistent with release of a fac-
tor(s) into medium that modulates activity of
all cells in the well, even though wild-type
yeast interact with only a small proportion.
Our data indicate that phagocytes respond to
BAD1 on wild-type yeast by releasing a solu-
ble factor(s) that downregulate TNF-α, and
at least one such factor is TGF-β (Finkel-
Jimenez et al., 2002). First, conditioned
supernatant prepared from wild-type yeast
inhibited production of TNF-α in response to
BAD1 knockout yeast, whereas control
supernatants had little effect. Second, the
amount of TGF-β in these supernatants cor-
related with their ability to inhibit TNF-α
production. Third, removal of TGF-β activity
in the supernatant reversed its inhibitory
effects. Fourth, addition of neutralizing anti-
TGF-β mAb to wells with inhibitory wild-
type yeast and phagocytes reversed
suppression of TNF-α production. Last,
addition of rTGF-β to wells with stimulatory
BAD1 knockout yeast suppressed production
of TNF-α in response to this strain. These
results together demonstrate that wild-type
yeast, and presumably surface BAD1, down-
regulates TNF-α production in response to B.
dermatitidis by inducing TGF-β release from
macrophages and neutrophils.

To test whether BAD1 induced TGF-β
promotes disease progression and evasion of
immunity; we investigated this possibility in
an experimental model of pulmonary blas-
tomycosis. We observed that levels of TGF-
β in alveolar fluid collected during the first 3
weeks of infection were severalfold higher in
response to wild-type yeast compared with
BAD1 knockout yeast. However, mAb neu-
tralization of TGF-β did not influence the
course of blastomycosis in mice that were
infected with wild-type yeast. Neutralization
did reduce TGF-β levels in alveolar lavage
fluid; however TNF-α levels appeared to be
uninfluenced, and, in fact, the TNF-α levels
remained far below those detected in the
lungs of mice infected with the BAD1

knockout. These findings suggested to us
that TGF-β may not be solely responsible
for suppressed TNF-α levels in vivo, and
that there may be a more complex regula-
tory mechanism between BAD1 and TFN-
α, which encompasses factors in addition to
TGF-β.

Our in vitro data demonstrate that,
although cell surface-bound BAD1 sup-
presses TNF-α in a TGF-β-dependent man-
ner, soluble BAD1 conversely suppresses
TNF-α in a manner that is independent of
TGF-β (Finkel-Jimenez et al., 2002) (Fig.
6.2). We showed that soluble BAD1 sharply
suppressed the production of TNF-α by
neutrophils and macrophages in response to
stimulatory knockout yeast, but TGF-β lev-
els were not elevated, nor did TGF-β neu-
tralization reverse the suppression (as it did
when cell surface BAD1 was responsible for
suppression). Hence, soluble BAD1 sup-
pression of TNF-α could explain why TGF-
β neutralization in vivo neither restored
TNF-α levels nor ameliorated disease pro-
gression. In support of this concept, we
found soluble BAD1 in lung alveolar lavage
fluids during the course of infection. The
BAD1 concentrations detected in vivo were
able to fully suppress TNF-α production
in vitro independent of TGF-β and thus
potentially account for in vivo observations.

2.7. Adhesive Property of BAD1
is Dispensable for
Pathogenicity of
B. dermatitidis

During cell wall biogenesis, BAD1 is
released extracellularly before binding back to
the yeast cell surface (Brandhorst and Klein,
2000). Postrelease reassociation with the yeast
surface is a surprisingly simple method by
which the BAD1 adhesin might evenly coat
cell surfaces. The fact that cell-associated and
soluble forms of the BAD1 protein exist side-
by-side does raise the question of whether one
form is predominantly responsible for the
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observed contribution to B. dermatitidis viru-
lence.

We recently reported that binding of
yeast to host cells through yeast surface-
bound BAD1 is unexpectedly dispensable in
the requisite role of BAD1 in pathogenesis
(Brandhorst et al., 2003). Deletion of the 
C-terminal epidermal growth factor (EGF)-
like domain profoundly affected BAD1 func-
tion, leading to nonassociation with yeast,
extracellular accumulation, and impaired
yeast adherence to macrophages. Despite the
absence of ∆C term-protein on cell surfaces
and impaired binding of these strains to
macrophages, the defects had no discernible
impact on pathogenicity of B. dermatitidis
in vivo. Stringent outcome measures of both
survival and lung CFU in infected mice
demonstrated that the C-terminal truncation
of BAD1 did not impair progression of pul-
monary blastomycosis. We acknowledge that
BAD1-mediated adhesion could play its part
earlier in the natural progression of blasto-
mycosis, when, presumably, small numbers
of organisms (<100) enter a host intranasally
in the form of spores. The sizable inoculum
of yeast instilled intratracheally could dimin-
ish the requirement for BAD1 adherence to
tissues during the early phases of infection
when the natural response of the lung is
geared towards physical ejection of infec-
tious particles.

The ∆C term strains (and protein)
retained the ability to suppress TNF-α pro-
duction by phagocytes in vitro, which
might explain how they maintained patho-
genicity in vivo. To test this, we also meas-
ured TNF-α levels in vivo in the pulmonary
compartment after infection with ∆C term
strains. During the initial 72 h of infection
when lung CFUs were comparable for the
strains tested, TNF-α levels were several-
fold lower with wild-type yeast and ∆C
term yeast compared with BAD1-null
strain #55. Given the evidence accumu-
lated in cytokine profiles, survival curves,
and binding studies, it seems reasonable to
propose that BAD1 exerts its effect on vir-

ulence largely by deviating the host immune
response.

3. Acquired Immunity in the
Lungs to B. dermatitidis
Infection

3.1. Role of Antibody to Host
Resistance

There is little evidence that humoral immu-
nity contributes significantly to host defense
against B. dermatitidis (Wüthrich and Klein,
2000), although passive transfer of monoclonal
antibodies (mAbs) have been shown to amelio-
rate the course of experimental cryptococcal,
candidal, and Pneumocystis infections (Dromer
et al., 1987, 1989; Gigliotti and Hughes, 1988;
Sanford et al., 1990; Dromer and Charreire,
1991; Mukherjee et al., 1992, 1993a,b,
1994a,b; Polonelli et al., 1994; Cassone et al.,
1995). Natural infection in humans (Klein and
Jones, 1990) and dogs (Klein et al., 2000) with
B. dermatitidis elicits strong antibody
responses to the surface adhesin BAD1. The
antibodies are directed chiefly against the
adhesive domain, a 25-amino acid repeat.
Tandem-repeat-specific mAbs were studied
for their opsonic activity in vitro and their
capacity to adoptively transfer protection in
murine experimental blastomycosis (Wüthrich
and Klein, 2000). mAbs to BAD1 enhanced
binding and entry of B. dermatitidis yeasts into
J774.16 macrophages but did not enhance
killing or growth inhibition of the yeast.
Passive transfer of eight mAbs to BAD1 into
three different inbred strains of mice also did
not improve the course of experimental infec-
tion and sometimes worsened it. µ-Deficient
mice were more resistant to experimental blas-
tomycosis than were intact littermates, and
passive transfer of the mAbs or their Fab frag-
ments into these mice did not protect them
against experimental infection. Thus, antibody
to BAD1 does not appear to improve the out-
come of murine blastomycosis and may
enhance the infection.

Lung Immunity to Blastomyces dermatitidis Infection 121



3.2. Cell-Mediated Immunity—
Delayed-type-
Hypersensitivity—T cells
and their Products
Correlate with 
Resistance

Efficient resistance to a respiratory chal-
lenge may require immunological activation
of alveolar macrophages, the first line of
defense against inhaled microbes, including
B. dermatitidis. Indeed, human alveolar
macrophages of immune individuals ingest
and inhibit the growth of B. dermatitidis yeast
significantly better than cells of nonimmune
persons. The killing of yeasts by murine alve-
olar macrophages is augmented from 0% to
25% by coincubating the cells with the super-
natant of concanavalin A-stimulated spleno-
cytes of 1000 U/ml of IFN-γ (Brummer and
Stevens, 1987). Interestingly, antibody to
IFN-γ abrogated the effect of the splenocyte
supernatant. This suggests that IFN-γ
accounts for most or all of the supernatant’s
immune augmentation. When mice were
treated i.p. with 4 × 105 units of recombinant
IFN-γ, their pulmonary macrophages showed
enhanced killing of B. dermatitidis yeast
(38%, compared to 5% for cells of control
mice) (Brummer et al., 1988).

Mice immunized with either viable or
merthiolate-killed yeast demonstrated peak
responses of delayed-type hypersensitivity
(DTH) that coincided temporally with
maximal resistance to a lethal challenge
with live B. dermatitidis given intranasally
(Morozumi et al., 1982), intraperitoneally
(Spencer and Cozad, 1973), and intra-
venously (Cozad and Chang, 1980). This
functional capability could be transferred
passively to naïve mice by spleen cells of
immunized mice, but not by serum (Scillian
et al., 1974). These results indicate that the
maturation of cell-mediated immunity is a
vital aspect of host resistance to the
infection.

3.3. Development of
Attenuated B. dermatitidis
for Vaccination

It was discovered that targeted disruption of
BAD1 abolishes pathogenicity of B. dermati-
tidis (Brandhorst et al., 1999). In an experi-
mental model of murine pulmonary infection
that entails an intratracheal infection with
yeast, all mice that were infected with the wild-
type strain ATCC 26199 died of pneumonia
within 2–4 weeks of infection, whereas all
mice infected with a bad1-null mutant sur-
vived over an extended period of 6–12 months.
Re-expression of BAD1 in trans in the null
mutant restored virulence. Hence these studies
fulfilled Koch’s molecular postulate for defin-
ing BAD1 as an essential virulence factor
(Falkow, 1988). The work offered an early
example of genetic proof of a virulence factor
by gene targeting in systemic dimorphic fungi.

Administration of viable yeast of this
attenuated strain vaccinates against lethal
pulmonary experimental infection due to
isogenic and nonisogenic strains from
diverse geographic regions (Wüthrich et al.,
2000). This recombinant attenuated vaccine
induces DTH and polarized type 1 cytokine
responses, which are linked with resistance.
Immunization subcutaneously or by the
multiple routes, intranasal, subcutaneous,
and intravenous, prompts strong DTH,
whereas immunization intranasally yields
marginal DTH (Fig. 6.3A). Immunization
subcutaneously or by the combined route
reduces lung CFU by between two and three
logs versus controls (Fig. 6.3B). Immunization
intranasally reduces lung CFU marginally, but
significantly versus controls. In survival stud-
ies, 80% of mice immunized subcutaneously
and 50% immunized by the combined route
survive and most of the survivors demonstrate
evidence of sterilizing immunity in the lung
(Fig. 6.3C). Thus, vaccine-induced protec-
tion in the lung is most effective when the
BAD1 null vaccine strain is administered
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subcutaneously, but protective efficacy in
the lung is minimal when the vaccine is
delivered at the site of natural infection.

The parental, wild-type strain ATCC
26199 was not suitable for vaccination. It
disseminated from the skin injection site to
the lung where infection progressed.
Morozumi et al. (1982) reported that subcu-
taneous administration of live ATCC 26199
yeast protected mice against pulmonary
blastomycosis. In contrast to our study,
those authors reported that ATCC 26199
yeast injected subcutaneously into each of
two sites was cleared by 4 weeks after injec-
tion. The discrepancy between their findings
and ours might be explained by recent find-
ings about spontaneous variation of ATCC
strain 26199. Mutants of 26199 have arisen
spontaneously by serial passage in vitro:
ATCC 60915 is an attenuated mutant (Brass
et al., 1982), and ATCC 60916 is avirulent
(Morrison and Stevens, 1991). Phenotypic
alterations recently documented in these
mutants include partial or complete loss of
surface α-(1,3)-glucan (Hogan and Klein,
1994), and changes in the amount of surface
and secreted BAD1 (Klein et al., 1994). To
guard against loss of pathogenicity in
B. dermatitidis, including strain 26199, we
monitor virulence in mice and measure sur-
face α-(1,3)-glucan and BAD1 routinely
during passage. The wild-type strain 26199
used for vaccination by Morozumi et al.
(1982) could have mutated spontaneously
and lost virulence, which would have
escaped attention since phenotypes associ-
ated with loss of virulence had not been
delineated at that time. It should be empha-

sized that spontaneous attenuated mutants
of dimorphic fungi are often unstable and
frequently revert to the virulence phenotype
after passage in serum in vitro or animals
(Hogan et al., 1996). This fact underscores
the importance of using genetically defined
and stable mutations for attenuated vaccine
strains of dimorphic fungi, rather than
spontaneous, uncharacterized mutants.
Parenthetically, spontaneous variation does
not account for loss of virulence of recom-
binant strain #55. Resupply of BAD1 in
trans restores pathogenicity to strain #55,
which establishes that loss of BAD1, not
another defect, is responsible for loss of vir-
ulence (Brandhorst et al., 1999).

Additional attributes make the recombi-
nant, attenuated strain #55 a promising vac-
cine and source of protective antigens.
Vaccination induced substantial resistance:
lung CFU 2 to 3 weeks postinfection was
reduced by three or more logs, a majority of
immunized mice survived a lethal challenge,
and most surviving mice had sterilizing
immunity. Importantly, vaccinated mice
resisted a challenge with both the isogenic
wild-type strain and nonisogenic strains
from various geographical regions. Thus,
vaccine strain #55 shares immunodominant,
protective antigen(s) with nonisogenic
strains of B. dermatitidis. A cell/wall/mem-
brane (CW/M) antigen from the vaccine
strain also induces polarized and protective
immune responses. Thus, by mutating a
pathogenetic locus in a dimorphic fungus,
an attenuated vaccine strain was created and
was used to elucidate fungal and host ele-
ments required for vaccine immunity.
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Figure 6.3. Cont’d Panel B, burden of lung infection. Two weeks after immunization, groups of 10
mice were infected i.n. with 104 26199 wild-type yeast. Three weeks later, mice were analyzed for lung
CFU. Geometric means of CFUs were calculated. Error bars are SEM. p-Values are for comparison of
each immunized group versus nonimmune controls. Panel C, Survival after infection. Groups of 10
C57BL/6 mice were infected as in panel B and monitored for survival over 128 days. p-Values are for
comparison of each immunized group versus nonimmune mice. Reprinted with permission from
Wüthrich, M., Filutowicz, H.I., and Klein, B.S. (2000). Mutation of the WI-1 gene yields an attenuated
Blastomyces dermatitidis strain that induces host resistance. J. Clin. Invest. 106: 1381–1389.



3.4. Elucidation of the
Mechanisms of Vaccine
Immunity

We explored the mechanisms by which the
vaccine above induces immunity (Wüthrich
et al., 2002). To elucidate the elements required
for vaccine resistance we have used knockout
mice, depleted cellular subsets, and neutralized
products from vaccinated mice during the
expression phase of immunity. For example, to
define cell population(s) responsible for vac-
cine resistance, we vaccinated athymic, nude
(nu/nu) mice, TCR-α−/− mice, µ-chain-defi-
cient, and wild-type mice. Vaccinated nude
mice and TCR-α−/− mice were unable to resist
lethal pulmonary infection with virulent wild-
type yeast. In contrast, vaccinated µ-chain-
deficient mice and their wild-type littermates
resisted reinfection; 80–90% had sterilizing
immunity. Thus, αβ-TCR+ T cells are required
for vaccine immunity.

To define the role of αβ T cell subsets in
vaccine immunity, we depleted CD4 and
CD8 T cells alone or together during the
expression phase, which we defined as the
period after infection. CD4-depleted mice
had 100-fold more lung CFU than rat IgG-
treated controls, and died 32±2 days after
infection; controls all appeared healthy 50
days after infection when the experiment
was terminated. In contrast, mice depleted
of CD8 cells did not differ significantly from
rat IgG-treated controls, as measured by
lung CFU and survival. CD4 and CD8 dou-
ble-depleted animals had 18-fold more lung
CFU and a shorter mean survival (25±1
days) than did CD4-depleted mice, and they
were as vulnerable as unvaccinated mice.
Thus, CD4 cells are chiefly responsible for
vaccine resistance in immune-competent
hosts; CD8 cells contribute if CD4 cells are
absent.

During these studies, we found unexpected
plasticity in how the immune system defends
against fungi. For example, when we neutral-
ized type 1 cytokines IFN-γ and TNF-α dur-

ing the expression phase, we significantly
impaired vaccine immunity in immunocom-
petent mice. In contrast, in knockout mice
lacking either of these cytokines, we induced
levels of vaccine resistance as high as that in
wild-type mice (Fig. 6.4A, B). In these
immunodeficient mice, other cytokines com-
pensated—TNF-α in IFN-γ−/− mice, and
granulocyte-macrophage colony-stimulating
factor (GM-CSF) in TNF-α−/− mice—during
the induction phase of vaccine immunity.
These findings raised the possibility that
residual elements of immunity in immunode-
ficient hosts could be educated during the
induction phase of immunity to compensate
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cinated controls; **, p<0.012 versus vaccinated trans-
genic mice; ***, p<0.005 versus unvaccinated
wild-type mice. Reprinted with permission from
J. Immunol. 2002; 169: 6969–6976.



for elements that were instrumental in vaccine
resistance in immunocompetent hosts. We
tested this concept by investigating whether
CD4 T cells were essential or dispensable in
vaccine immunity to pathogenic fungi.

3.5. CD4 T Cells are
Dispensable in Vaccine
Immunity against
B. dermatitidis and
H. capsulatum in Immuno-
Deficient Hosts, and CD8
T Cells Compensate

Depletion of T cell subsets during the period
of vaccination (defined as the induction phase
of vaccine immunity) and throughout the period
postinfection gave striking results (Wüthrich
et al., 2003). Mice depleted of either CD4 or
CD8 T cells acquired levels of vaccine immu-
nity similar to that of rat IgG-treated controls, as
assessed by lung CFU analysis (Fig. 6.5A).
Animals depleted of both CD4 and CD8 T cells
were as susceptible as unvaccinated controls.
Thus, T cells are required for vaccine immunity,
but CD4 T cells appear to be dispensable when
absent during induction of vaccine immunity.
CD8 T cells are essential in a CD4 T cell-
deficient host.

Survival analysis of CD4-depleted wild-
type animals supported the above results and
indicated that lung CFU data are a reliable
predictor of survival. Mice depleted of CD4
T cells during induction and expression of
vaccine immunity survived significantly
longer than unvaccinated mice (mean,
123±11 days vs. 23±2 days; p<0.0001). At 75
days postinfection, all of the unvaccinated
mice were dead, whereas 80% of the CD4 T
cell-depleted mice were still alive. Ultimately,
35% of CD4-depleted mice survived a lethal
challenge with virulent, wild-type yeast over
a prolonged period of 200 days postinfec-
tion; all of the survivors had no detectable
CFU in their lungs (detection limit of 5
CFU), indicating that they had acquired

sterilizing immunity in their lungs. In com-
parison, 100% of vaccinated, non-T cell-
depleted mice survived the lethal challenge
and cleared the infection. Thus, in the
absence of CD4 T cells, vaccination greatly
prolonged survival and a significant propor-
tion of those animals survived and acquired
sterilizing immunity.

Vaccine immunity evoked in the absence
of CD4 cells was durable and persisted for
at least 8 weeks postvaccination. CD4-
depleted mice that were rested for 8 weeks
after vaccination (but maintained CD4-defi-
cient) remained highly resistant to lethal
infection. Six out of ten CD4-depleted vac-
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cinated mice acquired sterilizing immunity
and the remaining four mice had 20–200
lung CFU 25 days postinfection. In con-
trast, unvaccinated mice appeared moribund
with a lung burden of 5.2 ± 2.9 × 106 CFU
at this time-point. All vaccinated wild-type
mice had cleared the infection. Thus, resting
of vaccinated CD4-depleted mice indicated
durable immunity and even greater resist-
ance to infection.

3.5.1. CD4–/– Mice Acquire
Robust Vaccine Immunity

Because depletion of CD4 cells might not
be complete, and residual cells could provide
sufficient help for other effector cells, we
investigated vaccine immunity in CD4−/− mice.
Remarkably, all vaccinated CD4 T cell-knock-
out mice survived an extended period postin-
fection (Fig. 6.5B); nine out of 11 had in fact
acquired sterilizing immunity, and the other
two had low numbers of CFU in their lungs
(200 and 280 CFU). Survival data generated
with class II-knockout mice were similar to
those reported for CD4-depleted wild-type

mice. Thus, the results obtained using mice
congenitally deficient in CD4 cells support the
data using CD4 cell depletion and the notion
that CD4 T cells are dispensable.

3.5.2. CD4 T Cells are
Dispensable in Vaccine
Immunity to H. capsulatum

We sought to determine whether our obser-
vations could be extended to other pathogenic
fungi. We addressed this in an experimental
model of pulmonary histoplasmosis, a frequent
cause of life-threatening, opportunistic infec-
tion in AIDS patients and others with compro-
mised immunity. All the mice that had been
vaccinated in either the presence or absence of
CD4 T cells survived lethal pulmonary chal-
lenge with a wild-type virulent strain G217B,
and acquired sterilizing immunity by 50 days
postinfection (detection limit of 200 CFU)
(Fig. 6.5C) (Wüthrich et al., 2003). In contrast,
unvaccinated mice and CD4 T cell-depleted
mice that were depleted of CD8 T cells after
infection died within 10 to 20 days postinfec-
tion. Thus, vaccine resistance also can be
raised against pulmonary histoplasmosis in the
absence of CD4 T cells.

3.5.3. CD8 T Cells are Required
during the Efferent
Phase of Vaccine
Immunity

Studies above showed that CD8 T cells
must be present during vaccine induction when
CD4 T cells are absent, but they did not
address whether CD8 T cells are required and
responsible for immunity during the expres-
sion or efferent phase. To determine if CD8 T
cells serve as effectors during the efferent
phase, we used two approaches. First, mice in
whom CD4 T cells were depleted during the
induction and expression phases of vaccine
immunity were depleted of CD8 T cells upon
infection and afterward. Elimination of CD8 T
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cells after infection reduced resistance to 150-
fold, compared to controls depleted only of
CD4 T cells. In blastomycosis, elimination of
CD8 T cells after infection also reduced mean
survival from 200 ± 0 days to 49 ± 5 days (p =
0.007) in vaccinated CD4 knockout mice (Fig.
6.5B), and from 123 ± 11 days to 49 ± 5 days
(p < 0.0001) in vaccinated CD4-depleted wild-
type mice. Corresponding survival rates in the
two respective groups went from 100% to 40%
at 200 days postinfection, and from 80% to 0%
at 75 days postinfection. Similarly, in histo-
plasmosis, vaccine immunity in CD4-depleted
mice depended exclusively on CD8 T cells.
Depletion of CD8 cells in these mice reduced
survival from 100% to 0% (58).

In the second approach, we adoptively
transferred immune CD8 T cells that had
been elicited in wild-type mice in the absence
of CD4 T cells (58). Blastomyces immune
CD8 T cells lowered lung CFU 10- to 15-
fold vs. HEL-CD8 T cells or no T cells,
respectively. Resistance also was adoptively
transferred by Blastomyces-immune CD8 T
cells in a dose-dependent manner, using cell
numbers from 106 to 2×107.

Taken together, our findings indicate that,
when CD4 T cells are absent, CD8 T cells are
required during the induction phase and par-
ticipate as effectors during the efferent phase
of vaccine immunity against pulmonary
B. dermatitidis and H. capsulatum infection.

3.5.4. Mechanisms of CD8
T Cell Action

We postulated that CD8 T cells mediate
vaccine effector functions in three distinct or
overlapping ways. First, by production of type
1 cytokines, second by release of cytotoxic
granule containing perforin, granulysin, or
related molecules, and lastly, by an unconven-
tional mechanism that involves class I major
histocompatibility complex (MHC)-independ-
ent, direct binding of T cells to yeast, followed
by one or more of the effector functions noted
above. We observed that type 1 cytokines IFN-
γ, TNF-α, and GM-CSF are instrumental in

CD8 vaccine immunity (Wüthrich et al.,
2003). First, lung cytokine levels (transcript
and protein) correlated directly with the influx
of CD8 cells into this organ following infec-
tion in vaccinated CD4-depleted mice. Second,
on intracellular cytokine staining, these lung
CD8 T cells selectively expressed these prod-
ucts. Lastly, in functional studies, neutraliza-
tion of these cytokines significantly impaired
CD8 cell vaccine immunity (Wüthrich et al.,
2003). In contrast, perforin−/− mice depleted of
CD4 cells acquired vaccine immunity as well
as wild-type mice. Thus, perforin is dispensa-
ble in CD8 vaccine immunity. Nevertheless,
perforin or other cytotoxic molecules could
still contribute to CD8 effector mechanisms,
and we have found that in vitro stimulation of
in vivo primed CD8 cells enhances expression
of cytotoxic granule products (granzyme B) in
the cells. Lastly, we found that CD8 cells
require class I MHC for vaccine immunity (see
below; Wüthrich et al., 2003), in contrast to
studies of Cryptococcus neoformans and
Candida albicans (Levitz et al., 1995), where
T cells exert direct antifungal effector func-
tions in the absence of MHC.

These results establish the significant role
and function of CD8 cells in vaccine immu-
nity to fungi in immune-deficient hosts. The
findings raise questions that must be
answered to fully understand the mecha-
nisms that are operative. Among the ques-
tions are: What cell(s) and processing
pathway(s) cross-prime and -present exoge-
nous fungal antigens on class I MHC during
CD8 vaccine immunity, and in particular,
how do they do so in the absence of CD4 T
cell help.

3.6. Investigating Cross-
presentation and -priming
of CD8 T Cells by Dendritic
Cells

An enigma is how CD8 cells become acti-
vated during infections with B. dermatitidis, a
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predominantly extracellular pathogen, and
with H. capsulatum, an intracellular pathogen
that resides in the phagolysosome with no
demonstrated access to the cytosol. Because of
the reported precedent of direct antifungal
activity of T cells (Levitz et al., 1995), we
explored the requirement for MHC class I.
Adoptively transferred CD8 T cells protected
wild-type mice, but not β2m−/− mice lacking
class I. Thus, CD8 immunity against B. der-
matitidis requires MHC class I for anti-
gen presentation and protection. These results
suggest that exogenous fungal antigens are
being processed for cross-presentation and
-priming of class I restricted CD8 cells as part
of vaccine immunity to these fungi. We have
begun to study the cellular and molecular
mechanisms that govern this physiologically
relevant aspect of immunity to fungi.

Bone marrow-derived APC harbor a
unique pathway for MHC I presentation of
exogenous antigens. This pathway permits
cross-presentation of pathogen or pathogen-
infected cells and priming of cytotoxic T lym-
phocytes (CTL) responses against microbial
infections. All three bone marrow-derived
APC (i.e., macrophages, DC, and B cells)
have been reported to present class 
I-restricted, exogenously derived antigens
in vitro. In vivo, however, CD8 cross-priming
persists in the absence of B cells (Shen et al.,
2003). Moreover, only DC are able to induce
naïve CTL to respond by cross-priming
(Ronchetti et al., 1999); presumably because
DC are best able to supply the necessary cos-
timulatory signals. Recently, it was shown
formally that DCs were responsible for
in vivo priming of CD8 T cells by exogenous
microbial antigens. Using a novel diphtheria
toxin-based system that allows the inducible,
short-term ablation of DC in vivo Jung et al.
(2002) showed that DC are required to cross-
prime CD8 precursors in vivo in experimen-
tal models of infection with Listeria
monocytogenes and Plasmodium yoelii. For
these reasons, we have focused on DC to
investigate the cellular and molecular mecha-
nisms behind cross-presentation of exoge-

nous fungal antigen for priming antifungal
CD8 cells that confer vaccine immunity.

We have tested the ability of primary DC
to serve as APC. We used CD8 T cells from
Blastomyces-vaccinated, CD4-deficient mice
as responders in in vitro antigen presenta-
tion assays. Two weeks after mice were vac-
cinated (Wüthrich et al., 2003), lymph nodes
and spleens were removed, and CD8 cells
purified (>95% purity) using magnetic
beads. DC and other types of APC (plus
yeast stimuli) were tested for stimulation of
these responders. DC evoked robust CD8 T
cell responses, when live yeast were used as
the stimulus, whereas soluble antigen failed
to trigger a robust type 1 cytokine T cell
response, as measured by IFN-γ and GM-
CSF production in vitro using in vivo
elicited CD8 T cells as responders.

Future work will explore the require-
ments for processing and presentation of
antigens to CD8 T cells. Priming of naïve
CD8 T cells by DC typically involves anti-
gen degradation by cytosolic proteosomes,
delivery of peptides by TAP into the ER,
and binding of class I MHC. T cells must
recognize antigen–MHC complexes and
also receive a second signal, for example,
through B7-CD28 “costimulation.” CD4
helper T cells license DC for antigen presen-
tation and B7 costimulation through the
interaction of CD40L on the T cell and
CD40 on the DC. There are notable excep-
tions to this rule (Kundig et al., 1996;
Whitmire et al., 1996; Hamilton et al., 2001;
Shedlock et al., 2003). We have already
shown that CD4 T cells are dispensable for
CD8 T cell immunity. We postulate that
CD40–CD40L interactions also will be dis-
pensable when vaccine immunity against
B. dermatitidis and H. capsulatum is medi-
ated by CD8 cells. In support of this idea, B.
dermatitidis and H. capsulatum yeast alone
represent a sufficient inflammatory stimulus
that can directly induce maturation of DC
and license them for antigen presentation
(unpublished observations). We monitored
DC using two of three well-established

Lung Immunity to Blastomyces dermatitidis Infection 129



phenotypes for maturation (Reis e Sousa
et al., 1999): (1) surface expression of B7-1,
B7-2, and MHC class II and CD40 (⇑ with
maturation); (2) TNF-α, IL-1-β, and IL-12
production (⇑ with maturation); and (3)
endocytosis of particles (⇓ with matura-
tion). Culture of DC with B. dermatitidis or
H. capsulatum yeast enhanced maturation of
the cells, as measured by the first two
parameters. We postulate that pattern recog-
nition receptors, particularly TLR, are piv-
otal in maturation of DC when
conventional mechanisms of CD8 priming
are absent in immune-deficient hosts.

4. Summary and Future
Prospects

B. dermatitidis produces a primary progres-
sive pneumonia in immune-competent hosts,
but can also behave as an opportunistic
pathogen. The primary pathogenic potential of
this fungus is unusual among the systemic
dimorphic fungi, where infections are often
asymptomatic or mild and self-limited.
Although conidia of the fungus are sensitive to
phagocytosis and killing by mononuclear and
polymorphonuclear leukocytes, conversion to
the yeast enhances resistance of B. dermatitidis
to these cellular defenses. A reason for
enhanced pathogenicity of the yeast is expres-
sion of BAD1, which is a major virulence factor
expressed during the transition. BAD1 impairs
activity of phagocytes against the yeast, blunts
proinflammatory cytokine responses, and
shapes the quality of adaptive immunity.
Targeted deletion of BAD1 abolishes patho-
genicity of the fungus and has led to the devel-
opment of a live-attenuated vaccine strain,
which is effective in a murine model and under
study in field trials in dogs. Creation of this
strain has made possible investigation into the
mechanisms of protective immunity. Resistance
in healthy hosts depends on T cells rather than B
cells and antibody, and CD4+ T cells that pro-
duces type 1 cytokine (TNF-α, IFN-γ, and GM-
CSF) are crucial in the expression of vaccine

immunity. In immune-deficient hosts, there is
sufficient redundancy of the immune system so
that loss of these cytokines can be compensated.
Even the loss of type 1 cytokine-producing
CD4+ T cells can be compensated by CD8+ T
cells during the induction of vaccine immunity.
Hence, vaccines may induce resistance even in
patients with impaired immunity, suggesting
that vaccines can be developed for immune-
deficient hosts. Understanding antigen process-
ing and presentation mechanisms and
development of memory immunity under these
unusual circumstances will allow rational
design of safe, effective vaccines that harness
natural or unnatural lung immunity against B.
dermatitidis and other fungal pathogens.
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1. Introduction

Humans breathe about 10,000 liters of air
per day. Therefore, the airway is always
exposed to infectious agents, such as bacteria,
fungi, and viruses, and environmental hazards,
including cigarette smoke, pollutants, and
allergens. To protect against these harmful
stresses, highly sophisticated immune systems
are developed in the lung. These systems are
largely divided into two distinct categories:
innate and acquired immunity. The former
consists of humoral antimicrobial molecules,
complements, phagocytic cells, such as neu-
trophils and alveolar macrophages, and other
innate immune cells, including dendritic cells
(DCs), natural killer (NK) cells, NKT cells,
antigen receptor γδ-bearing T (γδ T) cells, and
B1-B cells. On the other hand, acquired immu-
nity is characterized by antigen-specific cell-
mediated and antibody-mediated immune
responses. Recent development in research of
the innate immune system includes the identi-
fication of Toll-like receptors (TLRs) that
specifically recognize various microbial com-
ponents called pathogen-associated molecular
patterns (PAMPs), such as lipopolysaccharide
(LPS), peptidoglycan, lipoarabinomannan
(LAM), and lipopeptides. In addition, other
cell surface molecules recognizing PAMPs
have been identified, which include receptors
for complement components, mannose, and β-
glucan. These discoveries accelerate the under-
standing of innate immune mechanisms
operating against infectious pathogens.

Cryptococcus neoformans is a yeast-like
fungal pathogen with a thick polysaccharide

capsule. Infection takes place by inhaling the
desiccated yeast cells into the lungs. The
organisms reach the subpleural area to estab-
lish the primary lesions. In normal hosts, the
infection is usually self-limiting, since host
defense mechanisms can eliminate the infec-
tion. In contrast, in immunocompromised
patients with impaired cell-mediated immu-
nity, the infection is not limited to the primary
site of infection; it frequently disseminates to
the central nervous system, which is often
associated with a high mortality in these
patients. Disseminated infection of this fungal
microbe to the brain has attracted attention as
a serious problem, particularly with the
increased number of patients with acquired
immunodeficiency syndrome (AIDS).

The host defense against C. neoformans is
critically regulated by cell-mediated immunity
(Lim and Murphy, 1980), and CD4+ T cells
play a central role in eradicating this infection
(Mody et al., 1990; Hill and Harmsen, 1991;
Huffnagle et al., 1991). The balance between
type-1 helper T (Th1) and Th2 cytokines
markedly influences the outcome of infection;
the predominant synthesis of Th1 cytokines
over Th2 protects mice from infection, whereas
infection is exacerbated under a Th2-dominant
condition (Kawakami et al., 1997; Koguchi
and Kawakami, 2002). Mice depleted of Th1-
type cytokines (e.g., IFN-γ and TNF-α) are
highly susceptible to cryptococcal infection
(Huffnagle et al., 1996; Kawakami et al.,
1996), while the infection is less severe in mice
lacking Th2 cytokines (e.g., IL-4 and IL-10)
than control mice (Decken et al., 1998;
Blackstock et al., 1999). Differentiation of
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naïve helper T cells into Th1 cells absolutely
requires the presence of IL-12 (Trinchieri,
1995), and this response is strongly potentiated
by IL-18 (Robinson et al., 1997). In recent
investigations (Decken et al., 1998: Kawakami
et al., 2000a), targeted disruption of the gene
for IL-12 or IL-18 resulted in attenuated host
resistance and Th1 response to C. neoformans,
indicating the role of these cytokines in the
development of host protective response.

In this chapter, recent research develop-
ments in innate immune defense against cryp-
tococcal infection in the respiratory system are
highlighted with particular emphasis on the
role of innate immune lymphocytes, such as
NKT cells and γδ T cells, based on our data
using a murine model of pulmonary crypto-
coccal infection.

2. General Characteristics of
Host Defense in the Lung

Host defense mechanisms against infec-
tious microbial pathogens develop in the upper
and lower respiratory tracts. Initially, anatomi-
cal and mechanical host defense systems trap
large-sized particles in the inhaled air. These
systems include nasal hairs, nasopharyngeal
channels, glottis, and highly divided branches
of bronchi. The particles are caught by the
mucous blanket lining the bronchial surface
that contains viscid glycoproteins called
mucins and cleared by ciliary movement and
coughing up to the oropharynx. In contrast,
small-sized particles less than 5 µm in diame-
ter, including most infectious pathogens, reach
the alveolar spaces where they can cause pul-
monary infection. C. neoformans in the
inhaled air from environment is usually in an
acapsular form, the size of which is 1 to 5 µm
in diameter (Powell et al., 1972), suggesting
the ability of this fungal pathogen to penetrate
into the terminal air spaces. In order to keep
lung sterility, additional host defense mecha-
nisms are found in these areas, which are
largely divided into two categories: innate and
acquired host defense systems. The former

consists of humoral components, including
antimicrobial proteins and complements,
phagocytic cells like neutrophils and
macrophages, dendritic cells, and innate
immune lymphocytes, while the latter is asso-
ciated with antibody-mediated and cell-medi-
ated immune responses. Furthermore, in the
airway, specific mucosal immune systems
composed of nasal-associated lymphoid tis-
sue (NALT) and bronchus-associated lym-
phoid tissue (BALT) play important roles as
the mucosal barriers in the acquired phase of
host defense (Pabst, 1992; Wu and Russell,
1997).

3. Humoral Components
Operate in Innate Host
Defense

In the respiratory tract, many antimicrobial
molecules are secreted by various immune and
non-immune cells, which include lysozyme,
fibronectin, lactoferin, transferin, defensins,
cathelicidin, collectins, and complements
(Zhang et al., 2000). I will discuss here the role
of defensins, collectins, and complements in
conjunction with host defense against crypto-
coccal infection.

3.1. Defensins

Defensins are antimicrobial cationic pep-
tides of a small molecular weight (2 to 6 kDa)
that contain six cysteines and three intramol-
ecular disulfide bonds. Based on their size
and pattern of disulfide bonds, these mole-
cules are largely classified into two cate-
gories, α- and β-defensins (Lehrer et al.,
1993). In human, so far eight defensins have
been identified, including six α-defensins
[human defensins (HD)-1 to 6] and two 
β-defensins [human β-defensins (HBD)-1
and 2]. HD-1, -2, -3, and -4 constitute 30 to
50% of the total protein in azurophilic gran-
ules of neutrophils and are also released from
these cells into the airway lining fluids, while
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HBD-1 and -2 are synthesized by the airway
epithelial cells (Zhang et al., 2000). Defensins
exert a broad-spectrum antimicrobial activity
by permeabilizing the membrane of micro-
organisms, including bacteria, fungi, and
viruses (Lehrer et al., 1993; Zhang et al., 2000).
C. neoformans is directly killed by α-defensin
from rabbit and rhesus macaque in a dose-
dependent manner (Alcouloumre et al., 1993;
Tang et al., 1999).

In addition, recent studies have identified a
variety of immunomodulatory roles for
defensins (Yang et al., 2002; Ganz, 2003).
These include the activation of complement
system, induction of IL-8 production by
epithelial cells, augmentation of expression of
adhesion molecules on neutrophils and their
adhesion responses, induction of chemotaxis
of leukocytes, and enhancement of prolifera-
tion and cytokine production of CD4+ T cells.
Thus, defensins may be involved in the innate
and acquired phase host defense against cryp-
tococcal infection through their immunoregu-
latory as well as antimicrobial activities.

3.2. Collectins

Collectins, collagenous C-type lectins, are
oligomeric proteins composed of carbohydrate-
recognition domains (CRDs) attached to col-
lagenous regions and recognize PAMPs through
calcium-dependent binding to mannose-
specific carbohydrates (Clark et al., 2000). In
addition to mannose-binding lectin (MBL) and
conglutinin in plasma, the surfactant protein A
and D (SP-A and SP-D), present in the surface
layer of alveolar spaces, belong to the collectin
superfamily. SP-A and SP-D bind a variety of
infectious pathogens including Gram-positive
and -negative bacteria, mycobacteria, fungi, and
viruses, mainly via their CRD domains (Clark
et al., 2000; McCormack and Whitsett, 2002).
Such binding results in enhanced phagocytosis
of microorganisms by alveolar macrophages
and neutrophils (McCormack and Whitsett,
2002). SP-A binds to both acapsular and
encapsulated forms of C. neoformans in a con-

centration-dependent manner, although three-
fold better binding is observed with the acapsu-
lar form. Despite this feature, SP-A fails to
function as an opsonin in the phagocytosis of
this fungal pathogen by macrophages
(Walenkamp et al., 1999). On the other hand,
SP-D binds to the acapsular form, but either
does not bind to the encapsulated form of C.
neoformans, or does bind to a lesser extent. In
contrast to SP-A, SP-D causes aggregation of
acapsular yeast cells, which may stimulate their
removal by enhancing the mucociliary clear-
ance (Schelenz et al., 1995; van de Wetering
et al., 2004).

3.3. Complement

The complement system is activated via
three distinct pathways: classical, alternative,
and lectin pathways. Whereas the activation
of the classical pathway occurs from C1q
subcomponent only in the presence of anti-
gen–antibody complex, the alternative pathway
is directly activated by interaction of C3 com-
ponent with microbial surfaces and does not
require the existence of antibody for its activa-
tion. The activation of recently identified lectin
pathway is initiated by the binding of MBL
with a structure similar to that of C1q, to car-
bohydrate (Fujita, 2002). The activated compo-
nents of the complement pathways play various
roles in the host defense. The deposition of C3b
and iC3b fragments on the surface of microor-
ganisms facilitates their phagocytosis by neu-
trophils and macrophages through interaction
with complement receptor type 1 (CR1) and
type 3 (CR3), respectively. In addition, C3a and
C5a fragments initiate the inflammatory
responses by attracting the recruitment of neu-
trophils into the sites of inflammation.

C. neoformans is a potent activator of the
complement system. Previous studies showed
that encapsulated C. neoformans directly acti-
vates the alternative pathway, which results in
the deposition of C3 fragments on the capsular
surface of this fungal microbe (Kozel et al.,
1989, et al 1991). Similar deposition was
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detected on the surface of encapsulated crypto-
cocci derived from the infected tissues in mice
(Truelsen et al., 1992). In non-immune hosts,
this pathway is considered dominant at the
innate phase of infection, although the classical
pathway may be triggered through binding to
naturally occurring antibodies to the cell wall
polysaccharide components. In contrast, further
studies will be required for understanding the
contribution of lectin pathway.

Early studies showed that fresh serum
enhanced the engulfment of C. neoformans by
phagocytes, and that such activity was lost by
heating at 56˚C (Mitchell and Friedman, 1972;
Diamond et al., 1974; Davies et al., 1982).
The opsonic potential of serum was attributed
to the activation of complement system in
in vitro experiments showing the blocking by
treatment with antibodies specific for comple-
ment receptors (Levitz and Tabuni, 1991;
Collins and Bancroft, 1992). The importance
of the complement system in the host defense
to cryptococcal infection was also documented
in vivo in animals depleted of C3 by treatment
with cobra venom factor or neutralizing anti-
body. These animals died of this infection ear-
lier than did untreated animals (Graybill and
Ahrens, 1981; Cross et al., 1997). Similar
results are reported using congenitally C5-
deficient mice, which were associated with
increased susceptibility to the infection and
with attenuated recruitment of neutrophils
(Rhodes, 1985; Lovchik and Lipscomb, 1993).
Thus, the complement system appears to play
an important role in the innate phase resistance
against cryptococcal infection by operating as
opsonins and chemotactic factors in the lung.

4. Recognition of
Cryptococcus

4.1. Nonopsonic Phagocytosis

Upon entry into alveolar spaces, C. neofor-
mans are first recognized and then phagocy-
tosed by macrophages. In this process,
complement acts as opsonins via interaction

with particular receptors, such as CR1, CR3,
and CR4 (Levitz and Tabuni, 1991; Collins and
Bancroft, 1992). Recently, however, nonop-
sonic phagocytosis by macrophages has been
reported by several investigators. In earlier
studies, the ingestion of acapsular C. neofor-
mans was thought to be independent of com-
plement, as indicated by the failure of anti-CR3
mAb to inhibit this response and efficient
phagocytosis without prior opsonization (Cross
and Bancroft, 1995). For nonopsonic engulf-
ment of cryptococci, several cell surface recep-
tors on phagocytic cells appear to be involved.
CR3 mediates nonopsonic binding of
Mycobacterium tuberculosis via a binding site
distinct from the complement-binding site,
which leads to the entrance of this bacterium
into macrophages (Cywes et al., 1996). In the
case of C. neoformans, a direct interaction
between glucuronoxylomannan (GXM) and
CR3 may facilitate phagocytosis by
macrophages (Zaragoza et al., 2003). In previ-
ous investigations, receptors for mannose and
β-glucan were suggested to mediate non-
opsonic ingestion of the acapsular strain of
C. neoformans and synthesis of proinflamma-
tory cytokines by macrophages (Cross and
Bancroft, 1995). Mannose receptor is also
likely to participate in the phagocytosis of this
fungal microbe for antigen presentation to T
cells by dendritic cells (Syme et al., 2002).
Recently, dendritic cell-specific ICAM-3-grab-
bing nonintegrin (DC-SIGN) and Dectin-1
have been identified as the receptors for man-
nose and β-glucan, respectively (Feinberg et al.,
2001; Brown et al., 2002), which are found to
act in the nonopsonic recognition of Candida
albicans and zymosan by macrophages (Cambi
et al., 2003; Taylor et al., 2004). The role of
these receptors in phagocytosis of cryptococci
remains to be elucidated.

4.2. Toll-like Receptors (TLRs)

The TLRs are evolutionally conserved from
Drosophila to mammalian. Drosophila Toll are
originally discovered as molecules that deliver
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signals for the expression of antifungal peptides
(Lemaitre et al., 1996). TLRs are expressed on
macrophages and dendritic cells and involved
in the recognition of PAMPs from various
infectious pathogens, followed by signaling to
nuclei via NFκB and MAP-kinases for the
expression of cytokines and cell surface mole-
cules (Akira et al., 2001; Takeda et al., 2003).
TLR2 is activated by peptidoglycan, bacterial
lipoproteins, and mycobacterial lipoarabino-
mannan, TLR3 by double-stranded RNA,
TLR4 by LPS, TLR5 by flagellin, and TLR9 by
bacterial CpG-DNA (Takeda et al., 2003).
Upon ingestion by macrophages, C. neofor-
mans secrete polysaccharides, including GXM,
galactoxylomannan and mannoproteins, into
phagosomes, in which various sets of TLRs are
expressed. Recently, GXM was shown to inter-
act with TLR4 and to activate NFκB in phago-
cytic cells, although such interaction did not
result in the activation of MAP-kinases and
production of TNF-α (Shohaml et al., 2001).
Thus, further effort is still required to uncover
the contribution of these receptors in the innate
immune response against this fungal microbe.

5. Innate Cellular Host 
Defense

In addition to activation of the cellular
response, the invading pathogens also activate
the humoral components of the innate immune
mechanisms. In the airways, alveolar-resident
macrophages, which permanently reside in the
alveolar spaces, first encounter these pathogens,
followed by recruitment of other cellular com-
ponents including phagocytic cells and innate
immune lymphocytes. Here, I discuss the role of
alveolar macrophages, neutrophils, and den-
dritic cells (DCs) in the local host defense
against pulmonary cryptococcal infection.

5.1. Alveolar Macrophages

In the lung, alveolar macrophages (AMφ)
play a key role in the local host defense mech-

anism by exerting both phagocytic and
immunoregulatory functions. After invading
the terminal respiratory tract, AMφ phagocy-
tize infectious pathogens opsonized by com-
plement fragments through complement
receptors (CR1, CR3, and CR4). The microor-
ganisms are also recognized via interaction
with other PAMP receptors present on the sur-
face of AMφ. AMφ express TLR2, TLR4, DC-
SIGN, and Dectin-1 (Soilleux et al., 2002;
Oshikawa and Sugiyama, 2003; Steele et al.,
2004), all of which are considered important in
the recognition of fungal PAMPs (Shohaml
et al., 2001; Cambi et al., 2003; Steele et al.,
2004; Roeder et al., 2004; Taylor et al., 2004).
Following such recognition, AMφ release
proinflammatory cytokines and chemokines
and express co-stimulatory molecules, which
results in the recruitment of neutrophils,
macrophages, DCs, and innate immune lym-
phocytes, from the peripheral circulation into
alveolar spaces and in the activation of these
inflammatory cells.

In vitro studies indicate that AMφ can
phagocytize, kill, and present antigens in 
C. neoformans infection. AMφ efficiently
phagocytize the fungal microorganisms
opsonized by serum (Bulmer and Tacker,
1975). The fungicidal activity against encapsu-
lated C. neoformans in unstimulated human
AMφ is limited compared with other natural
effector cells, peripheral blood monocytes, and
neutrophils, although the acapsular strain is
killed to a higher degree (Vecchiarelli et al.,
1994a). Cryptococcus-laden AMφ show a
potent antigen-presenting activity to CD4+ T
cells in context of HLA class II DR molecules,
as indicated by their proliferative response and
IFN-γ production (Vecchiarelli et al., 1994b).
In addition, culture of AMφ with this fungal
microbe causes the production of proinflam-
matory cytokines, including IL-1β, TNF-α, IL-
6, IL-12, and IL-18, and chemokines, such as
monocyte chemoattractant protein-1 (MCP-1)
(Vecchiarelli et al., 1994b; Li and Mitchell,
1997; He et al., 2003; our unpublished data),
which may contribute to the regulation of host
immune responses that takes place in the bron-
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choalveolar spaces. Interestingly, these activi-
ties in human AMφ are down-regulated by
encapsulation of C. neoformans (Vecchiarelli
et al., 1994b). In contrast, the in vivo role of
AMφ in the local protection against pulmonary
cryptococcosis remains to be fully understood,
although earlier investigations demonstrated
that depletion of macrophages by systemic
administration of silica markedly decreased
the host resistance to cryptococcal infection
(Monga, 1981).

Thus, AMφ play a key role in the initiation
of host protective response against C. neofor-
mans at the gateway of the airway tract. In
addition to the phagocytic and fungicidal func-
tions, AMφ exert immunoregulatory activities
through the production of various proinflam-
matory cytokines and chemokines, which
could provide a great influence on the quality
of subsequent immune responses, recruitment
of innate immune cells, and the activation and
development of acquired immune responses.

5.2. Neutrophils

Although the development of cryptococco-
sis is not clinically associated with neutrope-
nia, neutrophils are highly active in engulfing
and killing C. neoformans in vitro (Miller and
Mitchell, 1991). Neutrophils are thought to
contribute to the innate defenses against cryp-
tococcosis, particularly early in the course of
infection before the development of acquired
immune responses. In animal models, an
influx of neutrophils into tissues is observed
soon after cryptococcal challenge and is asso-
ciated with rapid, but partial, clearance of the
organisms (Gadebusch and Johnson, 1966;
Perfect et al., 1980). Neutrophilia caused by
administration of cyclophosphamide is associ-
ated with exacerbation of this infection,
although the same treatment also affects lym-
phocyte function (Graybill and Mitchell,
1978). In mouse models of cryptococcosis,
boosting neutrophil-mediated host defenses by
administration of granulocyte colony-stimulat-
ing factor (G-CSF) resulted in reduced brain

tissue burden and prolonged survival of mice
treated with fluconazole (Graybill et al., 1977).
In human, neutrophils are frequently found in
pathology specimens taken from patients with
cryptococcosis (Baker and Haugen, 1955; Lee
et al., 1996).

Recently, accumulating evidence highlights
the immunoregulatory role of neutrophils in
the host defense against infectious pathogens.
In pulmonary infection with Legionella pneu-
mophila, neutrophils play an important role in
protection through polarizing the immune
response toward a Th1-dominant condition
(Tateda et al., 2001). Similarly, neutropenic
mice are more susceptible to M. tuberculosis
infection than mice bearing normal counts of
neutrophils, which is associated with reduced
expression of IFN-γ and iNOS (Pedrosa et al.,
2000). Interestingly, Mednick and co-workers
(2003) reported opposite results, indicating the
enhanced survival of mice infected with a
lethal dose of C. neoformans probably by coor-
dinating inflammatory responses via modula-
tion of cytokine synthesis in the lung.

In our previous studies, accumulation of
neutrophils was not associated with protective
host responses against lethal pulmonary infec-
tion with C. neoformans (Kawakami, 1999).
The infected mice showed little or no expres-
sion of CC- and ELR− CXC-chemokines that
attract lymphocytes and macrophages, but
ELR+ CXC-chemokines that recruit neu-
trophils. These observations were consistent
with poor infiltration of mononuclear leuko-
cytes, but accumulation of neutrophils at the
site of infection. Administration of IL-12 that
rescued mice from lethal infection polarized
the chemokine and cellular inflammatory
responses toward the preferential accumulation
of lymphocytes and macrophages, but not of
neutrophils. These findings may provide evi-
dence arguing against the protective role of
neutrophils in infection with C. neoformans.

Thus, the contribution of neutrophils to the
host defense against cryptococcal infection
remains controversial. However, any such role
is not likely pronounced according to the pre-
vious observations reported.
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5.3. Dendritic Cells

DC is an efficient antigen-presenting cell
for naïve T lymphocytes. Immature DCs that
develop from CD34+ progenitors in the bone
marrow are characterized by their ability to
capture antigens by endocytosis and phagocy-
tosis. After capturing antigens, DCs undergo
maturation that is associated with the expres-
sion of processed antigens in context of MHC
class II and upregulation of co-stimulatory
molecules, such as CD40, CD80, and CD86,
expressed on their surface (Banchereau et al.,
2000). During these changes, DCs migrate
from the infected tissues into the T cell area of
draining lymph nodes, where they encounter
naïve antigen-specific CD4+ T cells
(Guermonprez et al., 2002). DCs have an
important role in determining the profile of
cytokine production by T cells, i.e., Th1 or
Th2 cells. In human, monocyte-derived DCs
seem to promote the differentiation of Th1
cells by producing IL-12, while Th2 cells are
likely induced by plasmacytoid-derived DCs
(Moser and Murphy, 2000). DCs express
many receptors for PAMPs, including TLRs,
mannose receptors, and β-glucan receptors.
Interaction of these receptors with the PAMPs
leads to the production of proinflammatory
cytokines and increased expression of co-
stimulatory molecules by DCs. IL-12 and IL-
18 released from these cells strongly promote
the production of IFN-γ by innate immune
lymphocytes, such as NK, NKT, and γδ T
cells, as well as the differentiation of Th1 cells
(Trinchieri, 1995; Robinson et al., 1997;
Okamura et al., 1998; Qureshi et al., 1999;
Baxevanis et al., 2003).

The cell-mediated immune responses are
essential for the host defense against crypto-
coccal infection. The involvement of DCs in
the development of cell-mediated immunity
against this fungal microbe is not well under-
stood. Bauman and co-workers (2000) exam-
ined the kinetics of DC accumulation in the
draining lymph nodes after subcutaneous
immunization with cryptococcal antigens. The

protective anticryptococcal immune responses
are associated with preferential accumulation
of myeloid DCs in the draining lymph nodes,
while lymphoid DC is the major subset in the
unprotected mice. Accumulation of DCs in the
lymph nodes is regulated by TNF-α (Bauman
et al., 2003). In our unpublished data, DCs,
identified as cells expressing both CD11c and
class II MHC molecules, migrate into paratra-
cheal lymph nodes after pulmonary infection
with C. neoformans, although further investi-
gation is required for understanding the role of
these cells in the local host defense in the
lung.

6. Innate Immune 
Lymphocytes

C. neoformans show the features of intra-
cellular parasitism within phagocyte cells, as is
well known in M. tuberculosis, Listeria mono-
cytogenes, and Salmonella typhimurium
(Feldmesser et al., 2001). Because such
pathogens resist the killing mechanisms,
phagocytes fail to eradicate them without any
activation. The innate immune lymphocytes,
such as NK, NKT, and γδ T cells, can enhance
their killing activity through the production of
IFN-γ, although the overall potential is not
sufficient for complete eradication of the
infection, which needs more potent protec-
tive mechanisms by developing subsequent
acquired immune responses. Based on this
property, the innate immune lymphocytes have
been recognized merely as a “temporary pro-
tector” until the acquired immune response is
established. However, recent investigations
disagree with this concept. In this respect,
accumulating evidences suggest that innate
immune lymphocytes are the cells that deter-
mine the quality of acquired immune
responses (Horwitz et al., 1999; Nishimura
et al., 2000; Schaible and Kaufmann, 2000).
Thus, the early host protective responses medi-
ated by these cells is more than a “temporary
protector” before development of acquired
immunity.
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6.1. NK Cells

NK cells play a role in the innate cellular
host defense mechanisms to eliminate virus-
infected cells and tumor cells (Trinchieri,
1989). NK cells express their killing activity
through a non-phagocytic mechanism, which
is mediated by several killing molecules
including perforin and granzyme B (Kagi
et al., 1996). In host defense against infectious
pathogens, NK cells regulate the innate
defense mechanisms through the production of
cytokines such as IFN-γ (Dunn and North,
1991; Laskay et al., 1993; Scharton and Scott,
1993). This process operates especially in the
early phase of infection before the establish-
ment of a specific immune response mediated
by T cells, through the enhancement of the
antimicrobial activity of phagocytic cells. IL-
12 and IL-18 potentiate the tumoricidal activ-
ity as well as production of IFN-γ by NK cells
and act synergistically when these cytokines
are administered in combination (Okamura
et al., 1995, 1998; Trinchieri, 1995; Zhang
et al., 1997; Hyodo et al., 1999).

Earlier studies also indicated the role of NK
cells in eliminating C. neoformans from the
host. In a series of studies, Murphy and co-
workers demonstrated that NK cells inhibited
the growth of fungal microorganisms by
directly binding to them (Murphy and
MacDaniel, 1982; Nabavi and Murphy, 1985;
Hidore and Murphy, 1989; Hidrore et al.,
1990, et al 1991a, et al b; Murphy et al., 1991,
et al 1993). Other studies by various investiga-
tors indicated that mice defective in NK cell
activity were more susceptible to intravenous
challenge with C. neoformans than control ani-
mals (Hidore and Murphy, 1986; Lipscomb
et al., 1991; Scharton and Scott, 1993). These
early observations emphasized the role of NK
cells in eliminating C. neoformans from
infected organs through a direct fungicidal
activity. In contrast, our studies showed that
SCID mouse-derived splenic NK cells, which
were stimulated with a combination of IL-12
and IL-18, did not show any direct cryptococ-
cocidal effect, although the production of

IFN-γ and cytolytic activity to NK-sensitive
tumor cells were markedly induced by the
same treatment. NK cells rather upregulated
the nitric oxide (NO)-mediated antifungal
activity against C. neoformans through the
production of IFN-γ (Kawakami et al., 2000b).
Thus, NK cells contribute to the host defense
against cryptococcal infection by regulating
the immune response as well as by directly
killing this fungal microbe.

The in vivo role of NK cells, which form
approximately 5 to 6% of the lymphocyte pop-
ulation in lung (Kawakami et al., 2001a), in the
local host defense against cryptococcal infec-
tion in airway tissues remains to be fully
understood. In earlier studies, lung infection
was not aggravated in mice depleted of NK
cells by administration of anti-NK1.1 mAb
(Lipscomb et al., 1987), although the same
treatment deleted not only NK cells but also
NKT cells. However, NK cells appear to be the
source of IFN-γ to control C. neoformans
infection in mice receiving a combined treat-
ment with IL-12 and IL-18 (Qureshi et al.,
1999) or in mice with a genetic disruption of
IL-12p40 gene (Kawakami et al., 2000a). In
contrast, IFN-γ production and host protection
from cryptococcal infection caused by admin-
istration of unmethylated synthetic DNA-con-
taining CpG-motif do not involve NK cells
(our unpublished data). Thus, the in vivo role
of NK cells in anticryptococcal host response
appears to vary in different settings; further
studies will be necessary to better understand
this role.

6.2. NKT Cells

6.2.1. Characteristics

NKT cell is a unique T cell subset sharing
some features with NK cells. Originally, this
population was identified as a lymphocyte sub-
set that expresses both T cell receptor (TCR)
αβ and NK1.1 or NKR-P1 (CD161) in mice
(Godfrey et al., 2000; Taniguchi and
Nakayama, 2000). Specific characteristics of
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this cell type include highly limited repertoire
with an invariant Vα chain consisting of
Vα14-Jα18 (formerly Jα281) gene segment
and highly skewed Vβ chains, Vβ8.2, 7, and 2
in mice and with Vα24Jα18 and Vβ11 in
human. Accordingly, these cells are called
invariant (i)NKT cells. The mouse iNKT cells
are either CD4+ or double negative (DN) and
usually do not express CD8, while CD8+ sub-
set can be found in human. The development
of iNKT cells is dependent on the non-classi-
cal MHC class I molecule CD1d, which is
composed of non-polymorphic heavy chain
and β2 microglobulin because this population
disappears in CD1d gene-disrupted (CD1d-
KO) mice. The glycosphingolipid, α-galacto-
sylceramide (α-GalCer) that was originally
discovered in marine sponge as a novel anti-
cancer agent, is recognized by iNKT cells in
context with CD1d, which results in their
strong activation. These cells are found in large
numbers in the liver, thymus, and bone marrow
and in small numbers in the spleen and lungs.

6.2.2. Role in Host Defense
to Infection

NKT cells contribute to development of
both Th1 and Th2 responses under different
experimental conditions (Lehuen et al., 1998;
Carnaud et al., 1999; Cui et al., 1999; Singh
et al., 1999). Although the significance of
NKT cells in infectious diseases remains to be
fully elucidated, to date there are several pub-
lished studies on this issue. Three roles are
identified for these cells in host defense
against infectious pathogens. First, the clinical
course of M. tuberculosis and Salmonella
choleraesuis infection is not much affected by
manipulations designed to suppress the activ-
ity of NKT cells (Behar et al., 1999; Ishigami
et al., 1999). Second, infection with Listeria
monocytogenes or Toxoplasma gondii is rather
improved by the similar manipulations (Szalay
et al., 1999; Nakano et al., 2001). Finally, mice
lacking NKT cells are more susceptible to
infection caused by Leishmania major,

Pseudomonas aeruginosa, Streptococcus pneu-
moniae, Borrelia burgdorferi, and Plasmodium
yoelii than control mice (Ishikawa et al., 2000;
Kumar et al., 2000; Mannoor et al., 2001;
Nieuwnhuis et al., 2002; Kawakami et al., 2003).
Thus, the role of NKT cells seems different
among infectious pathogens.

6.2.3. Accumulation of iNKT
Cells in Lung after
Cryptococcal Infection

Recently, we reported the increase of NKT
cells in lungs after intratracheal infection with
C. neoformans (Kawakami et al., 2001a).
Inflammatory leukocytes obtained from the
homogenates of infected lungs were stained
with anti-TCRαβ and -NK1.1 mAbs to dis-
criminate conventional T, NK, and NKT cells.
The proportions of conventional T, NK, and
NKT cells, as indicated by TCRαβ+NK1.1−,
TCRαβ−NK1.1+, and TCRαβ+NK1.1+ cells,
respectively, started to increase on day 1,
reached peak values on day 6 and then
decreased on day 10 post-infection.
Interestingly, NKT cells most profoundly
increased at the infected sites among these
cells. We further defined the dynamics of
iNKT cells bearing Vα14+ TCR in the infected
lungs by detecting cells bound to either anti-
Vα14 mAb or α-GalCer-loaded CD1d
tetramer. Similar kinetics was observed in this
particular subset of NKT cells using both
strategies for detection. Thus, Vα14+ NKT
cells as well as conventional T and NK cells
were found to increase in the lungs after intra-
tracheal infection with C. neoformans.

Migration of inflammatory leukocytes
from the peripheral circulation to the site of
infection is critically regulated by a variety of
chemokines, which are classified into two
major subgroups, CXC- and CC-chemokines,
based on the arrangement of two N-terminal
cysteine residues (Rossi and Zlotnik, 2000).
ELR+ CXC-chemokines, including IL-8, are
neutrophil-mediated inflammatory responses,
while ELR− CXC-chemokines (e.g., IP-10 and
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Mig) and CC-chemokines (e.g., MCP-1, MIP-
1α, -1β, and RANTES) predominantly attract
lymphocytes and macrophages. Many investi-
gators have reported that resting or activated
NK cells are attracted to the site of infection by
many chemokines, including MCP-2, -3, MIP-
1α, RANTES, IP-10, and lymphotactin, under
various conditions (Allavena et al., 1994;
Maghazachi et al., 1994, 1997; Taub et al.,
1995; Giancarlo et al., 1996; Loetscher et al.,
1996 et al). In contrast, MIP-2 was the only
chemokine known to function in trafficking
NKT cells until MCP-1 was identified as a
chemoattractant for these cells (Faunce et al.,
2001). In MCP-1KO mice, accumulation of
NKT cells in lungs was not observed after
infection with C. neoformans (Kawakami
et al., 2001a). Consistent with these data,
MCP-1 production preceded the kinetics of
NKT cell-mediated inflammatory responses.
Thus, NKT cell trafficking into the fungus-
infected sites involves at least in part the pro-
duction of MCP-1, although other chemokines
may contribute, as observed in NK cells.

6.2.4. Role of iNKT cells in Th1
Response and Host
Defense to Cryptococcal
Infection

A remarkable feature of NKT cells is the
expeditious and abundant production of IFN-γ
and IL-4 upon stimulation via their antigen
receptors (Godfrey et al., 2000; Taniguchi and
Nakayama, 2000). Accumulating evidence
suggests that NKT cells are involved in the
regulation of Th1 and Th2 cell development.
On the other hand, host defense against cryp-
tococcal infection is critically regulated by the
balance between Th1- and Th2-mediated
immune responses (Kawakami et al., 1997;
Koguchi and Kawakami, 2002). These findings
suggest that NKT cells may affect the host
immune responses and protection against
infection with this fungal microorganism. In
our study (Kawakami et al., 2001), the Th1-

mediated immune responses, as indicated by
antigen-specific IFN-γ production by T cells
and delayed-type hypersensitivity reaction,
were significantly ameliorated in Jα18-KO
mice lacking iNKT cells, compared with con-
trol wild-type mice. In contrast, Th2 cytokine
synthesis was not altered in these mice.
Furthermore, the clearance of fungal microor-
ganisms from the infected sites was signifi-
cantly delayed in Jα18-KO mice, compared
with control mice. These findings demonstrate
that iNKT cells function not only in the innate
immune phase but also in bridging the estab-
lishment of Th1-mediated acquired immune
responses, which leads to host protection
against cryptococcal infection.

6.2.5. Induction of Th1
Response and Protection
against Cryptococcal
Infection by Ligand-
Specific Activation of
iNKT Cells

iNKT cells recognize α-GalCer by their
antigen receptors in the context of CD1d
molecules expressed on DCs (Kawano et al.,
1997; Godfrey et al., 2000; Taniguchi and
Nakayama, 2000). Such engagement causes
prompt secretion of both IFN-γ and IL-4
by these cells and emergence of their cyto-
lytic activity against tumor cells. Toura et al.
(1999) indicated that administration of
DCs pulsed with α-GalCer induced potent
antitumor activity through specific activation
of iNKT cells, and resulted in the complete
suppression of melanoma metastasis in the
liver.

In infectious diseases, Gonzalez-
Aseguinolaza et al. (2000) were the first group
to demonstrate the effectiveness of α-GalCer
treatment in improving the clinical course of
murine malaria. The development of liver
stage, but not blood stage, malaria was
strongly inhibited via induction of IFN-γ syn-
thesis by α-GalCer. The same group recently
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revealed that co-administration of α-GalCer
potentiated the protective effect against this
infection caused by immunization with irradi-
ated malaria parasite (Gonzalez-Aseguinolaza
et al., 2002). Our group observed similar
effects for this treatment in a murine model of
cryptococcal infection (Kawakami et al.,
2001b). Administration of α-GalCer strongly
enhanced the production of IFN-γ by NK and
Th1 cells and significantly reduced the number
of live colonies of C. neoformans in the
infected organs, compared with vehicle treat-
ment. These effects were not detected in
Jα18-KO mice, indicating the involvement of
iNKT cells. IFN-γ production induced by α-
GalCer was totally mediated by IL-12, but not
IL-18 (Kawakami et al., 2001c). The protective
effects by the ligand-specific activation of
iNKT cells against P. aeruginosa and M. tuber-
culosis are recently reported by other investi-
gators (Chackerian et al., 2002; Nieuwenhuis
et al., 2002), although their contribution to the
host defense against the latter infection is not
clearly defined (Behar et al., 1999). These
observations suggest that α-GalCer can be a
promising immunotherapeutic agent for the
treatment of certain intractable infectious dis-
eases including cryptococcal meningitis in
immunodeficient patients.

6.3. gd T cells

In addition to conventional T cells bearing
TCRαβ, a distinct subset of T cells expressing
novel antigen receptors consisting of γ and δ
chains, designated as γδ T cells, was discov-
ered approximately 20 years ago (Hayday,
2000). In sharp contrast to αβ T cells, which
are the major population in lymphoid tissues
such as lymph node and spleen, γδ T cells are
preferentially localized in non-lymphoid tis-
sues, including epidermis, where they are
known as dendritic epidermal T cells (DETC),
and mucosal/epithelial tissues, such as intes-
tine, lung, tongue, mammary, uterine, and
vaginal epithelia, although some cells exist in
lymphoid tissues. Such characteristic localiza-

tion suggests the role of these cells in first line
host defense against infectious agents and
other antigens.

6.3.1. Natural Ligands

The number of V gene segments of γδ T
cells that determine their diversity is very lim-
ited when compared with that of αβ T cells. In
addition, particular subsets are localized in the
defined anatomical areas and at different
developmental stages. Based on these features,
the diversity of antigen recognition by γδ T
cells is assumed to be limited in contrast to αβ
T cells that recognize broad spectrum of anti-
gens (Hayday, 2000; Lahn, 2000). Previous
investigations have identified a variety of anti-
gens recognized by these cells from microbial
products. Human Vγ9/Vδ2+ γδ T cells react
with low molecular weight nonproteinaceous
antigens, such as prenyl pyrophosphate and
nucleotide triphosphate from M. tuberculosis
and alkylamine from Proteus morganii, in non-
MHC-restricted manner (Tanaka et al., 1995;
Bukowski et al., 1999). In addition, protein
antigens can be ligands for the activation of γδ
T cells. Human Vγ9/Vδ2+ γδ T cells recognize
tetanus toxoid in the context of MHC class II
molecules (Holoshitz et al., 1992).
Mycobacterial heat-shock proteins stimulate
both human and mouse γδ T cells (O’Brien
et al., 1989, 1992; Born et al., 1990et al).
However, no ligand of these cells has so far
been identified from fungal microorganisms,
including C. neoformans.

6.3.2. Regulatory Role
in Host Defense to
Cryptococcal Infection

In our recent study, we investigated the role
of γδ T cells in the development of Th1
response and the host defense against pul-
monary infection with C. neoformans using a
mouse model of pulmonary cryptococcosis
(Uezu et al., 2004). γδ T cells rapidly
increased in a similar kinetics as observed in
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NK and NKT cells. Although the precise
mechanism remains to be elucidated, such
increase of γδ T cells in the infected lungs was
likely to take place in a manner different from
that of NK and NKT cells. Accumulation
of NK and NKT cells in lungs after crypto-
coccal infection was markedly reduced in
MCP-1KO mice, while such reduction was not
found in γδ T cells. At present, the precise
mechanism of γδ T cell recruitment remains to
be clarified.

Interestingly, clearance of C. neoformans
in lungs was enhanced in mice lacking γδ T
cells, induced by administration of a specific
antibody or targeted disruption of Cδ gene.
Such increased host defense was associated
with the promoted differentiation of Th1
cells and increased production of IFN-γ.
These observations suggest the suppressive
role of γδ T cells in the host defense against
cryptococcal infection. This is in a sharp
contrast to the role of NKT cells, which con-
tribute significantly to the development of
Th1-type immune response and host resist-
ance to this infection (Kawakami et al.,
2001a). Earlier investigations reported anti-
inflammatory γδ T cells that produced Th2
cytokines and TGF-β (Wesch et al., 2001;
Nagaeva et al., 2002). These observations
suggest that these cytokines mediate the
down-regulatory effect observed in our study.
This speculation was supported by our recent
data showing low production of TGF-β in the
lungs of Cδ-KO mice totally lacking γδ T
cells at earlier phase of cryptococcal infec-
tion, although the synthesis of Th2 cytokines,
IL-4 and IL-10, was not much different from
control mice. In this regard, TGF-β is known
to suppress the host defense to infectious
pathogens (Hirsch et al., 1997; Letterio and
Roberts, 1998; Li et al., 1999; Reed, 1999).
Furthermore, other investigations revealed
that γδ T cells down-regulate the host defense
against infection caused by L. monocyto-
genes, S. choleraesuis, and C. albicans
(Emoto et al., 1995; O’Brien et al., 2000;
Wormley et al., 2001). Thus, our study sug-
gests that γδ T cells may suppress the host

defense to pulmonary infection with C. neo-
formans via a TGF-β-mediated mechanism.

6.4. Regulation of Host
Defense against
Cryptococcal Infection by
NKT and gd T Cells

The distinct roles of iNKT and γδ T cells in
the host resistance against cryptococcal infec-
tion suggest that these innate immune lympho-
cytes co-regulate Th1-mediated response for
induction of a moderate host defense. γδ T
cells may act to keep the balance of Th1–Th2
response in a proper manner by suppressing
the exaggerated Th1 response caused by NKT
cells, as speculated in Fig. 7.1. In pulmonary
infection with C. neoformans, the number of
both NKT and γδ T cells in the paratracheal
lymph nodes increases in parallel with that of
DCs (our unpublished data), which could be
consistent with the above hypothesis.
Interestingly, in toxoplasmal infection, γδ T
cells appear to play a protective role in the host
defense by promoting Th1-mediated immune
response, while NKT cells are likely to sup-
press these responses (Hisaeda et al., 1995).
This is in sharp contrast to the findings in
cryptococcal infection. Although the precise
mechanism of such difference remains to be
clarified, the role of NKT and γδ T cells in the
host protective response seems to vary from
one microbe to another.

7. Concluding Remarks

Acquired immunity, an antigen-specific
host defense mechanism, had been the central
dogma of previous studies on immunological
response to infection. Recently, however, the
role of innate immune mechanisms, mediated
by soluble antimicrobial components, comple-
ments, phagocytes, and innate immune lym-
phocytes, have garnered much attention by
many investigators and the biological signifi-
cance of these cellular components is being
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extensively explored. Furthermore, the discov-
ery of PAMP receptors has accelerated research
in this area. In the host immune response to
infectious pathogens, as demonstrated in our
series of investigations on cryptococcal infec-
tion, the important roles of innate immunity in
respiratory tissues, mediated especially by
NKT and γδ T cells, have been unveiled.
Furthermore, the results of several studies sup-
port the involvement of these particular lym-
phocyte subsets in determining the balance of
Th1–Th2 immune responses. Thus, both NKT
and γδ T cells seem to participate in bridging
early host protection, by innate immune mech-
anism, to antigen-specific acquired immune
responses in pulmonary cryptococcosis.
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proper manner, although the mechanism of their activation remains to be elucidated.
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1. Introduction

1.1. Overview

Cryptococcus neoformans is an encapsu-
lated yeast that primarily affects individuals
with depressed T cell function. Although the
incidence of cryptococcosis has declined as
treatment of human immunodeficiency virus
(HIV) infection with antiretroviral drugs has
become more widespread, C. neoformans infec-
tion remains a significant cause of morbidity
and mortality in acquired immune deficiency
syndrome (AIDS) patients and others undergo-
ing T cell suppressive therapies. Current antimi-
crobial therapy of C. neoformans infection is
often inadequate. In patients with AIDS,
amphotericin B, or a combination of ampho-
tericin B and flucytosine are the primary drugs
of choice, followed by long-term azole therapy.
Resistance of C. neoformans to flucytosine has
developed rapidly, and resistance to azoles has
been reported and is likely to increase
(Yamazumi et al., 2003). Consequently, alterna-
tive strategies for the management of C. neofor-
mans infection are being considered, including
prophylactic vaccination or passive therapy with
C. neoformans-specific monoclonal antibodies.
The successful development of these and other
strategies depends upon an understanding of the
mechanisms by which immunity against C. neo-
formans is generated.

Although invasive and systemic fungal
infections primarily affect immunocompro-
mised patients, there is increasing evidence
that chronic fungal colonization may be a

significant cause of disease, particularly in
atopic individuals. Chronic fungal coloniza-
tion has been linked to nasal allergies,
chronic sinusitis, nasal polyps, and asthma
(Ricchetti et al., 2002; Venarske and
deShazo, 2002). In genetically susceptible
mice, C. neoformans infection results in a
disease, which is akin to human allergic
bronchopulmonary mycosis (ABPM). Thus,
experimental C. neoformans infection pro-
vides insight into the mechanisms by which
protective and nonprotective responses to
pulmonary fungal infections are generated
and maintained.

1.2. The Role of T Cells/CMI in
C. neoformans Infection

Clinically, evidence for the importance of
cell-mediated immunity (CMI), and CD4+ T
cells in particular, for host defense against C.
neoformans infection comes from which
patients are most susceptible to cryptococco-
sis. Patients undergoing T cell depressive
immunosuppression as treatment for hemato-
logic malignancies (Segal et al., 2002) or fol-
lowing transplant surgery, as well as at those
with AIDS, are dramatically more susceptible
to C. neoformans infection. Progression to
AIDS is significantly associated with a loss of
T cell response to whole C. neoformans, and
this often occurs before a drop in absolute
CD4+ T cell count (Hoy et al., 1988).

The importance of CMI in controlling C.
neoformans infection has been reinforced
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using animal models. Congenitally athymic
nude mice (nu/nu), severely combined
immunodeficient (SCID) mice, and mice
depleted of CD4+ and CD8+ T cells (Table
8.1) are substantially more susceptible to C.
neoformans infection (Salkowski and Balish,
1990; Huffnagle et al., 1991a,b, 1994). T
cells are required for the recruitment and
activation of monocytes and macrophages,
the primary effector cells for clearance of
the fungus. In the absence of T cells, the pul-
monary inflammatory response to C. neo-
formans is dramatically delayed and
contains a large proportion of neutrophils
(Table 8.1) (Huffnagle et al., 1991a,b, 1994).
Adoptive transfer of T cells, but not B cells,
confers protection against subsequent pul-
monary challenge (Lim and Murphy, 1980;
Huffnagle et al., 1991b). Thus, T cell-
mediated immunity plays a critical role in the
pulmonary leukocyte recruitment required to
clear C. neoformans from the lungs.

T cells are required for: (1) recruitment of
inflammatory cells, primarily monocytes,
and macrophages; (2) activation of
macrophages, and (3) support of antibody-
mediated immunity (AMI). The type 1 cell-
mediated immunity (T1) versus type 2

cell-mediated immunity (T2) nature of the
lung environment dictates whether clearance
or chronic infection will prevail.

2. Innate Determinants of
Acquired Immunity

The innate immune response to C. neofor-
mans plays a critical role in the establishment
of acquired immunity. C. neoformans is
acquired via the respiratory tract and estab-
lishes primary infection in the lungs. The resi-
dent phagocytic cells of the lungs, alveolar
macrophages and dendritic cells, likely serve
as antigen-presenting cells (APCs). These cells
bind, internalize, process, and present fungal-
derived antigens to T cells in the lung-associ-
ated lymph nodes (LALN). In addition to the
roles of phagocytosis and antigen presentation,
resident phagocytic cells of the innate immune
system are responsible for the early production
of proinflammatory mediators such as tumor
necrosis factor alpha (TNF-α), IL-12, and IL-
18. Phagocytes cooperate with natural killer
(NK) cells, natural killer T (NKT) cells, and
gamma delta T cell (γδ T cell) to provide the
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Table 8.1. Characteristics of T Cell-independent, T1, and T2-type Pulmonary 
Immune Responses to C. neoformans

T cell-independent T1 T2

Mouse strains Athymic (nu/nu) mice, SCID, CBA, Balb/C C57/Bl6
T cell depleted

Leukocyte recruitment Delayed—largely neutrophils Mono/mac, Mono/mac,
lymph lymph, eos

DTH No Yes No
Early TNF, IL-12 Yes Yes No
IFN-γ ? Yes No
IL-4, IL-5, IL-10 ? No Yes
Serum IgE No No Yes
Eosinophilia/crystal deposition No No Yes
Clearance No Yes No
Dissemination to CNS Universal Uncommon Common
Nature of infection Progressive Controlled Chronic



early proinflammatory and chemotactic sig-
nals required for the establishment of CMI.

2.1. Phagocyte Recognition of
C. neoformans via PRRs

The first step in the innate immune response
to C. neoformans is recognition of the pathogen
by phagocytes. Recognition and uptake of
microbes occurs via Fc receptors, complement
receptors (CR), or pattern recognition receptors
(PRRs) such as mannose receptors (MR) and the
toll-like receptor (TLR) family. C. neoformans
can be taken up and presented by primary
human dendritic cells, which is dependent on the

presence of both MR and fragment crystallizable
gamma receptor 2 (FcγR2) (Syme et al., 2002).
T cell responses to C. neoformans mannoprotein
(CnMP) are dependent upon the expression of
MR by phagocytes (Mansour et al., 2002). Thus,
recognition of C. neoformans occurs via MR, as
well as possibly by other PRRs (Fig. 8.1).

2.2. Early Signal Generation:
The Importance of
Proinflammatory T1 Driving
Cytokines

The recognition and internalization
of microbes results in the production of 
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Figure 8.1. The protective innate immune response to pulmonary C. neoformans infection. Initial steps
in the innate immune response to C. neoformans are the recognition and phagocytosis of the pathogen
by alveolar macrophages (AM) and dendritic cells (DC), which occurs via mannose (MR) and other
pattern recognition receptors (PRRs). This results in the early induction of proinflammatory mediators
including TNF-α and IL-12. Subsequently, antigen-presenting cells traffic to the lung-associated lymph
nodes (LALN), where they interact with antigen-specific T cells. T cells then traffic back to the lungs
where their activation and polarization are affected directly and indirectly by inflammatory signals from
the innate immune system such as IL-12, IL-18, and IFN-γ.



proinflammatory mediators including TNF-α,
IL-12, and IL-18. The establishment of an
inflammatory state induces the production
of chemokines, including CCL2 monocyte
chemotactic protein (MCP-1), CCL3
macrophage inflammatory protein 1 alpha
(MIP1-α), and the expression of adhesion
molecules on the vascular endothelium, which
together coordinate the recruitment and
extravasation of leukocytes.

Exposure of phagocytic cells to CnMP
results in the production of proinflammatory
mediators. Human monocytes cultured with
CnMP produce significant amounts of IL-12
(Pitzurra et al., 2000). Activated T cells aug-
ment IL-12 production by monocytes in
response to stimulation with C. neoformans,
suggesting a positive feedback loop between
monocyte/macrophages and infiltrating T cells
(Retini et al., 1999).

2.2.1. TNF-a

The early induction of TNF-α is critical for
the generation of T1 immunity to C. neofor-
mans. TNF-α is induced in the lungs of resist-
ant mice as early at day 2 postinfection
(Herring et al., 2002). The early induction of
TNF-α is critical, as a single dose of TNF-α
neutralizing antibody, given at the time of pul-
monary C. neoformans infection, prevents the
development of protective CMI (Huffnagle
et al., 1996). Mice given a single dose of TNF-
α neutralizing antibody cannot generate
C. neoformans-specific delayed-type hyper-
sensitivity (DTH) responses or control growth
of the fungus (Huffnagle et al., 1996).
Furthermore, neutralization of TNF-α at the
time of infection prevents the induction of IL-
12 and interferon gamma (IFN-γ), demonstrat-
ing that TNF-α is induced proximally to, and
required for, the production of IL-12 and IFN-
γ. TNF-α depletion is sufficient to induce a
switch from the protective T helper type 1
(Th1) response to a nonprotective T helper
type 2 (Th2) phenotype (Herring et al., 2002)
and increases early dissemination to the central
nervous system (CNS) (Aguirre et al., 1995).

One mechanism by which afferent TNF-α may
act during C. neoformans infection is via den-
dritic cells. TNF-α has well-documented roles
in promoting the activation, maturation, and
migration of dendritic cells (Steinman, 1996).
During immunization with C. neoformans fil-
trate (CneF) antigen, which generates protec-
tion against subsequent C. neoformans
infection, neutralization of TNF-α inhibits the
accumulation of Langerhans cells, myeloid,
and lymphoid dendritic cells in the draining
lymph nodes (Bauman et al., 2003). Thus,
afferent induction of TNF-α plays a critical
role in the establishment of protective Th1
immunity to C. neoformans possibly via the
maturation and trafficking of dendritic cells
(Fig. 8.1).

2.2.2. IL-12 and IL-18

Early production of IL-12 is critical to
the development of Th1 immunity to C. neo-
formans. IL-12 is induced early during C.
neoformans infection in mice (Herring et al.,
2002). Similar to TNF-α neutralization,
administration of anti-IL-12 neutralizing 
antibodies inhibits pulmonary clearance of C.
neoformans in mice, resulting in a shift to a
nonprotective Th2 immune response (Hoag
et al., 1997). Additionally, mice genetically
deficient in either of the heterodimeric 
portions of IL-12 (p35 and p40) exhibit
impaired IFN-γ induction and Th2 polarization
in response to C. neoformans infection
(Decken et al., 1998). Conversely, exogenous
administration of IL-12 early during pul-
monary infection enhances fungal clearance
and increases survival following pulmonary
infection (Kawakami et al., 1996b). This
occurs via the increased expression and/or pro-
duction of T1 mediators, including IFN-γ,
TNF-α, IL-18, as well as inducible nitric oxide
synthase (iNOS).

Compared to wild-type controls, IL-18
deficient (IL-18 −/−) mice have impaired
lung clearance associated with lower levels
of IL-12 and IFN-γ, which is reversible
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upon administration of exogenous IL-18
(Kawakami et al., 2000). A number of stud-
ies have demonstrated the effectiveness of
the combination of IL-12 and IL-18 at
inducing IFN-γ production by T cells
(Okamura et al., 1995, 1998; Micallef et al.,
1996). Exogenous administration of IL-12
and IL-18 is protective against C. neofor-
mans in vitro (Zhang et al., 1997) and in vivo
(Kawakami et al., 1997; Qureshi et al.,
1999). Thus, IL-12 and IL-18 play coopera-
tive roles in driving Th1-mediated immunity
to C. neoformans, both by promoting IFN-γ
production (Fig. 8.1).

2.2.3. NKT Cells

A role for NKT cells on the subsequent
development of Th1 responses to C. neofor-
mans has been reported. The numbers of NKT
cells increase in the lungs as early as day 3
postinfection. DTH responses, the differentia-
tion of fungus-specific Th1 cells, and clear-
ance are all impaired in variable alpha 14
positive natural killer T cell (Vα14 NKT) defi-
cient mice, suggesting that NKT cells con-
tribute positively to the development of T1
immunity to C. neoformans (Kawakami et al.,
2001a). Treatment of infected mice with alpha-
galactosylceramide (which stimulates NKT
cells) leads to increased IFN-γ induction and
enhanced clearance of mice infected intra-
venously with C. neoformans (Kawakami
et al., 2001b). These results demonstrate that
NKT cells may play an important supportive
role in the early establishment of T1 immunity
to C. neoformans.

2.2.4. Polymorphonuclear
Neutrophil Leukocytes
(PMNs)

Although neutrophils have been recognized
to be a constituent of the pulmonary leukocyte
infiltrate which occurs during pulmonary C.
neoformans infection, a potential role for neu-
trophils in establishing CMI was only recently

reported. Surprisingly, depletion of neutrophils
increases the survival of mice infected intratra-
cheally, but not intravenously with a moderately
virulent strain of C. neoformans. Neutropenic
mice have increased early lung clearance of the
fungus (day 1 postinfection) and an enhance-
ment in lung T1 and T2 cytokine profiles at
week 1 postinfection (Mednick et al., 2003).
Thus, neutrophils recruited to the lungs during
C. neoformans infection play an adverse, rather
than beneficial role in the development of CMI.

2.2.5. Costimulation

The role of costimulatory molecules in the
induction of T cell responses has also been
investigated. Human monocytes cultured with
acapsular, but not encapsulated C. neoformans
upregulate CD80 and CD86. The ability of
monocytes to increase CD80 in response to
encapsulated C. neoformans is restored by the
addition of opsonic anticapsular antibody
(Vecchiarelli et al., 1998). Blockade of the
B7/CD28 pathway in vitro using anti-B7.1
(CD80) and anti-B7.2 (CD86) blocking anti-
bodies results in impaired T cell proliferative
responses. Thus, as would likely be expected
in antigen-specific responses, blockade of the
B7/CD28 pathway impairs T cell proliferative
responses in vitro. The role of these mole-
cules during infection in vivo has not been
reported.

The role of cytotoxic T lymphocyte anti-
gen-4 (CTLA-4) in C. neoformans infection
has also been studied. CTLA-4 (CD152),
which binds CD80 and CD86 on APCs, is
expressed on activated T cells, and acts as a
negative regulator of T cell function (Walunas
et al., 1994). CTLA-4 blockade during immu-
nization with CneF enhances DTH reactions
and protection afforded by immunization
with CneF (McGaha and Murphy, 2000). The
induction of CTLA-4 on T cells may be an
indirect mechanism of T cell suppression by
C. neoformans as CTLA-4 is upregulated fol-
lowing exposure of CD4+ T cells to encapsu-
lated C. neoformans in the presence of
accessory cells (Pietrella et al., 2001).
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2.2.6. Chemokines

Chemokines are small chemoattractant
molecules, which stimulate the activation and
the chemotaxis of leukocytes. A variety of
chemokines are produced during C. neofor-
mans infection and are involved in both leuko-
cyte trafficking and polarization of the
cell-mediated immune response (Traynor and
Huffnagle, 2001).

2.2.6.1. CCL2 (MCP-1)/CCR2 The
chemokine receptor/ligand pair CCR2/MCP-
1 plays a critical role in both afferent and effer-
ent phases of development of CMI to C.
neoformans. MCP-1 (CCL2) is induced in the
lungs early during pulmonary C. neoformans
infection (Traynor et al., 2000). Neutralization
of MCP-1 via antibodies leads to a marked
impairment in the recruitment of
macrophages (95%) and CD4+ T cells (76% ±
9%) at day 15 postinfection, accompanied by a
decrease in cryptococcal clearance (Huffnagle
et al., 1995a). CCR2−/− mice develop a chronic
T2 response to pulmonary C. neoformans
infection, characterized by IL-4, IL-5,
eosinophilia, and tissue destruction.
Neutralization of MCP-1/CCL2 during the
afferent phase of the response mirrors some,
but not all of the defects observed in CCR2
deficiency, suggesting that CCR2 plays a role
in the development of CMI to C. neoformans,
which is not strictly via MCP-1 (Traynor et al.,
2002). In addition to the role played in polar-
ization of CMI and lung leukocyte trafficking
(discussed below), CCR2 also plays a role in
trafficking of dendritic cells to the draining
lymph nodes. Compared to wild-type mice,
CCR2−/− have fewer MHCII+ CD11c+ cells in
the lung-draining lymph nodes following pul-
monary C. neoformans infection. Thus, CCL2
plays a critical role in chemotaxis, but CCR2
has CCL2-independent functions, which
extend to innate immunity.

2.2.6.2. CCL3 (MIP1-α)/CCR5 CCR5
clearly plays a role in survival of C. neofor-
mans infection and protection of the CNS

against dissemination of the organism
(Huffnagle et al., 1999). Pulmonary lympho-
cyte and leukocyte recruitment during C. neo-
formans infection, however, is not deficient in
CCR5-deficient mice (Huffnagle et al., 1999).
One of the ligands of CCR5, MIP1-α
(CCL3) plays a role in both afferent and
efferent phases of the host response to pul-
monary C. neoformans infection. Blockade of
CCL3 during the efferent phase (d7–13) of C.
neoformans infection via neutralizing anti-
bodies results in decreased pulmonary mono-
cyte/macrophage and neutrophil recruitment
and increased pulmonary fungal burden.
This occurs, however, without a decrease in
the numbers of CD4+, CD8+, or B220+ lym-
phocytes, suggesting that CCL3 does not
play a role in recruitment of T or B cells
(Huffnagle et al., 1997). CCL3 plays a role in
the afferent phase of the response, as well.
Genetic CCL3 deficiency (in CCL3 knockout
(KO) mice) favors the development of a non-
protective T2 response, resulting in enhanced
eosinophilia and enhanced lung fungal bur-
den (Olszewski et al., 2000, 2001).

Thus, in addition to the expected func-
tion chemokines play as chemoattractants in
leukocyte trafficking to the lungs, they also
serve critical roles in determining the T1 ver-
sus T2 nature of CMI to C. neoformans.

Taken together, these studies demon-
strate that, although the innate immune
response to C. neoformans is insufficient for
clearance of the fungus, innate immune cells
play critical roles in the recognition, early
containment, and early signal generation
required for the establishment of protective
T1 cell-mediated immunity.

3. Antigen-specific (and
Mitogenic) T Cell Responses

Both CD4+ and CD8+ T cell responses are
generated in response to C. neoformans. This is
due to the nature of the pathogen, which sur-
vives and replicates both extra- and intracellu-
larly. T cell responses to cryptococcal
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mannoproteins (which are both constituents of
the C. neoformans cell wall, as well as secreted)
are associated with protection. A number of spe-
cific mannoproteins from C. neoformans, which
induce CD4+ T cell responses, have recently been
characterized and cloned. These bear sequence
homology to other known polysaccharide acety-
lase/deacetylases. Additionally, C. neoformans
possesses mitogen activity, which can stimulate
both CD4+ and CD8+ T cells, in a non-major
histocompatibility complex (MHC) restricted
manner, which may confound antigen-specific
T cell responses. Other recent studies point to
cross-reactivity between T cell responses to C.
neoformans and other pathogenic fungi.

3.1. CD4+ and CD8+ T Cells are
each Important for the
Control of C. neoformans
Infection

Experimental C. neoformans infection in
mice generates both CD4+ and CD8+ T cell
responses, although the pulmonary CD4+ T cell
response is more vigorous. In studies using
human T cells, both CD4+ and CD8+ T cell
responses are generated to C. neoformans
(Syme et al., 1997). During pulmonary infec-
tion, CD4+ T cell deficiency results in dramati-
cally impaired fungal clearance from the lungs,
increased dissemination to the CNS, and
increased lethality. In the absence of CD4+ T
cells, mice are markedly impaired in the ability
to recruit and activate monocytes and
macrophages (Mody et al., 1990; Hill and
Harmsen, 1991; Huffnagle et al., 1991a,b,
1994). Depletion of CD8+ T cells during infec-
tion also impairs immunity, but the effect is
dependent upon the virulence of the strain of
C. neoformans. CD8+ T cell depleted mice
infected with a moderately virulent strain of
C. neoformans have impaired pulmonary clear-
ance and DTH responses (Mody et al., 1993a,b).
In contrast, depletion of CD8+ T cells during a
highly virulent infection leads to enhanced
lethality, but without altering pulmonary clear-
ance (Mody et al., 1994). Thus, CD8+ and CD4+

T cells have complementary roles in the cell-
mediated immune response to C. neoformans,
and both populations mediate protection.

Animals deficient in both CD4+ and
CD8+ T cells are even more susceptible to
pulmonary C. neoformans infection than
animals deficient in CD4+ T cells alone,
demonstrating that CD8+ T cells mediate
protection in the absence of CD4+ T cells
(Huffnagle et al., 1991a,b, 1994; Lindell
et al., 2005b). In a number of circumstances,
CD4+ T cells are required for optimal CD8+

T cell responses (Bennett et al., 1998;
Schoenberger et al., 1998; Shedlock and
Shen, 2003). Compared to CD8+ T cells in
CD4+ T cell-sufficient mice, CD8+ T cells in
CD4+ T cell-deficient mice expand, become
activated, and traffic to the lungs (Lindell
et al., 2005b). IFN-γ-producing effector
CD8+ T cells are present in greater numbers
in C. neoformans-infected CD4+ T cell-defi-
cient mice relative to CD4+ sufficient con-
trols. Depletion of CD8+ T cells from CD4+

deficient mice or neutralization of IFN-γ in
these mice results in dramatically increased
pulmonary fungal load (Lindell et al.,
2005b). Thus, in the absence of CD4+ T
cells, CD8+ T cells mediate a substantial
degree of protection against C. neoformans
infection by an IFN-γ-dependent mecha-
nism. These results suggest that CD8+ T cells
play a protective role against C. neoformans
during CD4+ T cell deficiency, and protec-
tion may be enhanced by augmenting the
CD8+ T cell response. Along these lines, suc-
cessful vaccine-induced CD8+ T cell-medi-
ated immunity in CD4+ T cell-deficient mice
to two other pathogenic fungi (Histoplasma
capsulatum and Blastomyces dermatitidis)
has been demonstrated (Wuthrich et al.,
2003).

3.2. The Antigen-specific T Cell
Response

In culture, C. neoformans produces a variety
of secreted products, which are shed into the
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culture medium. These include components of
the cell wall and capsule, composed of manno-
proteins (MP), glucuronoxylomannan (GXM),
and galactoxylomannan (GalXM). In contrast to
GXM and GalXM, which are largely regarded as
having immunosuppressive effects, components
of cryptococcal mannoprotein have generally
been recognized as an immunopotentiating
agent in the cell-mediated immune response to
C. neoformans. Concentrated CneF antigen,
which is rich in cryptococcal mannoprotein, has
been used to test the ability of infected or immu-
nized mice to mount a C. neoformans-specific
DTH response (Murphy and Pahlavan, 1979).
Immunization of mice with CneF leads to pro-
tection against subsequent C. neoformans chal-
lenge (Murphy et al., 1998). Additionally,
peripheral T cells from patients who have recov-
ered from C. neoformans infection, but not con-
trols, exhibit proliferative responses to CneF
(Hoy et al., 1989).

The role of C. neoformans cell-associated
proteins in the protective T cell response is
unclear. T cells from patients who have recov-
ered from C. neoformans infection proliferate
more rapidly than control T cells and pro-
duce IL-2 in response to stimulation with
whole-killed C. neoformans (Miller and Puck,
1984). Both CD4+ and CD8+ T cells from
mice that have resolved pulmonary C. neofor-
mans infection proliferate in response to
whole-killed C. neoformans, but immuniza-
tion of mice with whole heat-killed crypto-
cocci is nonprotective (Murphy et al., 1998).

The specific antigens within cryptococcal
mannoprotein to which T cells respond
have, until recently, been poorly defined. Of
late, a number of immunoreactive manno-
proteins have been purified and character-
ized. Identified by screening a library of
CD4+ T cell hybridomas that reacted to
C. neoformans antigens, two mannoprotein
antigens, termed MP98 and MP88, have
been identified (Huang et al., 2002). MP98
bears sequence homology to polysaccharide
deacetylases (Levitz et al., 2001).
Immunization of mice with either the puri-
fied or recombinant protein prolongs

survival in mice challenged with a virulent
strain of C. neoformans (H99). A second
immunoreactive cryptococcal protein (d25),
also a putative acetylase, has been purified
and cloned (Biondo et al., 2002).
Immunization with d25 was found to pro-
tect mice from lethal experimental crypto-
coccosis in an IFN-γ-dependent fashion
(Biondo et al., 2002). Recombinant d25
(rd25) induces antigen-specific T cell prolif-
eration, as well as IL-2 and IFN-γ produc-
tion by CD4+ splenocytes recovered from
C. neoformans-infected mice (Biondo et al.,
2002). Thus, a number of closely related
mannoproteins have been identified which
serve as CD4+ T cell antigens, but the spe-
cific antigens to which CD8+ T cells respond
remains largely unknown.

Another interesting discovery from the
recent literature is that there appears to be
cross-reactivity in the T cell responses to
C. neoformans and another pathogenic fun-
gus, Candida albicans. Immunization with
CnMP resulted in DTH reactivity to C. albi-
cans mannoprotein (CaMP) (Pietrella et al.,
2002). Additionally, CaMP-induced IFN-γ
production by CD4+ and CD8+ T cells from
C. neoformans-infected mice. Finally, immu-
nization with CnMP was protective against
subsequent challenge with C. albicans.
Collectively, these results suggest that
mannoproteins from the two organisms have
common epitopes, which stimulate T cells.
These results also suggest the potential for
vaccines, which protect against multiple
pathogenic fungi.

3.3. The Mitogenic T Cell
Response

Mitogens and superantigens are micro-
bially derived proteins, which stimulate the
proliferation of T cell in a non-MHC restricted
manner. This may benefit the pathogen by the
induction of a large frequency of nonspecific T
cells, which interfere with the antigen-specific
response by poorly understood mechanisms.
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C. neoformans produces a mitogen, which can
stimulate naive T cell proliferation. Normal
individuals have demonstrable T cell prolifera-
tive responses to whole C. neoformans in vitro.
The mitogenic effect is localized to proteins
found in the cell wall and membrane of C. neo-
formans (Mody et al., 1996, 1999). This distin-
guishes the mitogenic response from the
antigen-specific one, as T cells from patients
who have recovered from C. neoformans infec-
tion who have proliferative responses to solu-
ble CneF antigens, as well (Hoy et al., 1989).
C. neoformans mitogen (CnM) stimulates lym-
phocytes from both adults and fetal cord blood
to proliferate, ruling out the potential contribu-
tion of previous environmental exposure to the
fungus. The mitogenic effect is similar to that
of Staphylococcal enterotoxin B (SEB), a
known superantigen, and requires phagocyto-
sis and protein processing (Syme et al., 2000).
The effects of CnM on human T cells have not
been demonstrated in the mouse, and so the
potential role of mitogenic activity on the anti-
gen-specific response in vivo has not been
determined. Nevertheless, C. neoformans pro-
duces a known T cell mitogen, CnM, which
has the potential to interfere with antigen-spe-
cific T cell responses to C. neoformans.

4. Protective (T1) versus
Nonprotective (T2) T Cell-
Mediated Responses

Experimental cryptococcosis in mice is a
clear example of the usefulness of the Th1/Th2
paradigm in infectious disease. Resistant mouse
strains include CBA, Balb/C, and 129.
Susceptible mice include C57/Bl6 and C3H
mice. Resistance mice develop a T1 immune
response characterized by the early induction of
TNF-α and IL-12, production of IFN-γ, and the
vigorous recruitment/activation of monocytes
and macrophages (Fig. 8.3 and Table 8.1).
Resistant mice clear the pulmonary infection
over a period of approximately 6–8 weeks.
Chronic infection is associated with a Th2-type
response whose hallmarks include persistent

eosinophilia, high serum immunoglobulin E
(IgE) titer, and the presence of T2 cytokines IL-
4, IL-5, IL-10, and IL-13 (Fig. 8.3, Table 8.1). It
is noteworthy that in murine C. neoformans
infection, C57Bl/6 mice are susceptible to
chronic infection. This has limited the use of
genetically engineered mice (which are predomi-
nantly on the C57Bl/6 genetic background) to
study the requirements for Th1 driving immunity.

4.1. Development of the
Protective T1 Response

In the afferent phase of CMI to C. neofor-
mans, TNF-α, IL-12, and IFN-γ all play impor-
tant roles in driving T1 responses, as discussed
above. In the efferent phase of T1 responses,
IFN-γ has received the most attention. IFN-γ
depletion during C. neoformans infection leads
to enhanced susceptibility and mortality
(Kawakami et al., 1996a). As well as serving as
early signals for the generation of T1 immu-
nity, IFN-γ and TNF-α likely play a role as
effector molecules during CMI (Fig. 8.3).
Lymphocytes from immunized mice confer
substantial protection against CNS dissemina-
tion when transferred to C. neoformans-
infected SCID mice. Antibody-mediated
neutralization of either TNF-α or IFN-γ leads
to increased susceptibility, and neutralization
of both TNF-α and IFN-γ completely abro-
gates protection (Aguirre et al., 1995). The role
of TNF-α as en effector molecule is unclear
however, because neutralization of TNF-α dur-
ing the efferent phase in immunocompetent
mice has little effect on the established
response (Huffnagle et al., 1996).

4.2. Development of the
Nonprotective T2
Response

Genetically susceptible mice (C57BL/6)
also generate T cell-mediated responses to pul-
monary C. neoformans infection. Susceptible
mice generate T2 responses to C. neoformans,
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characterized by the presence of IL-4, IL-5,
IL-10, IL-13, high serum IgE, eosinophilia,
and chronic infection (Table 8.1 and Fig. 8.3).
This disease in mice shares many hallmarks
with human ABPM (Kurup and Grunig, 2002;
Hernandez et al., 2004a). The results from a
number of studies have demonstrated that
interfering with the signals provided by T2
cytokines improves clearance of C. neofor-
mans in genetically susceptible mice.

IL-4 and IL-10 have similar but distinct
roles in regulating the T2 response to C. neo-
formans. Clearance of C. neoformans in
both IL-4 KO and IL-10 KO mice is signifi-
cantly greater than in wild-type C57BL/6
controls, and both IL-4 KO and IL-10 KO
are protected from eosinophilia (Hernandez
et al., 2005a). A decrease in T2 cytokines in
the lungs occurs in both, but only IL-10 KO
mice have an increase in lung TNF-α and
IL-12, suggesting that IL-10 plays a role pri-
marily in the lungs (Hernandez et al.,
2005a). Conversely, IL-4 KO mice are pro-
tected from the systemic T2 response in
wild-type mice and IL-10 KO mice (T2
cytokines in the LALN and high serum
IgE). In IL-10 mice, a T2 response does not
develop in the lungs, but does systemically.
Thus, while both IL-4 and IL-10 drive
polarization to a T2 phenotype, IL-10 acts
locally in the lungs, whereas IL-4 acts dis-
tally in the lymph nodes. In another study,
IL-4 KO mice also exhibited a shift toward
T1 immunity, but had impaired footpad
DTH responses (Blackstock and Murphy,
2004). These results suggest that, in addition
to driving T2 responses, T2 cytokines, such
as IL-4, may also play a role in potentiating
T1 responses, as has been reported for other
infection models (Roberts et al., 1996;
Mencacci et al., 1998).

IL-5 plays a central role in mediating the
T2 cell-mediated immune response. IL-5 is
required for some aspects of the T2
response, including eosinophil recruitment
and the deposition of eosinophilic YM1
crystals in the lungs. IL-5 production
in vitro and eosinophil recruitment in vivo

are blocked by depletion of CD4+ (but not
CD8+) T cells, demonstrating that Th2 CD4+

T cells are responsible for the production of
IL-5 and resulting eosinophilia (Huffnagle
et al., 1998).

While the absence of T2 signals decreases
susceptibility to C. neoformans infection,
exogenous addition of T2 cytokines exacer-
bates infection. Treatment of resistant mice
with a combination of IL-4 and IL-10
increases CNS dissemination of C. neofor-
mans at week 2 following pulmonary infec-
tion (Furukawa et al., 2002). Other studies
have demonstrated that the pulmonary
eosinophilia induced in C57/Bl6 mice can be
attenuated by providing T1-driving signals,
including prior Mycobacterium bovis
Bacillus Calmette–Guerin (BCG) infection,
and ligation of OX40 (Humphreys et al.,
2003; Walzl et al., 2003). Thus, signals which
bias the T cell response toward a Th1 phe-
notype may promote clearance of C. neofor-
mans.

5. Effector Mechanisms of T1
and T2 Responses

There is increasing evidence from a num-
ber of experimental infection systems (includ-
ing pulmonary C. neoformans infection) that
the polarization of T cells occurs in the lungs
(Baumgarth and Kelso, 1996; Howard and
Zwilling, 1998; Iezzi et al., 2001; Lindell
et al., 2005a). In resistant mice, CD4+ T cells
do not become activated or produce IFN-γ in
the secondary lymphoid organs, but acquire
effector function only upon reaching the lungs
(Fig. 8.2) (Lindell et al., 2005a). In genetically
susceptible mice, a strongly polarized T2 envi-
ronment is present early in the lungs, but a
mixed T1/T2 response is evident in the lymph
nodes (Hernandez et al., 2005a). The acquisi-
tion of effector cytokine production occurs
with a concomitant loss of proliferative capac-
ity, as CD4+ T cells from LALN and spleens
of C. neoformans-infected mice proliferate
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extensively upon T cell antigen receptor (TCR)
restimulation, whereas CD4+ T cells from the
effector site proliferate poorly (Fig. 8.2)
(Lindell et al., 2005a). Thus, the effector
mechanisms generated by T cells against pul-
monary C. neoformans infection are dictated
by the environment of the lungs.

5.1. Effector Mechanisms of
the Protective T1
Response

The major effector cell in the protective T1
response to C. neoformans infection is the acti-
vated macrophage. IFN-γ-induced macrophage
activation is a critical effector mechanism in
CMI to C. neoformans. At the onset of crypto-
coccal clearance in resistant mice, iNOS mRNA

expression is upregulated, as is systemic
nitric oxide (NO) release (Lovchik et al.,
1995). Inflammatory cells recovered from the
lungs inhibited the growth of C. neoformans
added in vitro in an NO-dependent manner
(Lovchik et al., 1995). Treatment of mice
with either anti-IFN-γ neutralizing antibodies
or the NO synthesis inhibitor monomethyl
arginine (MMA) blocks clearance of C. neo-
formans, without decreasing lung leukocyte
recruitment (Lovchik et al., 1995). Other
cytokines may also play a role in macrophage
activation during C. neoformans infections.
In vitro, macrophage phagocytosis and/or
killing of C. neoformans is augmented by the
exogenous addition of TNF-α and granulo-
cyte-macrophage colony-stimulating factor
(GM-CSF) (Collins and Bancroft, 1992;
Chen et al., 1994; Chiller et al., 2002). Thus,
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IFN-γ-mediated activation of macrophages
plays a critical role in the effector phase of T1
cell-mediated response to C. neoformans
(Fig. 8.3).

Another mechanism by which T cell may
contribute to control of C. neoformans
infection is via direct, MHC-independent
anticryptococcal effects. Human lympho-
cytes, including IL-2 activated T cells, NK
cells, and freshly isolated peripheral blood
mononuclear cells (PBMCs) can inhibit the
growth of C. neoformans (Levitz and
Dupont, 1993; Levitz et al., 1994). This
requires intimate association between T cells
and the fungus, but without phagocytosis
(Murphy et al., 1993; Levitz et al., 1994).
The fungistatic activity of human lympho-
cytes is adversely affected by the presence of
HIV (Harrison et al., 1995). More recent
work characterizing direct fungicidal effects
of human CD8+ T cells against C. neofor-

mans suggests that the effect is mediated via
granulysin, and is dependent on CD4+ T
cells and IL-15 (Ma et al., 2002). Murine
T cells from C. neoformans-immunized (or
even naive) mice also have direct anticryp-
tococcal effects (Muth and Murphy,
1995). These findings become more fasci-
nating in light of the granulysin depend-
ence of anticryptococcal activity by
human CD8+ T cells (Ma et al., 2002),
because mice have no ortholog of gran-
ulysin. The relative contribution of CD4+

versus CD8+ T cells, or the CD4+ depend-
ence of CD8+ mediated killing in murine T
cells, have not been reported. Furthermore,
whether direct anticryptococcal effects of
T cells occur in vivo has not been addressed.
Thus, both human and murine T cells
exhibit direct antifungal activity against C.
neoformans, but it is as yet unclear whether
these occur by the same mechanisms.
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expression resulting in fungal phagocytosis, but have decreased intracellular killing and promote the
development of fibrosis. In the protective T1 response, which is characterized by high levels of IFN-γ
(and low levels of T2 cytokines), large numbers of classically activated macrophages (caMacs) pre-
dominate, which are able to kill C. neoformans in an iNOS-dependent manner. Additionally, T cells may
also be directly fungicidal.



5.2. Effector Mechanisms of
the Nonprotective T2
Response

C. neoformans infection in C57BL/6 mice
is also characterized by the presence of alter-
natively activated macrophages (aaMac). In
contrast to classically activated macrophages
(caMac), which develop during T1 conditions,
alternatively activated macrophages develop in
predominantly T2 conditions (Fig. 8.3).
Alternatively activated macrophages produce
arginase (which downregulates NO), express
the chitinase-related protein YM1, have
increased MR expression resulting in fungal
phagocytosis, but have decreased intracellular
killing and promote the development of fibrosis
(Stein et al., 1992; Munder et al., 1998; Goerdt
and Orfanos, 1999). While present in wild-type
C57BL/6 mice later in C. neoformans infection,
alternatively activated macrophages are signifi-
cantly increased in interferon gamma homozy-
gous deficient (IFN-γ −/−) knockout mice
(Hernandez et al., 2005a).

Resistant mice generate protective T1
responses to C. neoformans. In contrast, sus-
ceptible mice generate cell-mediated
immune responses to C. neoformans, but the
response is T2, leading to chronic infection.
The preponderance of the evidence suggests
that augmenting the T1 response or neutral-
izing the T2 response is beneficial to the
clearance of C. neoformans.

5.3. Cooperation between CMI
and AMI

Although traditionally regarded as being
independent arms of the immune system, there
is increasing evidence that the efficacy of CMI
and AMI depend upon cooperation between
the two. While some of the mechanisms by
which antibodies mediate protection (neutral-
ization and complement fixation) can occur in
the absence of cellular immunity, opsonic
phagocytosis and antibody-dependent cell-

mediated cytotoxicity (ADCC) require interac-
tion with cells.

A number of studies have demonstrated
the efficacy of antibodies at promoting
clearance of C. neoformans (see Chapter 9).
However, antibodies are not sufficient for
clearance of the pathogen. For example,
treatment of wild-type mice with a mono-
clonal anticapsular antibody promotes sur-
vival following intravenous C. neoformans
infection, but protection requires CD4+ T
cells (Yuan et al., 1997). In other studies,
protection afforded by passive antibody
therapy requires nitric oxide synthase 2
(NOS2), suggesting that these antibodies
mediate protection via opsonic phagocytosis
or phagocyte activation (Rivera et al., 2002).
Anticapsular monoclonal antibody therapy
is dependent upon isotype of the antibody.
Immunoglobulin G (IgG3) is nonprotective,
whereas isotype switching to IgG2b and
IgG1 results in protection (Yuan et al.,
1998a,b). In vivo, promotion of isotype
switching is presumably mediated by T cells.
Thus, T cells play an important role in the
efficacy of AMI to C. neoformans.

6. Immunomodulation of
the T Cell Response by
C. neoformans

C. neoformans produces a number of estab-
lished and putative virulence factors which are
described in more detail elsewhere (Buchanan
and Murphy, 1998). In addition to being
antiphagocytic, C. neoformans capsular poly-
saccharides have immunomodulatory proper-
ties, including the induction of IL-10, which
affect the development of CMI. Different
strains of C. neoformans vary in their capsular
structure, and even a single strain can undergo
phenotypic switching, which influences the
magnitude and character of the host inflam-
matory response, as well as virulence of
the fungus. Live yeast produce virulence fac-
tors, which contribute to the delay in T
cell responses, as heat-killed encapsulated
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organisms induce more rapid responses than
live organisms (Huffnagle et al., 1995a). C.
neoformans and other pathogenic fungi pro-
duce oxylipins which can inhibit T cell prolif-
eration and skew development of T cell
responses towards nonprotective T2.

6.1. Polysaccharide Capsule

Perhaps the best-characterized virulence
factor of C. neoformans is its capsule, which is
unique among pathogenic fungi. The T cell
response to encapsulated versus unencapsu-
lated C. neoformans is delayed, but can be
overcome by opsonization of encapsulated
yeast with specific antibody (Collins and
Bancroft, 1991; Syme et al., 1999).

GXM is one of the major constituents of
the polysaccharide coating of C. neoformans,
and has a number of immunomodulatory
properties (Vecchiarelli, 2000). In vitro,
GXM induces IL-10 production in mono-
cytes, which dampens the proinflammatory
IL-12 response normally induced by unen-
capsulated C. neoformans. IL-10 induction
by GXM also serves to inhibit Th1
responses. C. neoformans GXM also impairs
dendritic cell activation and maturation
in vitro (Retini et al., 2001; Mariano
Andrade et al., 2003; Vecchiarelli et al.,
2003). Shed GXM may also act on APCs
in vivo to dampen the proinflammatory sig-
nals generated by ingestion of the fungus. C.
neoformans GXM may bias the Th1/Th2 bal-
ance early on. Purified capsular polysaccha-
ride induces proliferation of CD4+ T cells,
which was dependent upon APCs and
CD40L-mediated signaling (Almeida et al.,
2001). The cytokines elaborated during this
response included IL-4 and IL-10, with
undetectable levels of TNF-α and IFN-γ.
Thus, in addition to its numerous effects on
the innate immune system, the capsular poly-
saccharide from C. neoformans may bias the
immune system toward a Th2 phenotype.

GXM may also promote the apoptosis of
T cells. In vitro culture of rat splenic

mononuclear cells with GXM results in
increased levels of T cell apoptosis
(Chiapello et al., 2003). In vivo, C. neofor-
mans infection also induces apoptosis in the
lungs and spleens of infected rats, but
whether GXM itself is responsible for this
effect is unclear. Thus, GXM from C. neo-
formans may affect the development and
effector phases of CMI, in addition to
impairment of phagocytosis.

GXM is directly and indirectly chemo-
tactic for leukocytes (Dong and Murphy,
1993). During infection, GXM is shed from
C. neoformans, and the detection of serum
GXM serves as a diagnostic tool for sys-
temic C. neoformans infection (Hamilton
et al., 1991). High concentrations of GXM
in serum may affect the trafficking of T cells
and other leukocytes. When administered
intravenously, cryptococcal polysaccharides
inhibit the influx of T cells into primary
sites of infection (Dong and Murphy, 1995).
One potential mechanism for this phenome-
non is that GXM acts as a competitor for
endogenous chemotaxins. Another mecha-
nism is via selectins. GXM was found to
cause loss of CD11a (L-selectin), which is
involved in the extravasation of lympho-
cytes from the vasculature into the lungs
(Dong et al., 1999).

Thus, cryptococcal polysaccharide may
adversely affect the development of CMI to
C. neoformans at multiple stages of the
response.

6.2. Phenotypic Switching

The structure of C. neoformans capsule
affects T cell responses in vivo. Different
strains of C. neoformans with similar capsules
differ in their T cell immunogenicity (Curtis
et al., 1994; Huffnagle et al., 1995a).
Additionally, even a single strain of C. neofor-
mans can undergo phenotypic switching,
resulting in colonies of different morphologies
and capsule thicknesses. These phenotypic
variants differ in the inflammatory leukocyte
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responses induced in mice, as well as virulence
(Goldman et al., 1998). Phenotypic switching
has been shown to occur in vivo during C. neo-
formans infection, which promotes a more vig-
orous inflammatory response and enhanced
lethality (Fries et al., 2001). Phenotypic
switching may contribute to the chronicity of
C. neoformans infection by inducing overexu-
berant inflammatory responses.

6.3. C. neoformans-derived
Oxylipins

C. neoformans and other pathogenic fungi
produce oxylipins, which resemble mam-
malian prostaglandins and other eicosanoids
(Noverr et al., 2002, 2003a,b). These can be
produced by the fungus from arachidonic acid
or synthesized de novo (Noverr et al., 2001).
Prostaglandins have well-recognized
immunomodulatory effects. In in vitro studies
with human and murine T cells, prostaglandin
E2 (PGE2) inhibits the production of Th1
cytokines IL-2 and IFN-γ, but not Th2
cytokines IL-4 and IL-5 (Betz and Fox, 1991;
Snijdewint et al., 1993). PGE2 also inhibits
mitogen-induced T cell proliferation
(Sergeeva et al., 1997). Eicosanoids are sig-
nificant players in pulmonary immune
responses. In an asthma model, prostaglandin
D2 (PGD2) accelerates Th2 responses to
aerosolized antigen, characterized by
increased eosinophilia, lymphocytosis, and
increased levels of Th2-type cytokines
(Honda et al., 2003). Cumulatively, these
results suggest that PGE2 and PGD2 promote
the polarization of T cells to a T2 phenotype.
The eicosanoids produced by C. neoformans
are biologically active. In vitro, C. neofor-
mans-derived prostanoid E inhibits mitogen-
induced proliferation of splenocytes even
better than mammalian PGE2 (Noverr et al.,
2003b). Thus, C. neoformans-derived oxylip-
ins may interfere with T cell proliferation or
by promoting the development of nonprotec-
tive T2 immunity.

7. Conclusion

In conclusion, during pulmonary C. neofor-
mans infection, T cells serve three majors
functions: (1) T cells are required for the
recruitment of inflammatory cells, primarily
monocytes and macrophages; (2) T cells are
responsible for the activation of macrophages;
(3) T cells cooperate with the antibody-medi-
ated immune response, via promoting opsonic
phagocytosis and ADCC.

The establishment of CMI depends upon
the innate immune system. In addition to
recognition and early containment of the
fungus, innate immune cells provide critical
signals, which establish a proinflammatory
state, and affect the polarization of arriving
T cells and macrophages. Chief among these
critical early signals are TNF-α, IL-12, IL-
18, and IFN-γ. In addition, a variety of
chemokines, most notably CCL2/MCP-1 act
both to recruit inflammatory cells and
polarize the environment of the lungs.

Both CD4+ and CD8+ T cell responses
are generated in response to C. neoformans.
This is due to the nature of the pathogen,
which survives and replicates both extra-
and intracellularly. Of late, a number of
cryptococcal mannoproteins have been
characterized, to which protective T cell
responses are generated.

During pulmonary C. neoformans infec-
tion, the T1 versus T2 nature of the lung
environment dictates whether clearance or
chronic infection will prevail. Resistant mice
generate protective T1 responses to C. neo-
formans. The protective T1 response, which
is characterized by the early induction of
TNF-α and IL-12, and the production of
large amounts of IFN-γ leads to activation
of macrophages, which phagocytose and kill
C. neoformans. In contrast, susceptible mice
generate cell-mediated immune responses to
C. neoformans, but the response is T2, lead-
ing to chronic infection. When T2 condi-
tions dominate in the lungs, the response is
characterized by the presence of T2

172 Dennis M. Lindell and Gary B. Huffnagle



cytokines IL-4, IL-5, IL-10, and IL-13.
Eosinophilia and the development of
aaMacs are also distinguishing features of
the nonprotective T2 response, and chronic
infection and tissue damage result.

Chronicity of infection is also promoted
by the immunomodulation of the host
response by C. neoformans. C. neoformans
possesses a polysaccharide capsule, and can
undergo phenotypic switching. Soluble cap-
sular polysaccharide has a number of
immunosuppressive effects, and phenotypic
switching may contribute to the chronicity
of C. neoformans infection by inducing
overexuberant inflammatory responses.
Additionally C. neoformans-derived oxylip-
ins may interfere with T cell proliferation or
by promoting the development of nonpro-
tective T2 immunity.

Thus, the nature of the immune response
to C. neoformans, and whether clearance
will take place, depends on the interplay of
host and microbial factors.
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1. Introduction

With the notable exception of Candida
spp., infection with most fungal pathogens is
acquired by inhalation and the lung is the
most common site of primary infection.
A common theme in fungal pathogenesis is
that a significant proportion of primary infec-
tions are either subclinical or cause minimal
symptoms and that primary pulmonary infec-
tion may regress spontaneously, particularly
in immunocompetent hosts. Recognition that
cell-mediated immune responses are crucial
for host defense has deflected interest away
from study of the role of antibody (Ab) in
immune responses to invasive disease. The
premise that cell-mediated responses are crit-
ical for host defense is supported by the asso-
ciation of disease with conditions where T
cell immunity is impaired and granulomatous
inflammation is linked with containment of
disease in the lung. However, impaired cell-
mediated responses also are accompanied by
defects in humoral immunity and the relative
contribution of each harm to host defense is
unknown.

Insight into the role of Ab responses in
host immunity to fungal infections has
been provided by several patterns of inves-
tigation, including direct measurement of
Ab or Ab-producing cells in this location.
However, much of the Ab present in the
lung is derived from systemic responses.
Recently, fungal immunology research has
focused primarily on determining the fac-
tors that allow the development of protec-
tive TH1-associated responses. Toward that
end, Ab responses are sometimes measured
as part of characterization of the cytokine
milieu following pulmonary infection.
Study of animals with defects in Ab pro-
duction due to targeted gene disruption has
been applied to the investigation of the role
of Ab. Substantial insight about Ab func-
tion has been provided by the effect of spe-
cific passive Ab on fungal disease in the
lung. Here, we review what is known about

Ab immunity to several pathogens in the
lung.

2. Overview of Antibody
Responses in the Lung

2.1. Naturally Occurring and
Specific Ab

Ab present in the absence of specific anti-
genic challenge may differ from that produced
in response to infection. The constitutively
produced “natural” Ab pool is important for
innate immunity. Natural Abs are mostly IgM
and can bind to pathogens or antigens to which
the host has never been exposed (Boes, 2000).
After infection, specific Ab is produced that
may function later in the course of subacute or
chronic infection or as part of memory
responses. Specific Ab responses are charac-
terized by higher frequencies of IgG and
higher affinity Abs to particular antigens.
Thus, Ab from specific responses may func-
tion differently in response to infection than
that present at the onset of infection. Two dis-
tinct lineages of B cells are responsible for Ab
production in the lung that may differ in their
relative contributions to innate compared to
specific immune responses. In contrast to con-
ventional bone marrow-derived B cells (B2 B
cells) that are responsible for most Ab pro-
duced in response to antigenic challenge, B1 B
cells maintain themselves by self-renewal for
the life of the animal (Ishida et al., 1992). This
population is rarely found in primary or sec-
ondary lymphoid tissue and, though predomi-
nantly studied in the peritoneum, is enriched in
the pleural compartment (Marcos et al., 1989;
Ishida et al., 1992). These cells produce a
restricted repertoire of low-affinity Abs that
are highly cross-reactive with self-determi-
nants, do not mature by somatic mutation, and
generate most of the IgM found in serum
(Baumgarth et al., 1999). B1 B cells preferen-
tially recognize T lymphocyte-independent
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antigens, such as polysaccharides and phos-
pholipids (Kantor and Herzenberg, 1993).

2.2. Compartments in the Lung

2.2.1. Upper Airways

The lung may be viewed as divided into two
compartments: larger airways, including
bronchi, and the distal airways. Such distinc-
tion is relevant for consideration of Ab-medi-
ated immunity, as regional responses differ in
terms of the origin of Ab present, stimuli for
local Ab production, and type of Ab produced
(Kunkel and Butcher, 2003). The larger air-
ways are part of the common mucosal immune
system that includes not only other parts of the
respiratory tract (trachea, nares, and pharynx),
but also other mucosal compartments, includ-
ing the gastrointestinal tract and the vagina. In
these locations, a substantial proportion of Ab
production occurs locally and Ab responses are
highly influenced by cytokine production not
only by classical immune cells, but also by the
respiratory epithelium. Unlike the organized
lymphoid systems found in other mucosal
compartments (mucosal-associated lymphoid
tissue (MALT)), in bronchus-associated lym-
phoid tissue (BALT), a typical compartment is
not seen in many species, including humans,
and, in most studies, no germinal centers are
found (Pabst and Gehrke, 1990). Further, the
M (microfold) cells that are responsible for
antigen sampling in the intestinal lumen have
not been identified in normal respiratory
mucosa (Pilette et al., 2001). Thus, it has been
proposed that additional cell types are respon-
sible for stimulating local Ab production in the
normal host (Salvi and Holgate, 1999).

The predominant Ab found in the upper
airway is IgA. IgA may exist in dimeric or
monomeric forms. Monomeric serum IgA is
produced mainly in the bone marrow, while
in the respiratory tract, locally produced
IgA is predominantly dimeric (Salvi and
Holgate, 1999). In addition to those made

by host immune cells of hematopoietic ori-
gin, bronchial epithelial cells provide
cytokines that are important for IgA pro-
duction, including IL-10, transforming
growth factor (TGF)-β, IL-5, and IL-6
(Cromwell et al., 1992; Magnan et al., 1994;
Bonfield et al., 1995; Salvi et al., 1999). IgA
produced by Ab-secreting cells in the lung
interstitium or derived from the systemic cir-
culation is transported from these sites to
luminal surfaces by transcytosis. IgA is
bound by the polymeric Ig receptor (pIgR)
found on basolateral surfaces of bronchial
epithelial cells and on endothelial cells.
Following endocytosis, pIgR bound to IgA
may be transported to the apical membrane,
where proteolytic cleavage results in release
of secretory (S) IgA, consisting of polymeric
IgA attached to secretory component (SC),
the residua of the pIgR (Pilette et al., 2001).

In the airway lumen, the major function
attributed to IgA is “immune exclusion”—
by binding to microbes or their antigens,
these components are prevented from adher-
ing to host tissue and their clearance is facil-
itated (Reynolds, 1987; Salvi and Holgate,
1999). The polymeric nature of SIgA
enhances its capacity for agglutination.
Traditionally, IgA has been viewed as an iso-
type that removes microbes or microbial
components while not triggering proinflam-
matory responses, such as complement acti-
vation or Ab-dependent cellular cytotoxicity
(ADCC). More recently, IgA has been
shown to be capable of inducing proinflam-
matory effects through complement activa-
tion or Fc receptor (FcR) binding (Kerr,
1990; Arulanandam et al., 2001; Pilette
et al., 2001).

IgG, which is monomeric, is present in
the tracheobronchial tree, though in
amounts far below those of IgA. Further,
far fewer Ab-secreting cells in the bronchial
mucosa produce IgG than IgA (Soutar,
1976). IgG can enter the upper airway by
passive diffusion or transudation from
serum or following production by plasma



cells in the bronchial mucosa (Soutar, 1976;
Lamm, 1997; Brandtzaeg et al., 1997). The
functions of IgG are discussed below.

IgM is detected in bronchoalveolar
lavage fluid only in very low concentrations,
a feature that is attributed to the large size of
the pentameric form of the Ab, resulting in
less transudation from plasma (Burnett,
1986; Reynolds, 1987). Nonetheless, IgM is
found in BAL fluid in concentrations higher
than can be explained by simple diffusion
from the blood (Burnett, 1986). IgM-pro-
ducing cells are found in the bronchial
mucosa and, like IgA, pentameric IgM can
be transcytosed via the poly-IgR and
released in conjunction with SC. IgM is the
isotype that activates complement most effi-
ciently and, because of its polymeric struc-
ture, IgM can agglutinate antigens strongly
(Burnett, 1986). Thus, like IgA, IgM in the
airways can function in immune exclusion.
IgE is present in both serum and bron-
choalveolar lavage fluids at low concentra-
tions (Burnett, 1986). This isotype, which
may be produced by B cells in the bronchial
mucosa, is an important mediator of hyper-
sensitivity responses to inhaled antigens, the
subject of another chapter that will not be
considered further here.

2.2.2. Distal Airways

In contrast, the lower lung compartment,
including the alveolar space, is not considered
part of the common mucosal immune system
(Zuercher et al., 2002). Rather, Ab responses in
the distal lung are believed to reflect systemic
responses. In fluid obtained by lavage of the
distal airways of normal human lung,
immunoglobulin accounts for approximately
14% of the total protein content, yet cells of B
lymphocyte lineage represent less than 1% of
all cells recovered from BAL (Merrill et al.,
1985; Reynolds, 1988; Hance et al., 1988).
IgA predominates in fluid obtained by distal
airway lavage, accounting for about half of the
total immunoglobulin. IgA-producing cells are
found in the lamina propria of bronchioles but

are absent from terminal bronchioles and alve-
olar epithelium (Soutar, 1976). The proportion
of IgG in this compartment is increased com-
pared to the upper airways.

IgG in the distal airway is derived largely
from plasma (Reynolds, 1988). Proteins sig-
nificantly larger than 150 kDa are excluded
from passage into the alveolar space, but
IgG can pass freely by transudation
(Reynolds, 1987). Alveolar macrophages
may downregulate local Ab production
(Kaltreider et al., 1986; Blumenthal et al.,
2001). Human alveolar macrophages can
preferentially inhibit IgG and IgM produc-
tion by B cells in response to stimulation
with T cell-independent antigens, while hav-
ing little effect on IgA synthesis (Wilkes
et al., 1993). Of the human IgG subclasses,
IgG1 is most abundant in serum, followed
by IgG2, IgG3, and then IgG4. IgG4 is pres-
ent at higher Ig-to-albumin ratios in BAL
fluid than in serum (Reynolds, 1987). Local
production of IgG4 and possibly IgG3 is
thought to be higher than that of IgG1 or
IgG2 (Merrill et al., 1985). Antigenic chal-
lenge may alter the location of Ab produc-
tion within the lung. In the terminal airway
of normal human lung, Ab-producing cells
are localized to the interstitium and little
synthesis occurs on the alveolar epithelial
layer (Hance et al., 1988). Following anti-
genic challenge, Ab-producing cells are
found in the alveolar space. These cells are
derived from the blood but can mature in
the lung (Bice et al., 1987). Specific Ab
responses in this compartment result from
the development of Ab-secreting cells in
regional lymph nodes with subsequent hom-
ing of these cells back to the airway based
upon selective expression of adhesion mole-
cules (Kaltreider et al., 1987; Kunkel and
Butcher, 2003).

The mechanism of action of IgG largely
is mediated by binding to FcRs. Activation
receptors for IgG are present on most
immune effector cells, including monocytes,
macrophages, neutrophils, dendritic cells,
NK cells, eosinophils, and platelets, but are
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not found on T cells (Fanger et al., 1996;
Ravetch and Bolland, 2001). In addition,
FcγRs have been identified on cells of the
human alveolar epithelial type II cell line
A549, suggesting the potential for receptor-
mediated interaction with Ab (Salik et al.,
1999). Inhibitory FcRs are present on
macrophages, neutrophils, B cells, and mast
cells, but not T cells or NK cells (Ravetch
and Bolland, 2001). Activation through
FcγRs results in phagocytosis, degranula-
tion, ADCC, transcription of cytokine
genes, and release of inflammatory media-
tors (Ravetch and Bolland, 2001). In the air-
space, IgG functions as an opsonin,
triggering phagocytosis of microorganisms
by macrophages, neutrophils, and dendritic
cells. While 25% of human alveolar
macrophages can bind IgG3 and 10% bind
IgG4, no significant binding of IgG1 or
IgG2 is observed, suggesting that IgG3 and
IgG4 may be the most important subclasses
for opsonization of microbial pathogens
(Burnett, 1986). Complement activation by
the classical pathway resulting in the gener-
ation of complement breakdown products
generates additional opsonic fragments,
including C3b, and fragments with chemo-
tactic properties, such as C5a. Human IgG1,
IgG2, and IgG3 can activate complement
via classical pathway, while IgG4 does not
(Burnett, 1986).

3. Ab-Mediated Immunity:
Specific Pathogens

3.1. Aspergillus fumigatus

Aspergillus fumigatus causes disease
through allergy induction or tissue destruction
resulting from fungal growth. Apart from
hypersensitivity responses, pulmonary dis-
eases due to A. fumigatus include aspergillo-
mas, fungal masses that grow in preexisting
cavities, and invasive aspergillosis, which
occurs most commonly in severely immuno-
compromised hosts. Conidia (spores) are the

infectious particles and are typically 2 to 3 µm
in size, enabling them to reach the distal air-
way (Latge, 1999).

Abs to A. fumigatus antigens are found in
the serum of normal hosts, appearing in late
infancy and increasing with age (Bardana
et al., 1972; Bardana, 1974). Presumably,
these responses occur because of exposure
to A. fumigatus, but the possibility that they
represent responses to cross-reactive anti-
gens cannot be excluded. IgG, IgA, and IgM
to A. fumigatus antigens are found in
bronchial secretions of 58%, 83%, and 5%,
respectively, of patients without aspergillo-
sis (Schonheyder et al., 1983). In contrast,
all of those tested had serum IgG, while
fewer had IgA. Monomeric IgA was
detected more frequently than sIgA in
bronchial secretions, suggesting that this Ab
reached the lung from the systemic circula-
tion. However, the presence of SC also sug-
gested that local Ab synthesis occurs. It has
been proposed that the response occurring
in the absence of disease prevents the devel-
opment of hypersensitivity reactions to
A. fumigatus antigens.

Initial efforts to characterize Ab responses
to pulmonary aspergillosis beyond the con-
text of hypersensitivity reactions focused on
study of patients with aspergilloma.
Multiple studies have documented the devel-
opment of serum IgG responses to A. fumi-
gatus antigens, while IgM and IgA responses
have been variably documented (Bardana
et al., 1972; Bardana, 1974; Schonheyder
et al., 1982; Kostiala et al., 1984; Huizinga
et al., 1985; Reen, 1988; Kurup et al., 1988;
Reijula et al., 1991). In a study of Ab
responses in patients with aspergilloma,
only IgG1 binding to A. fumigatus culture
filtrate antigens was elevated compared to
isotypes found in control sera (Kurup et al.,
1990). In contrast, the traditional view has
been that the degree of immunocompromise
in patients with invasive aspergillosis pre-
vents the development of systemic Ab
responses and Ab titers fall as disease
becomes more severe (Young and Bennett,
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1971; Matthews et al., 1985; Weig et al.,
2001).

The effect of Ab on pathogenesis or host
responses to pulmonary aspergillosis is
unclear. The presence of serum IgA to a
high molecular weight fraction correlated
inversely with the ability to culture A. fumi-
gatus from the respiratory tract of patients
with cystic fibrosis, suggesting that sIgA
could protect against airway colonization
(Schonheyder et al., 1985). In the case of
aspergilloma, the presence of Abs with
specificities not found in the absence of dis-
ease was suggested to limit fungal invasion
(Bardana et al., 1972; Kobayashi et al.,
1993). However, direct demonstration of a
role for Ab is lacking. In vitro, rabbit alveo-
lar macrophages more effectively kill
A. fumigatus conidia in the presence of
immune serum than normal serum, though
phagocytosis is not altered (Kurup, 1984).
Abs capable of mediating ADCC have been
demonstrated in sera of patients with
aspergilloma (Kurup et al., 1985). Study of
aspergillosis in chicks found that appear-
ance of serum Ab reactive with hyphal frag-
ments correlated with resistance to
pulmonary infection and that development
of serum precipitins coincided with hyphal
clearance from the lung (Taylor and
Burroughs, 1973). However, mice with tar-
geted disruption of the IgM constant region
(µMT mice), in whom B cell development is
arrested at the pre-B cell stage and who do
not have surface IgM (Kitamura et al.,
1991), had lower lung fungal burden follow-
ing intranasal (i.n.) infection, compared to
wild-type controls (Montagnoli et al., 2003).
When cyclophosphamide was given to
induce neutropenia, prolonged survival and
lower fungal burden were demonstrated in
infected µMT mice. These findings could be
interpreted as suggesting that neither Ab
nor B cells are required for resistance to
invasive pulmonary aspergillosis. However,
in these mice, compensatory changes in
other potentially important cell populations
have been demonstrated in response to

infection with other pathogens (van der
Heyde et al., 1996). Thus, only limited con-
clusion can be drawn from these experi-
ments. In addition, passive transfer of
normal mouse serum to nonneutropenic
µMT mice resulted in further control of fun-
gal burden compared to those that did not
receive serum (Montagnoli et al., 2003),
maintaining the possibility that naturally
occurring Ab is beneficial to the host.

In summary, the literature regarding Ab
responses to pulmonary infection with
A. fumigatus contains studies in which a vari-
ety of crude antigen preparations were used
that were not standardized for content, strain,
or form of the organism. Evaluation of sys-
temic responses in patients with aspergilloma
revealed that systemic IgG is made in
response to pulmonary disease. More
recently, the use of purified or recombinant
Ags has provided reagents to characterize Ab
responses. However, our understanding of Ab
responses in the lung remains rudimentary, as
does our understanding of the contribution of
Ab to immunity or pathogenesis of pul-
monary A. fumigatus infections.

3.2. Blastomyces dermatitidis

Following inhalation of Blastomyces der-
matitidis conidia, germination and phase tran-
sition to the yeast form occur in the lung.
Primary infection results in pneumonia that
most commonly resolves spontaneously, though
bronchial ulceration can lead to endobronchial
spread, resulting in fulminant infection (Sarosi
and Davies, 1979). Chronic disease can ensue
that may be associated with dissemination to
any organ, though the lung frequently remains
involved.

Serological testing for B. dermatitidis his-
torically was less sensitive or specific than
with other dimorphic fungal pathogens.
Based upon studies using an enzyme
immunoassay (EIA) to A antigen, a yeast fil-
trate antigen preparation containing numer-
ous proteins and glycoproteins, acute
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pulmonary blastomycosis is believed to cause
short-lived systemic Ab responses in patients
with self-limited disease or who are effectively
treated. No correlation was found between
serological results and symptomatic or severe
acute infections (Kaufman et al., 1973; Klein
et al., 1987). In chronic infection, higher titers
correlate with the presence of disseminated
disease (Klein et al., 1986; Turner et al., 1986).

In a murine model of B. dermatitidis
infection, plasma cells were present in
perivascular spaces adjacent to inflamma-
tory foci 1 to 3 weeks following intratracheal
(i.t.) infection. At this time, peribronchial
lymph nodes became fully developed with
germinal centers and medullary accumula-
tions that contained plasma cells (Williams
et al., 1994). These findings support the view
that both local Ab synthesis and regional
lymph node stimulation contribute to Ab
responses to pulmonary B. dermatitidis
infection. In this model, serum Ab to A anti-
gen was not detected by EIA until 35 days
after infection, suggesting either that this
test was insensitive or that Ab was being
produced to antigens other than those con-
tained in A antigen preparations.

As with A. fumigatus, B cell-deficient µMT
mice are more resistant than wild-type litter-
mate controls to lethal i.n. infection with
B. dermatitidis, with significantly prolonged
survival and lower lung fungal burdens 20
days after infection (Wuthrich and Klein,
2000). Though these results have been pro-
posed to indicate that the favoring of a TH1-
like phenotype may enhance resistance, as
recognized by the investigators, TH phenotypes
have not been measured directly in this system
(Wuthrich and Klein, 2000). Thus, though a
possible interpretation of these experiments is
that Ab induced by infection is deleterious,
alternative possibilities cannot be excluded.

3.3. Coccidioides immitis

In approximately 60% of immunocompe-
tent hosts, primary Coccidioides immitis infec-

tion in the lung is asymptomatic or mild
enough so that affected individuals do not seek
medical care (Pappagianis, 2001). Common
features of primary pneumonia include the
presence of unilateral infiltrates, hilar
adenopathy, and pleural effusions. Complete
resolution usually occurs, though a few die
from acute pneumonia and ~0.5% of infected
immunocompetent individuals develop dis-
seminated disease (Stevens, 1995). Higher Ab
titers correlate with more severe disease, such
that those with localized disease in the lung
and draining lymph nodes rarely have comple-
ment fixation (CF) titers, which detect IgG
binding to a chitinase (Johnson and
Pappagianis, 1992), above 1:16, though higher
titers occasionally have been seen in patients
with prominent tracheobronchial or mediasti-
nal lymphadenopathy (Pappagianis and
Zimmer, 1990). Chronic cavitary disease has
been associated with persistent serum tube
precipitin (TP) Abs, whose formation results
from a reaction of IgM with several C. immitis
macromolecules and a 21kDa serine proteinase
(Smith et al., 1950; Cole et al., 1991).

For C. immitis, very little is known about
the local Ab response in the lung. Pulmonary
Ab isotype concentrations have not been
measured and pathogenesis of pulmonary
infection in the selective absence of Ab has
not been studied. Smith et al. (1950)
reported testing of simultaneous pleural
fluid and serum samples from 13 patients
with coccidioidal hydropneumothorax.
These investigators found that CF titers are
the same in pleural fluid as in serum in a few
paired samples, while titers are higher in
serum in the remainder. This finding is in
concert with the view that systemic synthesis
may be more important than local synthesis
as a source for Ab in pleural fluid.

The role of Ab in host defense or patho-
genesis is unknown with respect to pul-
monary coccidioidomycosis. The finding
that higher Ab titers correlate with more
severe and disseminated disease has been
cited as evidence to support a harmful role
(Cox and Arnold, 1979). In vitro, alveolar
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macrophages from rhesus macaques phago-
cytose C. immitis endospores and spherules
without the need for exogenous opsonin.
Phagolysosomal fusion is impaired in com-
parison to that observed following phagocy-
tosis of Candida albicans, this macrophage
population is unable to kill the organism
and intracellular replication ensues. Immune
serum from an infected macaque containing
CF Abs, but not TP Abs, did not enhance
phagocytosis, phagolysosomal fusion, or
fungal killing (Beaman and Holmberg,
1980). This finding suggests that Ab occur-
ring in response to infection does not
directly enhance macrophage effector func-
tion in the lung, but a range of variables
have not been explored, including the roles
of Ab specificity, isotype, and quantity.

3.4. Cryptococcus neoformans

In the overwhelming majority of normal
humans, initial infection with Cryptococcus
neoformans presumably can be eradicated by
the immune response or may become latent,
with the organisms contained in a granuloma
within a subpleural nodule. Disseminated
infection may follow initial infection in certain
individuals or may follow reactivation of latent
disease in circumstances of acquired immuno-
deficiency (Garcia-Hermoso et al., 1999).
Serologic studies indicate that the prevalence of
Abs reactive with C. neoformans protein and
polysaccharide antigens among individuals
with and without a history of cryptocococcosis
is high (Abadi and Pirofski, 1999; Fleuridor
et al., 1999; Goldman et al., 2001). A study of
over 100 children in New York City that assayed
serum Ab for C. neoformans protein antigens
found that >70% of children older than 5 years
of age were seropositive and concluded that ini-
tial cryptococcal infection occurred in early
childhood (Goldman et al., 2001).

The role of the natural Ab response in
defense against C. neoformans infection in
the lung is uncertain, but there is some evi-
dence from rat, mouse, and human studies

suggesting that the type of Ab response
elicited correlates with the outcome of infec-
tion. In rat pulmonary infection, granuloma
formation coincides with the appearance of
serum Ab opsonins, suggesting a temporal
association between a humoral response and
control of infection (Goldman et al., 1994).
Furthermore, the establishment of persist-
ent infection is associated with downregula-
tion of both cellular and humoral immune
responses to C. neoformans (Goldman et al.,
2000). Pulmonary C. neoformans infection
in mice elicits Abs to both the capsular poly-
saccharide and protein antigens. Among
protein antigens, heat shock protein 70 is a
major target of the humoral response
(Kakeya et al., 1997). In BALB/c mice, pul-
monary infection elicits serum Abs that
produce immunofluorescence patterns asso-
ciated with nonprotective Abs (Zaragoza and
Casadevall, 2004). Although both IgM and
IgG were produced in response to infection,
staining of yeast cells in alveolar spaces
revealed only IgG, suggesting that only this
isotype crossed into the alveolar space.

In summary, the biological relevance of
the Ab response to C. neoformans pul-
monary infection is uncertain. In rats and
humans, circumstantial evidence supports
an association between this response and
resistance to infection. Interestingly, both
species are relatively resistant to cryptococ-
cosis. In contrast, for mice, there is currently
no evidence that the natural Ab response
contributes to defense against pulmonary
cryptococcosis and this species is considered
highly susceptible. In fact, a comparison of
C.B.-17 (resistant) and BALB/c (susceptible)
mice suggested that a genetic difference at
the immunoglobulin heavy chain locus was
responsible for the genetic difference in sus-
ceptibility (Lovchik et al., 1999).

3.5. Histoplasma capsulatum

Histoplasma capsulatum is an endemic fun-
gus found in the Ohio–Mississippi river valley
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and certain parts of the Caribbean and South
America. A different variety of the fungus is
found in Africa that is known as Histoplasma
duboisii. Human H. capsulatum infection is
associated with strong Ab responses to fungal
antigens, including ribosomes and histoplas-
min (Raman et al., 1990). Isotype analysis
reveals that all types of histoplasmosis are
associated with elevated levels of IgG and IgA
and depressed levels of IgM (Caldwell et al.,
1983). A significant proportion of the Abs
elicited by H. capsulatum infection are cross-
reactive with other fungi such as B. dermati-
tidis, C. neoformans, and C. albicans (Raman
et al., 1990), contributing to the difficulties
with using serology for diagnosis and in
associating Ab responses with outcomes to
infection.

At this time there is no evidence to sup-
port the view that natural Ab responses to
H. capsulatum contribute to host defense. B
cell-deficient µMT mice are not more sus-
ceptible to experimental pulmonary histo-
plasmosis than wild-type mice (Allendorfer
et al., 1999). However, as discussed in
Section 4.2 below, the absence of evidence
should not be construed as absence of Ab
efficacy against H. capsulatum.

3.6. Paracoccidioides
brasiliensis

Primary pulmonary infection with
Paracoccidioides brasiliensis results in the
development of two forms of disease—the
acute (juvenile) form that is associated with
extensive lymphoreticular involvement and the
more common chronic (adult) form, which
may be uni- or multicentric. While the lung
may be involved in both forms, unicentric dis-
ease may not be accompanied by detectable
infection in the lung (Brummer et al., 1993).
Both human disease and animal models are
characterized by the presence of high titers of
specific Abs to P. brasiliensis antigens in the
serum and disease progression correlates with Ab
titer, which reflects the extent of dissemination

(Greer and McMurray, 1981; Defaveri et al.,
1982; Biagioni et al., 1984; Tani et al., 1987;
Castaneda et al., 1988).

Comparison of mice with isolated pul-
monary paracoccidioidomycosis to those
with disseminated disease provides a window
into the effect of systemic Ab responses
on pulmonary disease. Study of pul-
monary infection in resistant A/Sn mice
and susceptible B10.6 mice, whose differ-
ing susceptibility to P. brasiliensis maps to
the pbr locus, showed that A/Sn mice have
higher lung fungal burdens than do B10.6
mice but similar patterns of pulmonary
pathology, despite the finding that the for-
mer do not develop disseminated disease.
Comparable increases in the numbers of
Ig+ cells in the lungs by 4 weeks after infec-
tion are found in these strains (Cano et al.,
2000). Both mouse strains produce Ab of
all IgG subclasses, though A/Sn mice have
higher serum titers of IgG2a and IgG3
than do B10.A mice, while the latter pro-
duce IgG1 and IgG2b earlier than they
produce IgG2a and IgG3 (Cano et al.,
1995). These findings are consistent with
patterns of cytokine measurement in lung
homogenates from infected mice, which
show that, in both resistant and suscepti-
ble mice, a mixed TH1–TH2 cytokine
response is detected in the lung, though
higher concentrations of IFN-γ, IL-4, IL-
5, and IL-10, but not IL-2, are found in
the lungs of susceptible mice (Cano et al.,
1998). These results raised the possibility
that IgG2a and IgG3, isotypes produced in
the context of TH1-associated responses,
played a role in preventing dissemination.
However, anti-IFN-γ treatment abrogated
resistance to dissemination in A/Sn mice
while increasing total specific Ig, IgG1,
Ig2a, and IgG2b concentrations in this
strain, without altering IgG3, suggesting
that Ab was not mediating this control.
Conversely, administration of IL-12, an
important regulator of TH1-associated
cytokine production, on days 0 through 5
after i.t. infection to B10.A mice did not
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alter lung fungal burden but reduced dis-
semination (Arruda et al., 2002). Lung
inflammation was enhanced from 1 to 8
weeks after infection and, while 1 week
after infection, lung IFN-γ concentration
was increased, at the latter time, lung con-
centrations of both TH1- and TH2-associ-
ated cytokines and serum IgG1 and IgG3
titers were lower than in control mice.
These findings suggest that a more TH1-
like environment results in containment
within the lung but argue against a causal
role for Ab in these effects (Carvalhaes
et al., 1986).

In summary, systemic Ab responses
correlate with the cytokine milieu found in
the lung and manipulation has produced
alterations in relative proportions of Ab
isotypes that would be predicted based
upon our current understanding of the
role of cytokines in isotype switching. At
present, we know little of Ab function in
pathogenesis or protection in the specific
environment of the lung during paracoc-
cidioidomycosis.

4. Effect of Exogenous
Antibody Administration on
Pulmonary Fungal Infection

The ability of systemic Ab to influence the
course of pulmonary infection is amply illus-
trated by experiments where administration of
exogenous Ab to a nonimmune host changes
the outcome of infection to the benefit of the
host. In the preantibiotic era, horse immune
sera was demonstrated to be highly effective
for therapy of human Streptococcus pneumo-
niae pneumonia when administered shortly
after the onset of symptoms (Casadevall and
Scharff, 1994). Today, Ab therapy is used for
the prophylaxis and therapy of respiratory
syncytial virus pulmonary infections
(Groothuis et al., 1993). Among the medically
important fungi, the ability of exogenous Ab
to influence experimental murine pulmonary
infection has been studied for C. neoformans,

H. capsulatum, P. brasiliensis, B. dermatitidis,
and A. fumigatus.

4.1. C. neoformans

Systemic administration of an IgG1 to
C. neoformans capsular glucuronoxyloman-
nan prior to experimental pulmonary infection
significantly prolonged survival for Ab-
treated A/J and C57BL/6 mice without a
reduction in pulmonary fungal burden in the
first 4 weeks of infection (Feldmesser and
Casadevall, 1997; Feldmesser et al., 1998).
Approximately 80% of Ab-treated A/J mice
survived pulmonary infection and a third of
these mice cleared the infection from their
lungs (Fig. 9.1). Ab-treated and control mice
manifested differences in the appearance of
the inflammatory response, with Ab-treated
mice having more localized disease. For
C57BL/6 mice, Ab administration was associ-
ated with significant reduction in the number
of granules per eosinophil, indicating
increased degranulation and/or a change in
eosinophil physiology (Feldmesser et al.,
1998).

In vitro, specific Ab is a potent opsonin
for C. neoformans and addition of capsule-
binding IgG to suspensions of macrophages
and yeast cells resulted in transient reduc-
tion of fungal colony-forming units (CFUs),
consistent with enhanced killing of yeast
cells by macrophages (Mukherjee et al.,
1995, 1996). However, the observation that
passive Ab was protective without signifi-
cant reductions in lung CFU early in infec-
tion made the hypothesis that Ab functioned
primarily as an opsonin less attractive. In
fact, the observation that C. neoformans is
rapidly phagocytosed by lung alveolar
macrophages irrespective of Ab administra-
tion argued against a mechanism of Ab-
mediated protection based on enhanced
opsonization of yeast cells (Feldmesser
et al., 2000). This result, combined with dif-
ferences in inflammation, suggested that Ab
was mediating protective effects in the lung
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Figure 9.1. Top: The relationship between lung CFU and time in control and mAb 2H1-treated mice
following i.t. infection with 104 C. neoformans yeast. MAb 2H1 (1 mg/mouse) was given intraperi-
toneally 24 h prior to infection. Values represent means. Broken lines from day 100 to day 199 represent
the curves when day 199 mice were separated into those with detectable lung CFU (upper line) and
those for whom CFU were not detectable (lower line). Asterisk (*) indicates point after which CFU data
could not be obtained from control animals because they began to die rapidly. For control mice, n = 10,
9, 8, 10, 12, 13, and 4 at 2, 24, 48 h, 7, 14, 28, and 42 days, respectively. For mAb 2H1-treated mice, n =
10, 10, 10, 11, 10, 27, 4, and 7 at 2, 24, 48 h, 7, 14, 28, 100, and 199 days, respectively. Because the curves
are derived from multiple experiments, statistical analysis was not included. Bottom: A and C, day 28
lungs of two control mice show a predominance of extracellular C. neoformans. Organisms were able to
grow freely in the alveolar space outside of inflammatory foci. B and D, day 28 lungs of two mAb 2H1-
treated mice show granulomatous inflammation and predominantly intracellular C. neoformans
(arrows). In mAb 2H1-treated mice, organisms were usually contained within foci of inflammation;
H&E stain, X250. Reproduced with permission from J. Immunol. 1997; 158: 790–799. Copyright 1997.
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of C. neoformans-infected mice by altering
the inflammatory response in a manner that
reduced host damage.

The hypothesis that Ab was protective
through immunomodulatory effects was
tested by comparing cytokine and leukocyte
responses in the lung of A/J mice infected
with C. neoformans in the presence and
absence of exogenously administered IgG1.
Despite the histological differences associ-
ated with the inflammatory response to
C. neoformans in the presence and absence of
exogenous IgG1 mAb, fluorescence-activated
cell sorter analysis of lung homogenates
revealed no significant differences in the
number of leukocytes in mAb-treated and
control mice (Feldmesser et al., 2002).
However, cytokine and cellular marker
analysis of lung homogenates revealed
quantitative differences between mAb-
treated and control mice that, alone or in
combination, may have been responsible for
the beneficial effect of Ab. Specifically,
mAb-treated mice had more granulocytes at
day 14 and higher macrophage CD86 sur-
face expression on day 28. At day 7, analysis
of lung homogenates revealed that mAb-
treated mice had higher amounts of IL-10, a
trend toward lower amounts of IFN-γ and a
smaller increase in IL-4. Since control of
C. neoformans infection in the lung requires
granuloma formation, which implies at TH1-
polarized response, the observation of
higher levels of IL-10 and a trend towards
lower levels of IFN-γ would appear para-
doxical. However, the observation that con-
trol mice die and mAb-treated mice survive
despite comparable lung CFUs suggest that
mortality in control mice is probably medi-
ated by factors other than microbial burden
and implies the possibility of immune-medi-
ated damage. In this scenario, the higher lev-
els of IL-10 and lower levels of IFN-γ may
serve to downregulate the intensity of the
inflammatory response and reduce lung
damage. According to this view, the histolog-
ical differences between mAb-treated and
control mice could reflect better organization

of the inflammatory cell infiltrate in mAb-
treated mice as a consequence of downregu-
lation of the immune response by higher
amounts of IL-10 and lower amounts of
IFN-γ. The increased numbers of granulo-
cytes at day 14 could provide additional
effector cells against C. neoformans and the
higher expression of CD86 in macrophages
may reflect enhanced functional capacity.

Analysis of inflammatory responses in
inducible NO synthase (NOS2)-sufficient
and -deficient C57BL/6 mice provides addi-
tional support for the theme that exogenous
Ab mediates protection by modulating the
cellular immune response (Rivera et al.,
2002). NOS2−/− mice were more susceptible
to C. neoformans infection than wild-type
controls despite lower lung CFUs.
Exogenous IgG1 mAb was protective
against pulmonary infection in C57BL/6
mice but had no effect in NOS2−/− mice.
Histological examination indicated a florid
inflammatory response in NOS2−/− mice,
consistent with the view that the increased
susceptibility was a function of host inflam-
matory damage as a consequence of
immune regulatory defects in the absence of
NOS. The intense inflammatory response in
NOS2−/− mice was paralleled by significantly
higher lung levels of IFN-γ, MCP-1, and
MIP-1α than observed in parental mice with
C. neoformans infection. In this system, the
only measurable cytokine differences in
parental C57BL/6 mice were modest
increases in both IL-4 and IFN-γ concentra-
tions in IgG1 mAb-treated mice. However,
in NOS2−/− mice, exogenous IgG1 mAb
administration was associated with major
reductions in IFN-γ, MCP-1, and MIP-1α
concentrations, although the decrease was
not sufficient to reduce the level of these
cytokines to those measured in parental
mice. The inefficacy of exogenous IgG1
mAb in NOS2−/− mice illustrates the inabil-
ity of Ab to mediate protection in the
absence of a major regulator of the
immune response. Furthermore, the differ-
ences in cytokine and inflammatory
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response measured in the presence and
absence of exogenous IgG1 mAb illustrate a
dependence on genetic background for the
type of effects mediated by specific Ab.

The mechanism of exogenous Ab-medi-
ated protection against C. neoformans in the
lung can be considered in the context of the
“damage–response” framework of micro-
bial pathogenesis, which posits that the rele-
vant outcome of the host–microbe interaction
is the amount of damage incurred by the host
and that damage can originate from the
microbe, the host, or both (Casadevall and
Pirofski, 2003). According to this synthesis,
the amount of damage as a function of
immune response is a parabolic relationship
where most host damage occurs in situations
of weak or strong immune responses (Fig.
9.2A). Since there is ample evidence that
cell-mediated immunity makes a critical
contribution to host defense for C. neofor-
mans, one can place the intensity of the
cell-mediated response in the x-axis (Fig.
9.2B). Hence, Ab-mediated protection can
be envisioned as reducing inflammatory
damage. Although this scheme is almost
certainly a simplification of a very complex
process, it provides a construct for under-
standing how Ab-associated increases in
TH2-related cytokines and/or reductions in
TH1-related cytokines are implicated in Ab-
mediated protection of a process that is
dependent on competent cell-mediated
responses.

In summary, IgG1 mAb to C. neofor-
mans polysaccharide is protective against
cryptococcal infection in mice by a mecha-
nism that involves modulation of the
immune response through changes in both
TH1- and TH2-associated cytokines. IgG1
mAb administration produced different
effects on the cytokine profile of A/J and
C57BL/6 mice infected with C. neoformans,
suggesting that Ab-mediated protection may
be achieved through different combinations
of changes to the cytokine response to infec-
tion. An emerging theme in these studies is
the view that exogenous Ab protects mice by

reducing immune-mediated damage to the
lung. Reduced damage can promote or
result in a more effective inflammatory
response, which effectively controls the
infection and reduces mortality (Casadevall
and Pirofski, 2003).

4.2. H. capsulatum

An IgM mAb to a surface histone-like pro-
tein of H. capsulatum prolonged survival in
lethally infected mice when the Ab was incu-
bated with conidia prior to infection (Nosanchuk
et al., 2003). Systemic administration of the
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Figure 9.2. (A) The damage-response frame-
work proposes that host damage is a function of
the host response with damage occurring prima-
rily in hosts that mount weak or strong responses.
In this synthesis, administration of Ab to hosts
capable of mounting strong immune responses
translates into protective efficacy by reducing the
amount of host-mediated damage. C. neoformans
has been proposed to be a Class II pathogen in
humans (Casadevall and Pirofski, 1999) but
behaves as a Class III pathogen in mice, since
both immunocompetent and immunocompro-
mised mice are susceptible to experimental infec-
tion. (B) Ab administration to mice alters the
Class III curve to resemble that of Class II,
whereby normal mice are less susceptible.
However, passive Ab is not effective in mice with
defective cell-mediated immunity and, conse-
quently, the left part of the curve is not affected
by exogenous Ab.
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IgM mAb prior to infection had only a modest
effect on survival, presumably because of poor
penetration of IgM into the alveolar space. Ab-
mediated protection against H. capsulatum
was associated with comparable CFUs and
reduced inflammation relative to control mice.
mAb-treated mice had higher levels of IL-4
and IL-6 at day 2 of infection and increased
levels of IFN-γ at day 7. These results echo the
findings with Ab-mediated protection against
C. neoformans, with the important caveats that
those studies used IgG1 instead of IgM and
that the observed cytokine changes are differ-
ent. Although that study established that Ab
can modify the course of infection to the ben-
efit of the host, these data do not necessarily
imply that similar Abs are elicited in the course
of infection. In fact, analysis of the mouse Ab
response revealed no serum Abs to this his-
tone-like protein in the course of natural infec-
tion, suggesting that this protein is a cryptic
antigen in infection. Hence, one explanation
for difficulty in establishing an important role
for Ab in host defense to H. capsulatum is that
the response to infection does not include the
generation of certain protective Abs.

4.3. P. brasiliensis

Concomitant administration of two IgG1
mAbs to the 70 kDa glycoprotein antigen of
P. brasiliensis resulted in beneficial outcome
in an i.t. model of P. brasiliensis (de Mattos
Grosso et al., 2003). This antigen is predomi-
nantly located intracellularly but also can be
detected in culture supernatant and in the urine
of patients with the acute form of paracoccid-
ioidomycosis (Salina et al., 1998; de Mattos
Grosso et al., 2003). Gp70 can inhibit phago-
cytosis of particles via both mannose receptors
and FcRs on peritoneal macrophages, reduces
NO production by nonactivated peritoneal
macrophages and decreases H2O2 production
by resting or activated peritoneal macrophages.
Administration of the mAbs significantly
reduced CFU in the lungs of mice 45 days after
infection with P. brasiliensis, compared to

controls. Sole administration of one of the
mAbs, which binds a protein epitope, had no
effect, while a trend toward reduction in lung
fungal burden followed single administration
of the other, whose gp70 binding capacity is
inhibited by carbohydrate. While lungs of con-
trol mice contained inflammatory cellular
infiltrates and well-organized granulomas with
large numbers of predominantly intracellular
yeast, in mice that received both mAbs, the
parenchyma was preserved and neither granu-
loma nor yeast cells were observed (de Mattos
Grosso et al., 2003). Effects on survival have
not been reported. In contrast, beneficial out-
come was not seen following passive adminis-
tration of IgG2a mAbs to the laminin-binding
immunodominant gp43 antigen of P. brasilien-
sis (de Mattos Grosso et al., 2003).

4.4. B. dermatitidis

In contrast to the experience with C. neo-
formans, H. capsulatum, and P. brasiliensis,
administration of IgG1 mAbs to the BAD-1
antigen (formerly known as WI-1) prior to i.n.
infection did not result in improved outcome
(Wuthrich and Klein, 2000). In some experi-
ments there was the suggestion that mAb
administration enhanced infection, as indi-
cated by a worse outcome. In vitro, these
mAbs were opsonic but did not enhance fungi-
cidal activity of murine macrophages-like cells
against B. dermatitidis.

4.5. A. fumigatus

For A. fumigatus, polyclonal serum
obtained from mice immunized with fungal
elastase (alkaline protease) inhibited in vitro
enzymatic activity and passive transfer of
immune serum-protected immunocompetent
mice from death in response to a very high
conidial inoculum, but did not prolong survival
in immunocompromised mice (Frosco et al.,
1994). Administration of elastase-binding IgG1
mAbs to corticosteroid-immunosuppressed
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mice did not prolong survival or alter lung
histopathology following i.n. infection, whether
administered singly or in combinations capable
of inhibiting 100% of enzymatic activity in vitro
(Frosco et al., 1992, 1994). The inability of pas-
sive transfer to confer host benefit may be
related to properties of the mAbs. In addition,
the lack of effect observed in this model may be
related to the target antigen, as A. fumigatus iso-
lates with disruption of this gene do not display
reduced virulence in low-dose pulmonary infec-
tion models (Tang et al., 1993), a feature that
could be related to redundancy of function
among A. fumigatus proteases.

In contrast, an anti-idiotypic mAb (IgM)
of Pichia anomala killer toxin that binds to
a receptor involved in β-glucan cell wall syn-
thesis prevents infection with A. fumigatus in
murine models of T lymphocyte-depleted
bone marrow transplantation and neutrope-
nia (Cenci et al., 2002). Pulmonary pathol-
ogy and lung fungal burden were markedly
reduced in mice that received mAb in com-
parison to control mice. The efficacy of this
mAb, which has broad specificity against
bacteria, fungi, and parasites (Polonelli
et al., 1997; Conti et al., 2000; Savoia et al.,
2002) and primarily affects hyphal growth,
provides support for the view that mAbs
may be useful for prevention of A. fumigatus
infections in immunocompromised hosts.

5. Conclusion

In summary, for the fungal pathogens that
establish primary infection in the lung, most
existing evidence suggests that Ab responses
elicited in individuals with disease do not con-
tribute to host defense. While for the dimor-
phic fungi, systemic Ab responses correlate
with severity of disease, in invasive aspergillo-
sis, spread of infection correlates with
decreasing Ab titers. However, direct study of
both the Ab response in the pulmonary com-
partment and the role of Ab-mediated immu-
nity during infection, particularly in the
context of TH1-associated responses, has been

limited. In contrast, mounting evidence sup-
ports that passive administration of specific
mAbs can confer host benefit, at least in part
by limiting host damage. Such mAbs may be
different from those elicited as part of the Ab
response to infection.
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1. Introduction

1.1. The Human Disease

Paracoccidioidomycosis (PCM), first
described by Lutz in 1908 (Lutz, 1908), is
caused by the thermally dimorphic fungus
Paracoccidioides brasiliensis. This endemic
infection is the most prevalent deep mycosis in
Latin America (reviewed by Franco, 1987;
Franco et al., 1989; Brummer et al., 1993). The
frequency of pulmonary lesions suggests that
inhalation of airborne propagules is the main
route of infection (Restrepo, 1988). Most
exposed subjects develop an asymptomatic pul-
monary infection (PCM-infection) although
some individuals present clinical manifesta-
tions. The disease presents a wide spectrum of
clinical and pathological manifestations, rang-
ing from benign and localized to severe and
disseminated forms (Fava Netto et al., 1969;
Mendes and Raphael, 1971; Franco et al.,
1989). According to the current classification
(Franco, 1987), paracoccidioidomycosis infec-
tion (PI) is defined as an asymptomatic infec-
tion caused by P. brasiliensis in healthy
individuals who live in endemic areas and are
positive to the paracoccidioidin skin test. The
adult or chronic progressive form of the disease
(AF) predominantly affects adult males, with a
high frequency of pulmonary, skin, adrenal,
and visceral involvement. About 90% of the
patients with the adult form present pulmonary
involvement (Brummer et al., 1993). The
symptoms are nonspecific and include cough,
expectoration, shortness of breath, weight loss,
fever, and anorexia.

In clear contrast to the adult type, the
acute or juvenile type (JF) equally affects
young patients of both sexes. The JF is char-
acterized by systemic lymph node involve-
ment, hepatosplenomegaly, and bone marrow
dysfunction, resembling a lymphoprolifera-
tive disease. Patients with AF usually exhibit
low levels of specific antibodies and adequate
cellular immune responses, while those with
the JF typically show high levels of specific
antibodies, polyclonal activation of B cells,

antigenemia, and impaired cellular immune
responses (Fig. 10.1) (Franco, 1987; Restrepo,
1988; Brummer et al., 1993; Montenegro and
Franco, 1994; Camargo and Franco, 2000).

It is well known that early lung infection
is difficult to be clinically recognized and the
animal models of pulmonary infection have
facilitated characterizing the cells, cytokines,
and regulatory mechanisms that play a fun-
damental role in the development of protec-
tive immune responses. This chapter will
present the main immunological aspects,
which regulate host–P. brasiliensis interac-
tions with a special emphasis on lung
involvement, both in the human pathology
and in animal models. Aspects of fungal
structure, morphology, dimorphism physiol-
ogy, genetics, and immunodiagnosis were
recently reviewed elsewhere (Camargo and
Franco, 2000; Restrepo et al., 2001; Borges-
Welmsley et al., 2002; San-Blas et al., 2002).

1.2. The Isogenic Murine Model
of Resistance/Susceptibility

Our laboratory established a genetically con-
trolled murine model of PCM, which allowed us
to investigate several parameters of host–para-
site interactions. Eleven different inbred mouse
strains infected intraperitoneally (i.p.) with five
million yeast cells from P. brasiliensis showed
four distinct patterns of susceptibility: suscepti-
ble (B10.A, B10D2/oSn, B10D2/nSn), interme-
diate (BALB/c, C57Bl/10, CBA, C3H/FeJ),
resistant (C3H/HeJ), and highly resistant (A/Sn,
A/J, DBA/2). Our results clearly showed that
those differences are not controlled by the H-2
locus or by the presence of the C5 component of
the complement system (Calich et al., 1985).
Furthermore, congenic mouse strains differing
only at the C5 locus (B10D2/old and
B10D2/new) develop similar pattern of disease
(Burger et al., 1985).

As prototypes of the polarized behavior,
B10.A and A/Sn (or A/J) mice were stud-
ied regarding their innate and adapta-
tive immune responses after P. brasiliensis



infection. Most of those results were
recently reviewed (Calich et al., 1994, 1998;
Calich and Kashino, 1998) and clearly show
the diverging immune responses mounted by
susceptible and resistant animals. One
important characteristic of our model is the
similarity with the human disease, B10.A
mice mimicking the progressive, severe
forms of the disease and A/Sn mice showing
a pattern of immune response similar to the
regressive or localized forms of the infec-
tion. As in the human disease, our experi-
mental model demonstrated that resistance
is associated with immune responses that
favor cellular immunity and activation of
phagocytes, whereas susceptibility is associ-
ated with impairment of cellular immune
responses and preferential activation of B
cells. This general pattern of immunological
reactivity, also observed in other chronic
infectious diseases, led us to postulate that
resistance in experimental PCM is associ-

ated with a preferential Th1 activation,
whereas susceptibility is associated with a
predominant Th2 pattern (Fig. 10.2) (Calich
et al., 1994; Murphy et al., 1994; Calich and
Kashino, 1998). As will be discussed in this
chapter, the resistance mechanisms to
P. brasiliensis are very complex processes
and the Th1/Th2 dichotomy can only par-
tially explain the immunoregulatory mecha-
nisms associated with the progressive and
regressive forms of PCM.

After an intratracheal (i.t.) infection, the
susceptibility and resistance patterns observed
in the i.p. model were maintained as reflected
both by the higher mortality rates of the
B10.A mice when compared to the A/Sn ones,
and by the pattern of fungal dissemination
developed (Cano et al., 1995). Susceptible
mice were not able to restrain the infection to
the lungs, allowing dissemination to the liver
and spleen after 2 months of infection and
thus developing a chronic disseminated form
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Figure 10.1. Main features of polar clinical forms of human paracoccidioidomycosis (PCM).



of the disease; in the resistant mice, on the
other hand, no dissemination was observed,
characterizing a pulmonary-restricted chronic
disease.

In this chapter, the results of the isogenic
pulmonary model will be presented in coun-
terpoint to the equivalent knowledge existent
in the human disease or in other experimen-
tal models using similar approaches.

2. Innate Immune Response

There is an increasing body of evidence on
the importance of innate immunity mecha-
nisms not only in the control of early pathogen
growth but also in determining the type of
adaptative immune response subsequently
developed by infected hosts. Several mecha-
nisms of innate immunity, like the activation of
complement proteins, natural killer (NK) cells,
phagocytic cells, production of inflammatory
cytokines and chemokines have been shown to
play an important role in the early response to
P. brasiliensis infection.

2.1. Genetic Control of
Susceptibility

Clinical studies suggested that susceptibil-
ity to P. brasiliensis is dependent on several
factors, including the host’s genetic back-
ground and hormonal function (reviewed by
Brummer et al., 1993; Borges-Welmsley
et al., 2002; San-Blas et al., 2002). A fungal
receptor for estrogen was characterized and
appears to block the conversion of conidia or
mycelium to the infecting yeast form (Loose
et al., 1983). This finding may explain the
unusual susceptibility of male individuals of
endemic areas. Early clinical studies have
also demonstrated that PCM is more frequent
among certain ethnic groups such as Japanese
individuals and among members of some
families living in endemic regions (Lacaz,
1956; Fava Netto et al., 1965). In addition, an
association between PCM and known genetic
markers such as HLA-A9, HLA-B13,
and HLA-B40 was also described (Restrepo
et al., 1983; Lacerda et al., 1988; Goldani
et al., 1991).
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Figure 10.2. The resistance/susceptibility murine model of paracoccidioidomycosis.



Genetic studies performed by our group
with the mouse strains presenting polar
behavior after i.p. infection with P. brasilien-
sis have shown the existence of an autoso-
mal dominant gene (Pbr gene), which
appears to be similar to the Nramp gene
(Forbes and Gross, 2001) that control resist-
ance to infection (Calich et al., 1987).

2.2. Early Lung Inflammation

Animal models of pulmonary infection
have allowed the characterization of cells,
humoral factors, and regulatory mechanisms
that play an essential role in the early inflam-
mation, which will influence the adaptative
immunity that develops further.

Comparing the early influx of inflamma-
tory cells to the lungs of susceptible and
resistant mice, Cano (1995) demonstrated
an equivalent mononuclear cell influx but a
more prominent migration of neutrophil
and eosinophil PMN cells into the lung of
susceptible mice. Furthermore, only in sus-
ceptible mice this early (24 h after infection)
PMN inflammatory influx affects disease
outcome and the acquired immunity further
established (Pina, 2002).

As described in other infectious diseases,
in murine PCM chemokines appear to play
a major role in regulating the migration of
specific leukocytes subsets in both the
acute and chronic inflammatory processes.
A recent study showed an association
between high levels of RANTES, MCP-1,
IP-10, and Mig and mononuclear cell
recruitment to the lungs of P. brasiliensis-
infected C57BL/6 mice (Souto et al., 2003).

2.3. Macrophages and
Nitric Oxide

The infection by P. brasiliensis occurs by
inhalation of airborne propagules of the
mycelial phase of the fungus, which reach the
lungs, eventually evade the host defenses, and

disseminate via the bloodstream and/or lym-
phatics to virtually all parts of the body
(reviewed by Restrepo, 1988; Franco et al.,
1989; Brummer et al., 1993). Alveolar
macrophages (AM) are believed to be impor-
tant in the initial containment of the microor-
ganisms through nonspecific or innate
immune mechanisms. AM or dendritic cells
also phagocytose particles and microbial
organisms and carry them via lymphatics to
regional hilar lymph nodes, where specific
immune responses are believed to be gener-
ated. Thus, AM may be involved in the innate
and acquired immune responses to P. brasilien-
sis both as accessory cells and as target of
cytotoxic T lymphocytes in the regional lymph
nodes.

P. brasiliensis proliferates ex vivo in a vari-
ety of mouse macrophages, including resi-
dent peritoneal, alveolar, and peripheral
blood derived monocytes until the cells are
lysed and killed by as yet unknown mecha-
nism. However, the immunological activation
of these cells efficiently inhibits fungal
growth (Brummer, 1994; Brummer et al.,
1988). When alveolar macrophages were ana-
lyzed after pulmonary infection, absence of
hydrogen peroxide production was observed
with cells obtained from susceptible mice
whereas macrophages from resistant mice
produced increasing levels of this metabolite
in the course of disease (Cano et al., 1995).
These different activities parallel the delayed-
type hypersensitivity (DTH) anergy and the
evident DTH reactivity developed by suscep-
tible and resistant mice, respectively.

Despite several studies showing the nitric
oxide (NO)-dependent fungal killing of
IFN-γ activated macrophages (Cano et al.,
1994; Gonzalez, et al., 2000), a dual role for
NO was also described since NO production
is important for fungal killing but is also
associated with immunosuppression (Bocca
et al., 1988; Nascimento et al., 2002).

Prostaglandins (Soares et al., 2001) and
gp43 (Popi et al., 2002), the immunodominant
antigen from P. brasiliensis (Travassos et al.,
1995), were shown to inhibit macrophage

Pulmonary Paracoccidioidomycosis 205



function and were postulated to be involved in
the evasion mechanism of fungal cells, facili-
tating their homing in the host tissues of
infected hosts. In addition, gp43 has been
shown to bind laminin, fibronectin, and colla-
gen, and is considered an important adhesin
that allows P. brasiliensis interaction with
extracellular matrix components (Vicentini
et al., 1994; Mendes-Giannini et al., 2000).
Laminin-coated yeasts appear to enhance
fungal pathogenicity in a model of testicle
infection of hamster (Vicentini et al., 1994),
but this was not the case in the pulmonary
model of murine infection where laminin
treatment decreased the pathogenicity of
yeast cells to susceptible mice (André et al.,
2004).

Other studies also employing B10.A and
A/J mice showed that gp43 is preferentially
presented by dendritic cells, resulting in Th1
immunity in resistant mice whereas B cells
are the main antigen-presenting cells (APCs)
which direct a strong activation of Th2 lym-
phocytes in susceptible mice (Almeida et al.,
1998; Ferreira et al., 2003).

We have performed recent studies on the
effect of P. brasiliensis infection of normal
alveolar macrophages recovered from lungs of
A/J and B10.A mice and results appear to
demonstrate an opposite behavior of these
cells. Normal alveolar macrophages of B10.A
mice, in vitro infected with P. brasiliensis
yeasts, can be activated by small doses of
exogenously added IFN-γ, secrete high levels
of IL-12, nitric oxide, and display a very effi-
cient fungal killing activity. In contrast,
macrophages from A/J mice were poorly acti-
vated by low doses of IFN-γ, secrete low
amounts of IL-12, NO, and present a poor
fungicidal ability concomitant with the pro-
duction of high levels of IL-10. Thus, alveolar
macrophages of susceptible mice seem to be
more efficient than those of resistant mice
and interaction of P. brasiliensis with these
cells probably occurs through different
macrophage receptors. This different behavior
appears to explain the apparently discrepant
result we observed when the pulmonary

model of infection was described: at the
beginning of infection higher number of
viable yeast cells were recovered from lungs of
resistant mice as compared with susceptible
ones (Cano et al., 1995). Furthermore, IFN-γ,
the most efficient macrophage activator was
found in higher levels in the lung
homogenates of susceptible mice (Cano et al.,
1998). Thus, the innate immunity appears to
be much more efficient in the susceptible mice
than in resistant animals. This hyperactivity is
concomitant with production of high levels of
NO that, besides its effect restraining fungal
growth, can interfere with acquired immune
responses, leading to a subsequent immuno-
suppression of T cell-mediated immunity
(Pina and Calich, unpublished data;
Nascimento et al., 2002).

2.4. Polymorphonuclear
Leukocytes

Several investigations demonstrated that
murine PMN leukocytes are able to kill P.
brasiliensis yeasts through the oxidative
metabolism (reviewed by McEwen et al., 1987;
Brummer, 1994). In a air pouch model of
infection and compared with PMN leukocytes
from susceptible mice, cells from A/J mice
presented superior fungicidal ability associ-
ated with their enhanced oxidative burst
(Meloni Bruneri et al., 1996). The antifungal
activity of murine and human PMN leukocytes
can be enhanced by IFN-γ, granulocyte-
macrophage colony-stimulating factor (GM-
CSF), or IL-1β but not by TNF-α or IL-8
(Kurita et al., 2000).

The early in vivo depletion of PMN cells
resulted in a more severe and disseminated
disease of susceptible but not in resistant
mice. Interestingly, the more severe disease
of B10.A mice was concomitant with
increased production of proinflammatory
cytokines (IFN-γ and IL-12). So, the genetic
pattern of hosts influences the effect of this
important cell of natural immunity in con-
trolling murine PCM. We also investigated
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the role of PMN leucocytes in the acquired
phase of immune response developed by
susceptible mice subcutaneously (s.c.) vacci-
nated with viable P. brasiliensis yeast cells
and 15 days later challenged by the i.t. route.
Both groups developed immunoprotection
and no significant differences were found
between vaccinated and vaccinated-PMN-
depleted mice showing that in secondary
PCM, even in hosts of susceptible genetic
background, PMN cells do not play a pro-
tective role (Pina, 2002).

We have extended our studies on the
effect of PMN cells depletion on the natural
immunity mounted by athymic and
euthymic BALB/c mice infected i.t. with
P. brasiliensis. Equivalent to that observed
with resistant A/J mice, in vivo depletion of
these cells did not modify the pulmonary
disease and mortality data of these mouse
strains. The pulmonary cytokines, however,
were significantly altered by PMN cell
depletion (Valente-Ferreira and Calich,
unpublished results). In conclusion, the role
of PMN cells in pulmonary PCM is clearly
dependent on the genetic pattern of hosts
and more prominent in the innate phase of
immunity. These cells, however, can actively
participate in the control of fungal growth
inside granulomatous lesions due to their
ability to produce reactive oxygen interme-
diates and to secrete cytokines and
chemokines.

2.5. NK Cells

Several studies have described the impor-
tant role of NK cells controlling intracellular
infections and aberrant cells. In some patholo-
gies however, this cell has a more ambiguous
role probably due to different degrees of matu-
ration, diverse physiologic behavior in differ-
ent biological compartments, preferential use
of activating or deactivating receptors and,
probably, the existence of different NK cell
subpopulations (reviewed by Colucci et al.,
2003). There is not much information about

the role of NK cell in P. brasiliensis infection,
but the few available investigations in this area
suggest that the function of this lymphocyte
subpopulation is complex and varies according
to the type of host or site these cells were
obtained. In the peripheral blood of human
PCM patients NK cells were found in elevated
number but they displayed low cytotoxic activ-
ity (Peraçoli et al., 1991). In vitro studies
showed a direct inhibitory effect of murine NK
cells on P. brasiliensis growth (Jimenez and
Murphy, 1984) and in a hamster model of
infection, NK cell was shown to be activated in
the first weeks of infection followed by an
impairment of its activity associated with
depressed cell-mediated immunity (Peraçoli
et al., 1995).

Our findings of illness exacerbation in
euthymic and athymic BALB/c mice after
in vivo depletion of IL-12 or IFN-γ sug-
gested that NK cells, another important
mediator of innate immunity, would have a
protective role in pulmonary PCM.
Preliminary results showed that in vivo
depletion of NK cells by anti-Asialo GM1
polyclonal antibody results in a more severe
disease of both mouse strains. The depletion
effect was more pronounced in the NK-
depleted athymic than euthymic mice. NK
cell depletion led to increased antibody pro-
duction by the former strain but did not
modify the humoral immunity of euthymic
animals. Hence, NK cells seem to have a
protective effect in pulmonary PCM and its
effect appears to be more prominent in
T-cell deficient than in T-cell sufficient mice.
Further experiments, however, suggested a
more complex function of NK cell in the
pulmonary PCM. In vivo depletion of NK
cells in scid BALB/c mice, deficient in both
T and B cells, caused a less disseminated
infection to liver and spleen indicating that
the presence of B and T cells can modify the
behavior of NK lymphocytes (Valente-
Ferreira and Calich, unpublished observa-
tions). In addition, the important role of
additional mechanisms of innate immunity
in pulmonary PCM was further emphasized
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by the prolonged survival time of NK-cell-
depleted and untreated scid mice which sur-
vived several weeks after infection. In
another mouse strain (C57BL/6), NK cell
depletion by the anti-NK PK136 mAb also
induced lower fungal loads in the liver and
spleen (Valente-Ferreira and Calich, unpub-
lished observations), once more indicating
that NK cells can exert a protective or a dis-
ease-promoting effect in pulmonary PCM,
depending on the genetic background and
immunological status of the host.

2.6. Cytokines

2.6.1. IFN-g

P. brasiliensis growth in nude or scid mice
remains relatively constant for the first weeks
followed by a loss of control of infection that
ultimately results in the death of the animal
(Burger et al., 1996a,b; Valente-Ferreira et al.,
unpublished results). Initial survival and con-
trol of fungal loads appear to be dependent
upon production of pulmonary cytokines,
mainly IFN-γ (Cano et al., 1998).

In resistant and susceptible mouse strains
to P. brasiliensis infection neutralization of
endogenous IFN-γ induced exacerbation of
the pulmonary infection, earlier fungal dis-
semination to the liver and spleen, impair-
ment of the specific cellular immune
response, and increased humoral immunity.
In addition, neutralization of IFN-γ changes
the focal granulomatous lesions found in the
lungs of B10.A and A/Sn mice into coales-
cent granulomas, which destroy the pul-
monary architecture (Cano et al., 1998). We
also investigated the role of IFN-γ in the
innate immunity of athymic and euthymic
BALB/c mice comparing the effect of its
depletion with that conferred by depletion of
IL-12, PMN, or NK cells. Again, IFN-γ was
shown to be the most important protective
mediator in pulmonary PCM and its neu-
tralization by monoclonal antibodies at the
first days of infection results in a more severe

disease. However, diminished survival time
was detected only in the athymic strain
demonstrating a more prominent role of this
mediator in mice deficient of T cell immu-
nity (Valente-Ferreira and Calich, unpub-
lished observations). These results suggest
that, irrespective of the mouse strain, IFN-γ
plays a protective role and this cytokine is
the major mediator of resistance against P.
brasiliensis infection in mice.

IFN-γ knockout (KO) and TNF-α recep-
tor p55 KO C57Bl/6 mice were shown to
develop a more severe disease associated with
the presence of incipient granulomas in IFN-
γ KO mice and nonorganized granulomas in
p55 KO mice (Souto et al., 2000). In accor-
dance with other investigations using C57Bl/6
mice (Bocca et al., 1998; Nascimento et al.,
2002), resistance to P. brasiliensis was con-
cluded to be mediated by endogenous TNF-α
and IFN-γ, which regulate granuloma forma-
tion, induce NO production but also induce a
marked T cell unresponsiveness. Further
investigation using IFN-γ KO mice showed
that this cytokine is a major regulator of
chemokine synthesis and subsequent mobi-
lization of inflammatory cells into the lungs
of C57BL/6-infected mice (Souto et al., 2003).

Although the cell type responsible for the
production of IFN-γ during the early phase
of immune response remains to be identified,
cells of the innate immune system such as
NK cells appear to be an important source in
other fungal infections. Type 1 CD4+ and
CD8+ T cells further expanded appear to be
the other important source of IFN-γ.

In human disease IFN-γ production was
associated with resistance (Oliveira et al.,
2002) and clinical remission (Karhawi et al.,
2000; Benard et al., 2001). Individuals with
PCM infection, with no signs or symptoms
of disease, present higher percentage of
CD8+/IFN-γ+, CD4+/TNF-α+, and CD4+/
IL-2+ T cells as compared to AF and FJ
patients, confirming Th1 response and sup-
porting the resistance phenotype exhibited
by this group (Mamoni et al., unpublished
observations).
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2.6.2. IL-12

IL-12 is a critical cytokine, which stimulates
IFN-γ production and proliferation of activated
T cells and NK cells. In experimental pul-
monary PCM, early treatment with recombinant
IL-12 leads to a less disseminated disease but
induced an augmented pulmonary mononuclear
cell inflammation and an early increase in pul-
monary IFN-γ. The less disseminated infection
was concomitant with decreased cytokine and
specific antibody production. These results
show that IL-12 administration induces a less
severe infection but the high inflammatory
response detected in the lungs precludes its pos-
sible use as a new therapeutic tool for severe
PCM (Arruda et al., 2002).

To further elucidate the role of IL-12 in
murine PCM, IL-12 KO C57BL/6 mice and
their wild-type (WT) controls were infected
i.t. with P. brasiliensis (Deepe et al., 2000).
IL-12 deficient mice presented increased
number of P. brasiliensis yeasts in the lungs
accompanied by a highly increased dissemi-
nation to liver and spleen (respectively
10,000- and 1,000-fold higher in KO than
WT mice). The higher colony-forming units
(CFU) counts detected in IL-12 KO mice
paralleled the precocious mortality of these
animals. The most severe disease developed
by IL-12 KO mice was accompanied by
increased production of specific antibodies
and loose granulomas, which replace almost
all the pulmonary structure. Metastatic
lesions, containing high number of yeast
cells, were observed in almost all examined
organs (heart, thymus, kidney, intestines, etc)
of IL-12 KO mice (Deepe et al., 2000).

Three different schedules of IL-12 deple-
tion by mAb induced a more severe disease
in resistant and susceptible mice but the
effects were more evident in the susceptible
strain. Usually, the increased fungal loads in
the lungs of IL-12 depleted mice were con-
comitant with higher levels of antibodies
and cytokines (TNF-α, IFN-γ, GM-CSF,
IL-3, IL-4, IL-5, and IL-10). In IL-12
depleted mice, the pulmonary granuloma-

tous reaction changed to nonorganized
lesions containing considerable numbers of
eosinophils and pulmonary fibrosis whose
intensity depended on the protocol and mice
strain employed. In conclusion, depletion of
endogenous IL-12 caused a more severe
PCM but its effects on the immune response
to P. brasiliensis varied depending on the
resistance pattern of hosts and protocol of
treatment employed (Deepe et al., 2000;
Calich and Molinari-Madlum, unpublished
observations).

Using athymic and euthymic BALB/c
mice we could also verify that systemic or
local depletion of IL-12 aggravated pul-
monary PCM once more indicating that
this cytokine, besides IFN-γ, is one impor-
tant mediator of innate defense against
P. brasiliensis (Valente-Ferreira and Calich,
unpublished observations).

AM from patients with PCM are able to
produce more IL-12 than PBMC, indicating
a local immune response to the fungus in the
lungs (Fornazim et al., 2003).

2.6.3. IL-4

In most fungal infections IL-4, the most sig-
nificant Th2 cytokine, is an important determi-
nant of susceptibility or resistance of hosts.
IL-4 depletion by mAb enhances the protective
immunity to fungi in experimental models of
infection (Romani et al., 1992; Magee and Cox,
1995). IL-4 can activate or deactivate phago-
cytes inhibiting or enhancing the killing func-
tions of these cells (Hart et al., 1989; Stein
et al., 1992). Furthermore, besides its well-
known Th2 inducing activity, IL-4 can promote
the differentiation of Th1 cells due to its IL-12
promoting activity on dendritic cells (Mencacci
et al., 1998).

To assess the role of IL-4 in the innate
and adaptative immune response to
P. brasiliensis, the pulmonary infection was
studied in IL-4-deficient mice (IL-4−/−) of the
C57BL/6 background and their wild-type
counterparts. Alveolar macrophages from
infected IL-4−/− mice, activated or not by

Pulmonary Paracoccidioidomycosis 209



exogenous IFN-γ, controlled in vitro fungal
growth more efficiently than macrophages
from WT mice and this activity paralleled
their enhanced ability to produce nitric
oxide. At the acquired phase of immunity
lower pulmonary and hepatic fungal loads in
IL-4−/− mice were associated with increased
production of IFN-γ but a clear shift to a
Th1 pattern was not characterized since IL-
4−/− mice did not alter DTH anergy or IL-2
levels. In IL-4−/− mice, well-organized granu-
lomas restraining fungal cells replaced the
more extensive lesions containing high num-
ber of fungi and inflammatory leukocytes
developed by IL-4-sufficient mice. These
results clearly showed that genetically deter-
mined deficiency of IL-4 can exert a protec-
tive role in pulmonary PCM (Pina et al.,
2004). To further assess the role of IL-4, pul-
monary PCM was studied in IL-4-depleted
susceptible (B10.A) and intermediate
(C57Bl/6) mice. Unexpectedly, in IL-4-
depleted B10.A mice enhanced pulmonary
infection was seen but the levels of pul-
monary cytokines and specific antibodies
have not changed. In contrast, IL-4 neutral-
ization of C57BL/6 mice resulted in a less
severe pulmonary disease associated with
impaired synthesis of Th2 cytokines in the
lungs and liver. Lung pathology was equiva-
lent in IL-4-depleted and untreated B10.A
mice. In IL-4-depleted C57BL/6 mice, how-
ever, smaller and well-organized granulomas
replaced the more extensive lesions devel-
oped by untreated controls. These results
clearly showed that IL-4 can play a protec-
tive or a disease-promoting effect in pul-
monary PCM depending on the genetic
background of the host (Arruda et al., 2004).

In humans, an indirect participation of
IL-4 in the JF of the disease was confirmed
by the preferential induction of IgE and
IgG4 isotypes (Baida et al., 1999; Biselli
et al., 2001; Mamoni et al., 2001, 2002). In
addition, production of IL-4 and IL-5 was
described in patients with active PCM
(Mello et al., 2002) and in patients with the
JF of the disease (Oliveira et al., 2002).

However, in several patients with the chronic
form of PCM increased levels of IL-4 was
not found, indicating that other immune
mechanisms may also account for the sever-
ity of the disease (Benard et al., 2001;
Campanelli et al., 2003). Even in the i.p.
model of infection, susceptibility was not
clearly linked to IL-4 production since anti-
gen-stimulated lymph node cells produce
IL-10 but not IL-4 during the initial 8 weeks
of infection (Kashino et al., 2000). This
finding appears to indicate that IL-10 secret-
ing cells (regulatory T cells?) are important
regulators of murine PCM and several
mechanisms may account for genetic suscep-
tibility to P. brasiliensis infection.

2.6.4. IL-10

IL-10 production is well preserved in
human PCM, regardless of the clinical form
(Karhawi et al., 2000; Benard et al., 2001;
Fornari et al., 2001; Oliveira et al., 2002).
Moreover, a negative correlation between pro-
duction of IL-12 and IL-10 was also demon-
strated. In vitro treatment of mononuclear
blood cells with anti-IL-10 monoclonal anti-
bodies added of rIL-12 not only reverted lym-
phoproliferative anergy but also induced the
synthesis of elevated levels of IFN-γ (Romano
et al., 2002). In the i.p. model of murine PCM,
IL-10 was also the most prominent and early
Th2 cytokine observed after antigen stimula-
tion of lymph node cells from susceptible mice
(Calich and Kashino, 1998; Kashino et al.,
2000), whereas resistant mice present a delayed
secretion of this cytokine. Interestingly, in
kinetic studies it was shown that antigen-stimu-
lated lymph node cells from resistant mice pro-
duce IL-10 later than the susceptible strain. In
accordance, in PI individuals an early and high
IFN-γ and IL-2 mRNA expression in PBMC is
followed by late and low IL-10 mRNA expres-
sion (Mamoni et al., unpublished results).
These data both in animals and human suggest
that the delayed IL-10 production may have a role
in allowing the establishment of a potent Th1
response, sufficient to avoid the development
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of the disease. In addition, the production of
IL-10 in a late phase may have a beneficial
effect by damping the production of type 1
cytokines and restraining their inflammatory
effects on host tissues.

In another experimental PCM study, it
was observed that when T cells from resist-
ant mice were stimulated in vitro with B
lymphocytes as APC from susceptible ani-
mals, very high levels of IL-10 were
observed and vice versa (Almeida et al.,
1998). These results emphasize the impor-
tance of different T cell subsets in PCM
infection and the reciprocal regulation
between the innate and adaptive immune
systems in the development of optimal anti-
fungal immunity.

The influence of IL-10 was further inves-
tigated in the pulmonary model of PCM
using C57BL/6 IL-10 KO mice and their
WT counterparts. At week 8 of infection,
decreased (more than 1000-folds) fungal
burdens were detected in the lungs and
almost no fungal cells were detected in the
livers and spleens. This picture was more
prominent at week 16 after infection where
IL-10 deficient mice present almost no
yeasts in the lungs but wild-type mice
showed around 6.0 log10 CFUs. This much
less severe disease was accompanied by low
levels of IgG antibodies but almost no dif-
ferences in the amounts of cytokines in
affected organs. So, differently from other
experimental situations where decreased
fungal loads induced diminished cytokine
secretion, P. brasiliensis infection in IL-10
KO mice courses with high levels of
cytokines. This finding is consistent with the
inhibitory activity of IL-10 on cytokine
secretion. The typical pulmonary lesion of
wild-type C57BL/6 mice is well organized,
surrounded by lymphocytes, and contains a
very large number of yeast cells in active
growth, detected by evident multiple bud-
ding yeast cells. In IL-10 KO mice, no gran-
ulomas and no yeast cells were detected in
the lungs but a small inflammatory reaction
still persisted. Even in Grocott-stained

preparations no fungal cells could be
observed.

2.6.5. Cytokines: Main
Conclusions

IFN-γ is the most important protective
cytokine to susceptible, intermediate, and
resistant mice. TNF-α and IL-12 are also very
important protective cytokines. IL-4 has a dual
role (protective or disease-promoting) in pul-
monary PCM depending on the genetic pattern
of the host. Despite the less severe disease
induced by administration of rIL-12, the strong
inflammatory reaction in the lungs demon-
strated the harmful effect of this cytokine. IL-
10 appears to be the most important
macrophage-deactivating cytokine in pul-
monary PCM and its genetic absence appears
to result in the aseptic cure of infected mice.
Altogether, studies with cytokine-deficient
mice showed that the Th1/Th2 paradigm can
clearly be applied to explain fungal growth (or
dissemination) in liver and spleen: IL-4 and
IL-10 are disease-promoting cytokines while
IL-12 and IFN-γ are protective ones. However,
the control of fungal growth in the lungs is
more complex and both Th1 (e.g., IL-12) and
Th2 cytokines (e.g., IL-4) can have antagonis-
tic effects. IL-10 is a disease-promoting
cytokine and appears to have a more prominent
role in the control of pulmonary PCM than
IL-4 (Fig. 10.3).

3. Adaptive Immunity

Epidemiological studies have estimated
that in endemic areas more than 10 million
individuals could be infected with P. brasilien-
sis (Restrepo et al., 2001). Most of them, how-
ever, do not develop the disease demonstrating
the protective effect of the adaptative immune
response. T cell-mediated immunity has been
recognized as the main protective mechanism
through its ability to secrete cytokines, to acti-
vate phagocytes for fungal killing, to exert a
putative cytotoxic effect on infected cells, to
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control antibody production, and to regulate
granuloma formation, an effective tissue
response that limits fungal evasion.

3.1. Granulomatous Lesions

The organization of granulomatous lesions
in P. brasiliensis infection is independent of the
acquired immunity of patients, but the control
of these lesions depends on the immunological
status of the patients (Burger et al., 1996a;
Xidieh et al., 1999). The tissular host response
to P. brasiliensis is a typical epithelioid granulo-
matous inflammation with variable numbers of
yeast cells and areas of suppuration. The epithe-
lial tubercles can present central areas of necro-
sis, presence of variable numbers of giant cells,
aggregates of PMN leukocytes in close associa-
tion with fungal cells, a lymphomononuclear
halo and fibrosis. B lymphocytes and plasma
cells, usually secreting IgG antibodies, are also
present in different numbers and stages of mat-
uration (Montenegro and Franco, 1994;
Camargo and Franco, 2000). Pioneer studies
have demonstrated the correlation of organized
granulomas and the presence of cellular immu-

nity. Several experimental models confirmed
such an association and a correlation between
the number of giant cells, presence of a periph-
eral halo of lymphocytes, and cell-mediated
immunity to P. brasiliensis antigens has been
demonstrated with Pb18-infected Swiss mice
(Coelho et al., 1994; Calich et al., 1998; Soares
et al., 2000).

The multiple nonorganized lesions of
susceptible mice present a little encapsula-
tion mainly composed of type II collagen
fibers whereas resistant mice develop resid-
ual or well-organized granulomas largely
constituted by type I collagen and high
expression of decorin, which appears to be a
marker of the fibrogenic process (Xidieh
et al., 1997; Nishikaku and Burger, 2003).

In vivo neutralization of cytokines or
experiments using cytokine gene-deleted mice
clearly showed that endogenous IFN-γ, TNF-
α, and IL-12 are involved in the organization
of the granulomatous lesions in the lungs and
its absence leads to loose, nonorganized
inflammatory reactions (Cano et al., 1998;
Deepe et al., 2000; Souto et al., 2000). In con-
trast, absence or IL-4 neutralization induces
the presence of smaller, well-organized
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granulomas circumscribed by a small halo of
mononuclear leukocytes (Arruda et al., 2004;
Pina et al., 2004).

Neworal et al. (2003) analyzed lymph
nodes of patients with the JF of PCM and
found a high expression of anti-inflamma-
tory cytokines (IL-10 and TGF-β). Similarly
in another study it was demonstrated that
loose lesions of patients with severe disease
present a high frequency of IL-5 and IL-10
positive cells. On the contrary, the well-
organized lesions usually associated with the
benign form of the infection present many
cells positive for IL-2 and IFN-γ (Pagliari
and Soto, 2003).

3.2. Bronchoalveolar Lavage
Fluid

Analysis of bronchoalveolar lavage fluid
(BALF) has been an important tool to follow
the pulmonary infection caused by P. brasilien-
sis. The cellular and molecular composition of
this material can bring information not only on
the local inflammation but also on the adapta-
tive immune response associated with progres-
sive and regressive character of infection. Few
studies available in experimental and human
PCM report an increased number of different
cell types such as neutrophils, lymphocytes,
CD4+, or CD8+ T cells or even multinucleated
giant cells in the BALF of infected individuals
(Boscardin et al., 1985; Tapia et al., 1991;
Cano, 1995; Vilani-Moreno et al., 1998; Calvi
et al., 2003; Fornazim et al., 2003). A fact to be
taken into consideration is that the majority of
the patients involved in the studies were smok-
ers and the correlation between smoking and
increased number of alveolar macrophages and
neutrophils is well known (Goldstein et al.,
1990). However, the increase in lymphocytes is
not a common finding in smokers, suggesting
they are a result of the fungal infection itself.

Recent investigations in patients have
compared the activity of AM with mono-
cytes obtained from peripheral blood of
same PCM patient. In both investigations

predominance of macrophages associated
with the presence of neutrophils and/or lym-
phocytes was described in BALF (Calvi et al.,
2003; Fornazim et al., 2003). Compared with
peripheral blood monocytes, cultured AM
spontaneously secreted higher amounts of
IL-6, TNF-α, and MIP-1α and presented a
higher expression of adhesion and costimula-
tory molecules (HLA-class II antigen,
ICAM-1, and B7-2) (Fornazim et al., 2003).
The expression of HLA class II, ICAM-1,
and B7-2 in alveolar macrophages seems to
indicate a preserved and active macrophage
function in patients with PCM. Another
interesting finding was the increased number
of CD8+ T cells in PCM BALF. MIP-1α was
shown to promote chemotaxis of lympho-
cytes selectively recruiting CD8+ T cells
(Serody et al., 2000). As better discussed
below, a protective role for CD8+ T cells was
observed in experimental PCM since its
depletion induces a more severe and dissemi-
nated disease in both resistant and suscepti-
ble mice (Cano et al., 2000).

Recent study performed by Calvi et al.
(2003) showed an equivalent fungicidal abil-
ity and hydrogen peroxide production when
alveolar macrophages and blood monocytes
from PCM patients were compared. In con-
trast, Bretaña et al. (1995) described a low
percentage of alveolar macrophages
expressing MHC class II antigen in BALF
of patients with PCM as compared with
other pulmonary diseases and this fact was
understood as a defect in activation of
macrophages with consequences in the pro-
cessing and defense functions against
P. brasiliensis.

Studies in the pulmonary model of infec-
tion clearly demonstrated that the degree of
alveolar macrophage activation depends on
the severity of the disease and host’s
immune response. Thus, in the course of the
infection, resistant mice presented increased
macrophage activation concomitant with
positive DTH reactions whereas absence of
macrophage activation and anergy of DTH
reactions were found in susceptible mice
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(Cano et al., 1995). In addition, the presence
of multinucleated giant cells was more evi-
dent in resistant mice at the acquired phase
of immunity (Cano, 1995). Interestingly, IL-
4 and IFN-γ have been reported to induce
giant cell formation (McInnes and Rennick,
1988; Most et al., 1991) and the trapping of
Cryptococcus neoformans to the site of infec-
tion was shown to be associated with the
presence of CD4+ T cells which cause the
formation of multinucleated giant cells
(Hill, 1992). Both IL-4 and IFN-γ were
found in lung homogenates of resistant and
susceptible mice (Cano et al., 1998), but
CD4+ T cells were found to play an impor-
tant role only in the immunity of resistant
mice (Calich, 2003).

3.3. Humoral Immunity as a
Marker of T Cell Immunity

Although in some fungal infections spe-
cific antibodies may have a protective role
(reviewed by Casadevall et al., 2002) in
human, and experimental PCM antibody pro-
duction is a marker of disease severity. Thus,
patients with the acute or chronic disseminated
forms of disease have high titers of antibodies,
polyclonal activation of B cells, and circulating
immune complexes (reviewed by Camargo
and Cano, 1994; Camargo and Franco, 2000).
Additionally, significant titers of antibodies
can persist after successful treatment of the
disease suggesting that they have no protective
role. Some experimental models reproduced
these findings of human disease but the iso-
genic murine model of PCM first elucidated
the role of T cells and cytokines in determining
the isotype and amount of antibody produced.

Studying murine PCM in athymic
BALB/c mice and their euthymic counter-
parts it was verified that most of the
P. brasiliensis components are T-dependent
antigens although some of them, including
gp43, can directly activate B cells without the
help of CD4+ T cells (Burger et al., 1996b).
Immunoblotting studies also showed that

both resistant and susceptible mice can pro-
duce antibodies to major P. brasiliensis com-
ponents but susceptible mice are able to react
with minor antigens not recognized by the
resistant animals (Vaz et al., 1998). In the
pulmonary model of infection, the more
severe disease of susceptible mice was associ-
ated with increased production of IgG1 and
IgG2b (Cano et al., 1995), which are respec-
tively regulated by IL-4 and TGF-α
(McIntire et al., 1993; Snapper et al., 1997).
Conversely, the regressive pulmonary disease
of resistant mice was associated with pre-
dominant secretion of IgG2a (Cano et al.,
1995), a recognized IFN-γ-regulated isotype
(Snapper and Paul, 1987).

The production of polyclonal IgE was
associated with impairment of T cell-medi-
ated immunity in patients with PCM (Arango
and Yarzabal, 1982). JF patients present high
titers of IgE (Biselli et al., 2001; Mamoni
et al., 2001, 2002) and IgG4 anti-gp43 (Baida
et al., 1999; Mamoni et al., 2002), the immun-
odominant and specific molecule of
P. brasiliensis. Elevated levels of IgG4 and IgE
were also observed in patients with the multi-
focal adult form of the disease. From the clin-
ical point of view, these are patients with
disseminated disease with lymph node
involvement. This group is illustrative of the
heterogeneity of the AF of PCM, ranging
from isolated lesions in the respiratory tract to
widely disseminated forms.

A strong positive correlation between
specific IgE levels and IgG4, IgA, and
eosinophilia was described for patients with
the JF of PCM (Mamoni et al., 2002).
The authors observed significantly higher
numbers and percentages of peripheral
eosinophils in JF compared to AF patients.
The degree of eosinophilia was positively
correlated with IgE levels and both parame-
ters decreased with treatment. These results
are in accordance with those of Benard et al.
(1996), who showed an inverse correlation
between eosinophil levels and T cell func-
tion, evaluated by the in vitro proliferative
response to P. brasiliensis antigens. They also
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agree with the observation of high levels of
IL-5 and peripheral blood eosinophilia
detected in susceptible mice (Kashino et al.,
2000). A recent paper suggested that
eosinophils, through toxic granule proteins,
could participate in the pathophysiology of
PCM (Wagner et al., 1998).

In experimental PCM a preferential
secretion of specific IgA was associated with
progressive disease in susceptible mice
(Kashino et al., 2000). However, the data
concerning IgA antibodies production in the
two forms of human PCM is scarce and
controversial (Bueno et al., 1997; Baida
et al., 1999). Higher IgA-specific antibodies
amounts were detected in the JF rather than
in the AF of PCM in addition to increased
levels of TGF-β (Mamoni et al., 2002).
TGF-β is a cytokine responsible for IgA
switch (McIntire et al., 1993), in addition to
a variety of other immunologic effects such
as inhibition of the proliferative response of
T cells and impairment of macrophages
activation (Clark and Coker, 1998). TGF-β
was also detected in lymph nodes from
patients with the JF of PCM, probably pro-
moting a local anti-inflammatory response
(Neworal et al., 2003).

3.4. Cellular Immunity

It has long been appreciated that T cells are
essential for containing fungal infections
(Huffnagle and Deepe, 2003; Koguchi and
Kawakami, 2002; Romani, 2004) and it has been
postulated that CD4+ T cells are the principal
lymphocytes involved in the protective immune
response to P. brasiliensis. Several investigations
have reported the association between anergy in
DTH reactions and low lymphoproliferative
responses with the severe forms of PCM
(Benard et al., 1995; 1997). In relation to lym-
phocyte subpopulations, decreased percentage
of T cells associated with normal or elevated
number of B lymphocytes was described in
human patients. In addition, a significant fall in
the CD4/CD8 ratio was found in the peripheral

blood of patients with both the acute and chronic
forms of the disease. The increased number of
CD8+ T lymphocytes was associated with
enhanced suppressive activity of Con-A acti-
vated lymphocytes (reviewed by Musatti et al.,
1994). The mechanisms involved in the imbal-
ance of lymphocyte subsets remain unclear.

3.4.1. Cytokines and
Immunoregulation

More recently it has been shown in experi-
mental and human PCM that fungal antigens
induce the production of Th1 or Th2 cytokines
according to the severity of the disease (Calich
and Kashino, 1998; Cano et al., 1998; Benard
et al., 2001; Oliveira et al., 2002). This fact
indicates that fungal antigens are mainly
processed in the endosomal MHC class II
pathway and are subsequently presented to
CD4+, class II-restricted T cells. However, the
low frequency of PCM in patients with HIV
infection (Goldani and Sugar, 1995) seems not
to support this pathway as the principal mode
of antigen presentation to T cells. Furthermore,
recent findings in the pulmonary model of
infection using CD4-depleted, CD8-depleted,
CD4 KO, and CD8 KO mice, described below,
appear to indicate the important function of
CD8+ T lymphocytes in the control of fungal
growth in pulmonary PCM.

Peripheral blood lymphocytes from
patients with both the AF and JF of PCM
proliferate poorly and produce low or unde-
tectable levels of the Th1 cytokines IFN-γ
and IL-2 in response to gp43, as compared to
healthy P. brasiliensis sensitized individuals
(Benard et al., 2001). IL-4 and IL-5 were
detected in patients with active PCM (Mello
et al., 2002) and in JF patients (Oliveira et al.,
2002), suggesting the preferential activation
of Th2 cells. Another Th2 feature well char-
acterized in PCM is the blood eosinophilia
observed in some JF patients and susceptible
mice (Benard et al., 1996; Kashino et al.,
2000; Mamoni et al., 2002). The lymphopro-
liferative response and IFN-γ production can
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be restored by concomitant treatment of
peripheral blood leukocytes with recombi-
nant IL-12 and anti-IL-10, showing a syner-
gistic action of these reagents (Romano et al.,
2002). Altogether these data have been used
to explain the immunosuppression of PCM
patients.

Recent investigations have described dif-
ferent mechanisms underlying T cell dys-
function in human PCM. Campanelli et al.
(2003) detected an overexpression of anexin
V+ and FasL in T cells of patients with
PCM, suggesting the activation of cell death
mechanisms during the disease. These data
confirmed previous findings of gp43-
induced apoptosis of cells from PCM
patients (Cacere et al., 2002). In addition to
anexin V+ and FasL, an overexpression of
CTLA-4, a critical costimulatory molecule
that downregulates T cell activation, was
also observed in antigen-stimulated T cells
from PCM patients. In conclusion, besides
cytokines imbalances, other inhibitory
mechanisms can actively participate in the T
cell unresponsiveness of PCM patients.

3.4.2. T Cell Subsets

The evidences on the role of T cell subsets
in human and experimental PCM are scarce
and mainly indirect. Almost no investigations
discriminate the role played by CD4+ and
CD8+ T cells in the immunopathogenesis and
immunoregulation of human and experimental
disease. This fact led us to study the contribu-
tion of CD4+ and CD8+ T lymphocyte subsets to
protective immune responses against P. brasilien-
sis infection (Calich, 2003). Experiments were
performed using susceptible (B10.A) and
resistant (A/J) mice as well as CD4 KO and CD8
KO mice in a C57BL/6 background. Previous
in vivo studies using our murine model of pul-
monary PCM demonstrated that CD8+ T lym-
phocytes played a protective function in the
immune response mounted by susceptible and
resistant mice to P. brasiliensis infection.
Moreover, only in susceptible mice a regula-
tory CD8+ T cell subset was present and was

able to suppress DTH reactions (Cano et al.,
2000). Further studies on pulmonary cytokines
demonstrated that depletion of CD8+ T cells of
resistant mice led to decreased levels of IL-2
concomitant with augmented levels of IL-4
indicating a predominant type 1 behavior of
these cells. In susceptible mice, however, the
increment in the IL-10 and IFN-γ levels
induced by anti-CD8 mAb treatment indicated
the presence of both type 1 and type 2 CD8+ T
cells (Chiarella, 2003).

In contrast with other infectious patholo-
gies, depletion of CD4+ T cells of B10.A and
A/J mice by mAb did not increase the severity
of the disease induced by a low virulent
P. brasiliensis isolate (Cano, 1995). With a vir-
ulent isolate a different effect was seen in
resistant and susceptible mice. Thus, in vivo
depletion of CD4+ T cells did not affect the
severe disease developed by the susceptible
strain whereas in resistant mice a consecutive
action of protective (Th1) and disease-pro-
moting (Th2) CD4+ T cells was characterized.
In both mouse strains antibody production
was mainly CD4+ T cell-dependent. Yet, posi-
tive DTH reactions of resistant mice were
mediated by T CD4+ lymphocytes and the
DTH anergy of B10.A mice was governed by
CD8+ T cells (T-suppressor cells?). These find-
ings appear to have special relevance since the
contribution of CD4+ and CD8+ T cells to P.
brasiliensis immunity was determined concur-
rently for comparison (Calich, 2003).

Preliminary studies with CD4-KO and
CD8-KO mice confirmed the important role
of both CD8+ and CD4+ lymphocytes in the
immunoprotection of pulmonary PCM.
Genetic deficiency of CD8+ or CD4+ T cells
results in a more severe disease only at late
phases of infection confirming the impor-
tant protective function of natural immu-
nity in pulmonary PCM. In the C57BL/6
mice the protective effect of CD8+ cells was
superior to that conferred by CD4+ T cells
(Arruda and Calich, unpublished observa-
tions; Calich, 2003). These clear results indi-
cate that the importance of CD8+ T cells is
underestimated in PCM but also suggest
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that CD8+ T cell immunity against
P. brasiliensis needs conventional CD4+ T
cells to maintain protective immunity.

The results obtained with mice deleted or
deficient of CD4+ or CD8+ T cells appear to
suggest the following picture regarding the
participation of T cell subsets in the
immunopathogenesis of murine PCM.
Resistant and susceptible strains develop
protective type 1 CD8+ T lymphocytes but
only susceptible mice present concomitant
activation of type 2 or CD8-suppressor
cells. Resistant and susceptible mice develop
Th2 CD4+ T cells, which regulate antibody
production although only resistant mice
mount an early protective Th1 immune
response. In this scenario, the only protec-
tive cell in susceptible hosts is the CD8+ sub-
population that was unable to overcome the
negative effect of Th2 cells, CD8-suppressor
lymphocytes, and excessive production of
nitric oxide. In resistant mice, the protective
CD8+ T cell subset is supported by a Th1
CD4+ subset, which regulate Th2 cells

resulting in a balanced and protective
immune response (Fig. 10.4).

3.4.3. Immunoprotection

Both susceptible and resistant mice inocu-
lated with P. brasiliensis by the s.c. route develop
a self-healing infection. B10.A mice, however,
mount a more evident DTH response that can be
elicited with a fungal infecting dose 100-fold
lower than that required to prime A/J mice. This
interesting finding demonstrates that susceptible
mice have a high T cell reactivity, which could
be further explored by vaccinating procedures.

The role of cytokines and lymphocyte sub-
sets in secondary PCM was investigated in
our laboratory. The protective immunity
against a pulmonary challenge conferred by a
previous subcutaneous inoculation of fungal
cells was assessed using B10.A and A/J mice.
Immunoprotection was achieved only in
B10.A mice and was associated with low fun-
gal loads, reversal of DTH anergy, and a more
intense pulmonary inflammatory response
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Figure 10.4. Role of T cell subsets in the murine model of paracoccidioidomycosis. Susceptible
(B10.A) mice appear to mount a concomitant type-1 and type-2 CD8+ T cell immunity that does not
compensate the anergy or deletion of protective Th1 CD4+ T cells. A preferential type-1 immunity com-
posed by CD4+ and CD8+ T lymphocytes associated with Th2 cells appears to determine the regressive
pattern of infection of resistant (A/J) mice.



that probably restrained the local growth and
spread of the fungus. This vaccinating proce-
dure conferred a sterilizing immunity to
B10.A mice, since late in the infection no fun-
gal cells could be isolated from pretreated
mice whereas all nonvaccinated animals died
of an overwhelming infection (Arruda, 1999).
The immunoprotection was long-lasting and
could also be induced by a nonvirulent fungal
isolate. The in vivo depletion of CD4+ and
CD8+ T cells as well as of endogenous IFN-γ
and IL-12 led to impaired immunoprotection
suggesting that this phenomenon is multime-
diated and requires the function of both T cell
subpopulations and the activity of proinflam-
matory cytokines. As the previous s.c. infec-
tion did not alter the disease outcome of
resistant A/J mice, we could demonstrate that
the genetic background of hosts determines
the success or failure of a vaccinating proce-
dure and, interestingly, the susceptible back-
ground is more reactive to fungal components
and prone to develop protective immunity
than the resistant one.

BALB/c mice, which have an intermedi-
ate pattern of susceptibility to P. brasiliensis
infection, can develop a protective Th1
immune response to gp43 immunization and
after a DNA-based vaccination using the
gp43 gene. Furthermore, the immunodomi-
nant T-cell epitope in gp43 has been mapped
to a 15-residue sequence and immunization
with the corresponding polypeptide induces
partial immunoprotection against a virulent
fungal isolate (Taborda et al., 1998; Pinto
et al., 2000).

In conclusion, CD8+ T lymphocytes are
very important protective cells in primary
and secondary PCM. These lymphocytes can
also act as regulatory cells of cellular immu-
nity in susceptible hosts. Protective Th1
CD4+ T lymphocytes were only detected in
resistant mice and susceptibility of B10.A
mice was not abolished by depletion of
CD4+ T cells or IL-4. This behavior indicates
that susceptibility of B10.A mice is not
mainly controlled by CD4+ T cells (Th2 sub-
set) and other regulatory mechanisms such

as excessive production of nitric oxide
(Nascimento et al., 2002) and anergy or dele-
tion of T lymphocytes can play a role in the
defective immunity developed by susceptible
hosts. In the C57BL/6 background, however,
a clear Th1/Th2 mechanism of immunoregu-
lation could be demonstrated (Arruda et al.,
2004; Pina et al., 2004) although even in this
strain NO production plays a very important
effect in controlling T cell responsiveness
(Bocca et al., 1988; Nascimento et al., 2002).

4. Concluding Remarks:
A Hypothesis on the
Mechanisms of Resistance
and Susceptibility to
P. brasiliensis

In human disease the Th1/Th2 dichotomy of
CD4+ T cells immune response appears to par-
tially explain the behavior of PCM patients and
healthy infected individuals. So, the most evident
Th1 immunity is observed when lymphocytes
from healthy infected subjects or cured patients
are in vitro activated by gp43 and a clear produc-
tion of IL-2 and IFN-γ is concomitant with a vig-
orous lymphoproliferative response. The JF or
acute form of the disease appears to be the Th2
pole of reactivity, in which IL-4, IL-5, and IL-10
are produced and associated with low T cell pro-
liferation, which however can be reverted by
in vitro treatment with rIL-12 and anti-IL-10
antibodies. The severe form of the chronic dis-
ease also appears to present a Th2 pattern of
reactivity. Several individuals of the chronic
form of PCM, however, do not display polarized
Th1/Th2 immune responses and their hypore-
sponsiveness appear not to be linked to imbal-
anced cytokine synthesis and may be due to other
immunoregulatory mechanisms such as T cell
anergy or deletion by apoptosis. The roles played
by T cell subsets, however, remain unclear.

The concomitant analysis on the func-
tional activity of macrophages and T cell sub-
sets in the mechanisms of resistance and
susceptibility to P. brasiliensis infection
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encouraged us to propose a general model on
the immunopathogenesis of pulmonary
PCM. Alveolar macrophages of susceptible
mice are very reactive to P. brasiliensis com-
ponents and proinflammatory mediators are
secreted by cells involved in the innate immu-
nity of lungs. The high production of IL-12
stimulate NK cells to secrete elevated
amounts of IFN-γ that induces the secretion
of high levels of nitric oxide by macrophages
which develop a very efficient fungicidal abil-
ity. Anti-inflammatory cytokines such as IL-
10 and/or TGF-β are secreted in low levels.
Also, such behavior is similar to the previ-
ously described M1 or reductive macrophages
(Mills et al., 2000; Murata et al., 2002) and
results in a very effective innate immunity and
precocious control of fungal growth. This
behavior is adequate to the activation of Th1
CD4+ cells. The excessive and continuous pro-

duction of NO, however, inhibits the initial
development of CD4+ T cell immunity by
active induction of T cell anergy or deletion.
The elevated expression of costimulatory
molecules (MHC class I, CD40, B7, for
example) by macrophages can directly acti-
vate CD8+ T cells without the help of CD4+ T
lymphocytes (Albert et al., 1998; Ridge et al.,
1998). The high production of antibodies
could be ascribed to a nonclassical Th cell
subset recently described, the T Helper–
Follicular subpopulation (THF). This popula-
tion localizes preferentially to lymph node
germinal centers, does not secrete typical Th2
cytokines but is very efficient in helping B cell
antibody production (Breitfeld et al., 2000).
This pattern of immunity could explain the
very efficient mechanism of natural immunity
resulting, however, in poor T cell-mediated
immunity (Fig. 10.5). It could also explain the
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Figure 10.5. Hypothesis on the innate and acquired immunological mechanisms leading to resistance
to P. brasiliensis infection. At the innate phase of immunity, macrophages from resistant mice secrete low
amounts of IL-12 associated with high levels of IL-10, resulting in impaired nitric oxide (NO) secretion
and inefficient fungal clearance. However, the slow but prevalent type-1 acquired immunity mediated by
both CD4+ and CD8+ T cells is able to induce efficient macrophage activation and regressive disease.
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DTH anergy, the nonorganized lesions, the
high levels of antibodies, and the progressive
disease developed by susceptible mice and JF
patients.

Alveolar macrophages from resistant
mice respond to P. brasiliensis infection by
secreting low amounts of IL-12, but high
levels of IL-10 and TNF-α. This behavior
results in poor NK cell activation, IFN-γ
production, NO secretion, and inefficient
fungal killing at initial times of infection.
This activity is similar to that previously
described for M2 or oxidative macrophages
(Mills et al., 2000; Murata et al., 2002) and
characterizes the low efficient natural immu-

nity of resistant mice. The production of
cytokines and NO in low levels does not
impair T cell immunity. So, resistant animals
slowly develop P. brasiliensis specific CD4+

and CD8+ T lymphocytes, which control
fungal growth and organize lesion morphol-
ogy (Fig. 10.6).

The present hypothesis does not exclude
the previously proposed Th1/Th2 model of
P. brasiliensis control. It tries, however, to put
together many results of innate and acquired
immunity observed in the murine pulmonary
model of infection, which eventually may
contribute to enhance our knowledge on the
immunopathogenesis of human PCM.
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Figure 10.6. Hypothesis on the innate and acquired immunological mechanisms leading to suscep-
tibility to P. brasiliensis infection. At the initial stage of infection, macrophages from susceptible
mice secrete high amounts of IL-12 and nitric oxide (NO), resulting in efficient fungal clearance.
However, excessive NO secretion induces anergy or deletion of CD4+ T cells. The expression of high
levels of costimulatory molecules by antigen-presenting cells induces a preferential activation of
CD8+ T cells that is not sufficient to efficiently activate macrophages and to control disease pro-
gression.
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1. An Introduction to Aspergillus

1.1. Aspergillus in the
Environment

Aspergillus is a filamentous, saprophytic
fungal genus whose essential role in nature is

the aerobic decomposition of organic material
(Pitt, 1994). Aspergillus is a truly ubiquitous
fungus. In addition to being found in soil and
plant debris, it is found year-round in homes,
schools, workplaces, libraries, and in such
improbable places as the sand of the Sahara
desert (Buckingham and Hansell, 2003). With
a diameter of only 2–3 µm, an Aspergillus
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spore, or conidium, is quite small. Thousands
of conidia are shed into the air from the asex-
ual fruiting bodies of the fungi, called conidio-
phores (Latge, 2001).

While the vast majority of more than 185
species of Aspergillus pose no threat to
humans, at least 19 species are known oppor-
tunistic pathogens (Stevens et al., 2000).
Foremost among the pathogenic varieties is
Aspergillus fumigatus. A. fumigatus is unique
among the Aspergillus species in that it can
grow at temperatures from 20°C to 50°C and
survive at temperatures above 55°C.
Concentrations of A. fumigatus in either
indoor or outdoor air range from 1 to 100
conidia/m3, permitting the average person to
inhale several hundred conidia per day
(Latge, 2001). Mature conidia are dark green,
with a hydrophobic outer cell wall that aids in
the spore’s ability to stay airborne as well as
in its adhesion to lung surfaces. A. fumigatus
has no specific nutritional requirements; it
needs only moisture and a carbon source to
grow (Latge, 2001). The fungus grows
quickly. At ideal growth conditions, A. fumi-
gatus can produce mature conidia in a matter
of days.

1.2. Aspergillus as an
Opportunistic Pathogen
of Man

Typically, A. fumigatus is considered to be a
rather weak opportunistic pathogen, mainly
responsible for allergic reactions in sensitized
individuals. Fungal sinusitis, fungal asthma, and
alveolitis are allergic responses elicited by
A. fumigatus that are typically mild and require
minimal therapeutic intervention. Allergic bron-
chopulmonary aspergillosis (ABPA) is prima-
rily an allergic disease in which the fungus is
retained in, but contained to, the bronchioles
(Bosken et al., 1988). It may present clinically at
any point in a spectrum of disease ranging from
very mild fungal asthma to very aggressive dis-
ease that can progress to invasive aspergillosis

(IA). Pulmonary aspergilloma and IA are
Aspergillus-induced infections involving
mycelial colonization of the lung itself. In at-
risk populations, these fungal infections, partic-
ularly IA, are very serious and frequently fatal.
There is considerable overlap between the vari-
ous forms of Aspergillus-induced disease.
ABPA may progress to aspergilloma or IA.
Aspergilloma patients may develop allergic dis-
ease consistent with ABPA, or they may
progress to IA. Although other species of
Aspergillus can initiate disease, A. fumigatus is
the dominant pathogenic species and is respon-
sible for 90% of human mycoses (Kurup and
Kumar, 1991). The growing population of
severely immunocompromised patients—those
with diseases that directly impact immune cells
or those who are undergoing immunosuppres-
sive medical treatment—are particularly vulner-
able to Aspergillus infection, morbidity, and
mortality.

2. The Innate Pulmonary
Response to A. fumigatus

2.1. The Lung

At the interface between the body and the
environment, the human lung must counter
numerous chemical, biological, and mechanical
assaults while maintaining the gas exchange
that is critical to life. To prevent pulmonary
infection while maintaining the operation of the
lung, a robust innate immune response is
imperative. A number of factors come together
to compose the antigen-nonspecific defense of
the innate immune response. Innate immunity
in the lung allows the host an immediate reac-
tion that is capable of eliminating unwanted
microbes before they can colonize the respira-
tory tract. It is made up of anatomical barriers
and commensal organisms that limit access to
pulmonary tissue, humoral products to recruit
leukocytes and aid in phagocytosis, and cellular
surveillance to directly phagocytose and kill
invading pathogens.



2.2. The Barriers of the Lung:
Mechanical and Humoral
Mediators

There are a number of mechanisms that limit
microbial colonization in the human respiratory
tract. For example, human body temperature
performs an important role in innate immunity.
It is sufficiently high to discourage most
microbes from colonizing the host. In addition,
many types of infection trigger a fever, which
limits the growth or replication of the prospec-
tive pathogen by further increasing the host’s
temperature. A. fumigatus grows well in a wide
temperature range and optimally at 37°C, the
human body temperature. The thermotolerant
nature of this fungus may be the single most
important factor in its success as an opportunis-
tic pathogen of humans.

Size and hydrophobicity permit A. fumiga-
tus conidia to remain airborne for extended
periods of time, allowing the fungus to contact
the human respiratory tract. Unimpeded,
conidia are sufficiently small to reach even the
tiny alveoli of the lung; however, skin and
mucous membranes provide physical barriers
and platforms that allow cilia and mucus to
trap and remove the spores from the upper air-
way. In addition, there are a number of host-
protective humoral products that are normally
present in the lung and that augment the cel-
lular immune response to a pathogen. For
example, surfactant proteins A and D enhance
both phagocytosis and killing ability of
macrophages and neutrophils, and binding of
fungal surface proteins by C3 and C5 activate
the complement system (Kozel et al., 1989;
Madan et al., 1997a). Interestingly, a number
of humoral products that are used against
A. fumigatus in host defense have been com-
mandeered by the fungus for use as adherence
molecules. The conidia can attach to
hydrophobic binding pockets found in the
superstructure of a number of host products.
Not only are structural molecules such as col-
lagen, fibrinogen, and laminin used by the

fungus for adhesion to pulmonary matrix, but
it can also use host defense molecules such as
complement and surfactant proteins (Annaix
et al., 1992; Sturtevant and Latge, 1992;
Bouchara et al., 1997; Madan et al., 1997a,b;
Tronchin et al., 1997).

Fungi have ensured their ecological niche
in the environment by developing strategies to
promote colony success. Unfortunately, the
same products that make A. fumigatus an
excellent agent of decomposition in a com-
post heap make it a formidable pathogen in a
compromised host. A. fumigatus produces a
number of toxins that aid in fungal coloniza-
tion by damaging pulmonary epithelial cells,
slowing ciliary action, and killing local
immune cells (Latge, 2001). These toxins may
be physiologically active in the minute
amounts that are present in the conidial cell
wall, but even more so in a very large inocu-
lum of conidia or an established colony,
would produce more of these toxins and pro-
teases that would result in increased injury. In
addition, fungal species are notorious for gen-
erating abiotic products that are injurious to
bacteria, killing their primary competitors
and significantly promoting fungal dissemi-
nation in their natural habitat. In order to
effectively colonize the human respiratory
tract, A. fumigatus must successfully compete
for space and nutrients against the microor-
ganisms that already inhabit that space.
Bacterial antagonism by commensal microbes
impedes fungal maturation that would lead to
the increased production of toxic products.
This explains, in part, the increased risk of
serious fungal disease associated with
immunosuppressive therapies that not only
limit the effectiveness of the immune cells but
may also disrupt the normal flora of the host.

2.3. The Cellular Mediators of
Innate Immunity in the Lung

In a healthy, nonatopic host, the relatively
few invading organisms that avoid the barriers
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of the innate immune response are eliminated
by innate cellular responses (Fig. 11.1). Resident
alveolar macrophages are the main phagocytic
cells triggered innately in the lung. They
phagocytose inhaled conidia, killing the spores
before they can germinate to the potentially
invasive hyphal form (Waldorf, 1989). Lectin
interactions are believed to trigger phagocyto-
sis of conidia by alveolar macrophages, but the
specifics of this interaction are still being stud-
ied (Ezekowitz, 2003). The majority (~90%) of
A. fumigatus conidia are phagocytosed within 2
h of in vitro inoculation (Philippe et al., 2003).
In the in vitro setting, phagocytosis of conidia
does not require humoral opsonins. However,

the accessibility of immunoglobulins and com-
plement in vivo are likely to have significant
impact on phagocytosis (Kozel et al., 1989).
The recognition of pathogenic, nonpathogenic,
and even dead conidia does not appear to be
different, as phagocytosis occurs at comparable
rates in all of these situations (Jahn et al.,
1998). Ostensibly, the phagocytosed conidia
are not differentiated from general particulate
debris until they start to swell within the macro-
phage at which time conidial killing is com-
menced. The alveolar macrophage has at least a
few methods to kill the potentially pathogenic
intruder. The phagocytosed conidium moves
through the normal phagocytic compartments
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Figure 11.1. Aspergillus fumigatus: the innate and atopic response in an immunocompetent host.
Innate response (1) alveolar macrophages phagocytose conidia through nonspecific means. Pathogen-
associated pattern molecules bind to TLR2 and TLR4 on the macrophage’s surface and signal through
the NFκB pathway. (2) Activated epithelial signaling joins that of the alveolar macrophage to recruit
and activate inflammatory cells. (3) Recruited macrophages and neutrophils phagocytose and kill coni-
dia and germinating hyphae, respectively. Atopic response (4) in the sensitized host, eosinophils are
recruited to the airways and Aspergillus-specific IgE binds to mast cells via the Fc receptor. Cross-
linking of the IgE by Aspergillus antigens causes degranulation, directly affecting airway reactivity.
(5) Smooth muscle cell hyperplasia, (6) peribronchial fibrosis, and (7) goblet cell hyperplasia are conse-
quences of the remodeling of the atopic airway that is driven by (8) Th2-associated lymphocytes, which
produce IL-13, IL-4, and IL-5.



and enters an acidified phagolysosome where
killing can occur (Ibrahim-Granet et al., 2003).
Alveolar macrophages use nonoxidative killing
mechanisms, such as defensins, to eliminate
growing conidia (Morgenstern et al., 1997), but
reactive oxygen intermediates may also play an
important role, as has been shown in vitro, in
killing germinating conidia (Philippe et al.,
2003). It has recently been demonstrated that
while corticosteroid treatment does not reduce
the phagocytic properties of alveolar macro-
phages, it dramatically impacts the production
of reactive oxidant intermediates, suggesting
that fungal infection as a consequence of high-
dose steroid treatment may be due to the inabil-
ity to produce these important mediators
(Philippe et al., 2003). Mature conidia of
A. fumigatus are characteristically dark green
with conspicuous cell wall ornamentation,
called rodlets. Mutated strains that do not pro-
duce the pigment, and subsequently do not pro-
duce the outer cell wall ornamentation, are
promptly phagocytosed and killed much more
readily than wild-type spores. The selective
advantage of the coat components is probably
related to their ability to scavenge reactive oxy-
gen intermediates and to evade binding by
immune response molecules (Jahn et al., 2000).

The innate immune system does not rec-
ognize every possible antigen; rather, it rec-
ognizes a few (~1000) highly conserved
structures that are present on a multitude of
microorganisms. These structures are collec-
tively known as pathogen-associated molec-
ular patterns (PAMPs). The pattern
recognition molecules of resident alveolar
macrophages recognize PAMPs on the fun-
gal cell wall. One class of pattern recogni-
tion molecule, the toll-like receptors
(TLRs), is largely responsible for the recog-
nition of fungal PAMPs by alveolar
macrophages. TLRs are mediators that play
roles in both the innate response and the
activation of the adaptive immune response.
All ten of the known TLRs consist of a
leucine-rich extracellular domain and a con-
served intracellular Toll/IL-1 receptor (TIR)
signaling domain (Kopp and Medzhitov,

1999). Upon binding of the PAMP, the
intracellular peptide interacts with other
TIRs and recruits adaptor proteins to the
complex. This in turn dictates the activation
of the signaling cascade to follow. TLR2
and TLR4 have been identified as the pri-
mary pattern recognition molecules respon-
sible for the detection of A. fumigatus
(Meier et al., 2003). TLR2 is responsible for
the recognition of both conidia and hyphae,
while TLR4 is believed to be restricted to the
detection of conidia (Mambula et al., 2002;
Meier et al., 2003). The inflammatory
response is essential for the elimination or
isolation of microbes in affected tissue as
well as facilitating repair of injured tissues.
NFκB is an important nuclear transcription
factor and is vital for the initiation and
amplification of inflammatory responses in
a number of different signaling pathways. In
vitro studies with manipulated macrophage
cell lines and ex vivo experiments with
elicited peritoneal macrophages support a
role for TLR2, TLR4, the coreceptor CD14,
and adaptor signaling proteins such as
MyD88 in the signaling pathways that lead
to NFκB translocation in response to
A. fumigatus (Mambula et al., 2002; Meier
et al., 2003). It is obvious, however, that
these results should lead to further studies
using alveolar macrophages to clarify differ-
ences in various macrophage lines and types.
Tumor necrosis factor alpha (TNF-α),
proinflammatory cytokines, and chemokines
that are products of NFκB activation recruit
and activate neutrophils and more mono-
cytes/macrophages to the area of inflamma-
tion and augment phagocytic activity by
innate immune cells already present in the
lung (Mambula et al., 2002).

Hyphae and germinating conidia that
are too large to be phagocytosed by
macrophages are eliminated by recruited
neutrophils (Waldorf, 1989). In contrast to
the macrophage, which phagocytoses coni-
dia, the neutrophil kills germinating hyphae
by releasing cytoplasmic granules and reac-
tive oxygen intermediates (Diamond and
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Clark, 1982; Levitz and Diamond, 1985;
Levitz and Farrell, 1990). Both reactive oxi-
dant-producing enzymes, such as myeloper-
oxidase (MPO) and NADPH-oxidase, and
granules containing nonoxidative molecules
such as defensins are utilized for killing
(Diamond and Clark, 1982; Aratani et al.,
2002). Individuals with chronic granuloma-
tous disease, neutropenia as a result of
chemotherapy, or other conditions that limit
the recruitment or effectiveness of the neu-
trophil population are at particular risk of
IA (Cohen et al., 1981; Levitz and Diamond,
1985). Experimentally, neutropenia induced
by cyclophosphamide treatment yields a
mouse that develops invasive fungal disease
within days of encountering the fungus. In
a healthy host, the neutrophil-mediated
response is rapid and results in efficient
killing. Fifty percent of the contacted
hyphae are killed within 2 h (Roilides et al.,
1993, 1998). Platelets are also important
mediators necessary to eliminate hyphae.
They facilitate hyphal killing by attaching to
the germinating hyphae as they begin to infil-
trate the vasculature (Christin et al., 1998).

3. The Adaptive Immune
Response to A. fumigatus

3.1. The T Cell Response to
A. fumigatus: Protective
Immunity and T Cell
Skewing

Although frequently considered separate
distinct entities, the acquired immune response
is a continuation of the innate response. Innate
immunity educates the adaptive response to
take the most appropriate measures that will
remove an offending organism or, barring its
removal, to protect the host. In addition, innate
immunity still functions in a fungal infection
even if there is an acquired response directed
against the fungus. The difference comes when
the initial response to the fungus is unsuccess-

ful to remove the infection before the adaptive
immune response takes over and then mediates
the chronicity of the response. In the case of
A. fumigatus, innate immune responses and an
initial Th1-type response, characterized by
interferon gamma (IFN-γ) and interleukin (IL)-
12 production with a robust cellular response,
is superceded by a Th2-associated response that
is responsible for much of the immunopathol-
ogy that is seen in the chronic allergic disease,
which is the most typical form of Aspergillus-
induced disease seen in the general population
(Hogaboam et al., 2000; Blease et al., 2002).

While the fungus produces a number of
potentially damaging proteases and toxins,
mutants deficient in any one of these prod-
ucts frequently remain pathogenic in an
immunocompromised host (Hogan et al.,
1996). The disease pattern elicited by
A. fumigatus infection; therefore, is prima-
rily dependent upon the reaction of the
host’s immune system, not the virulence of
the pathogen itself. As such, there is a spec-
trum of disease in which symptoms may
range from subclinical to grossly incapaci-
tating while technically residing under
the same clinical diagnosis. For example,
ABPA may present as fungal-induced
asthma, but it may progress to invasive dis-
ease. Aspergilloma patients may be asymp-
tomatic or critically ill. Cases of IA rarely
have a mild-case scenario: this disease is uni-
formly serious and frequently fatal.

3.2. ABPA and Allergic
Responses in the Lung

ABPA (Fig. 11.2) is an allergic disease that
is primarily seen in asthmatics. While ABPA is
believed to be underdiagnosed, estimates of
ABPA among asthmatics are as high as 25%
(Wark and Gibson, 2001) and 35% in cystic
fibrosis patients (Knutsen and Slavin, 1991).
This disease is characterized by grossly elevated
Aspergillus-specific immunoglobulins (IgE,
IgG, and IgA) as well as bronchopulmonary and
serum eosinophilia (Greenberger, 1997). An
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immediate hypersensitivity reaction, mediated
by both humoral and cellular responses is evi-
dent in asthmatics that encounter a concentrated
conidial inoculum (Schatz and Hamburger,
1979). The ensuing immune reaction results in
chronic mucus hypersecretion with bronchial
plugging, bronchiectasis, bronchospasm, and
bronchial edema. Many of these sequela are
mimicked in experimental murine models using
A. fumigatus as an inducing agent (Hogaboam
et al., 2000). ABPA is confined to the bronchi-
oles, which differentiates it from infective
Aspergillus diseases; however, proteinases pro-
duced by Aspergillus in chronic ABPA can, over
time, damage the bronchial epithelium and may
lead to an invasive disease course (Saraceno
et al., 1997).

3.3. Aspergilloma and
Colonization of the Airway

Mycetoma is a term used to describe a free-
floating fungus ball within a preexisting lung

cavity. Mycetomas are usually caused by
Aspergillus (called aspergillomas), but may also
be associated with other types of fungi
(Buckingham and Hansell, 2003). Aspergilloma
is primarily a colonization of spaces in the upper
lobes of the lung (Fig. 11.2). The conidia germi-
nate and grow in existing necrotized cavities left
by previous disease processes such as tuberculo-
sis or sarcoidosis. Aspergillomas occur in
10–15% of all patients with cavitating lung dis-
ease (Addrizzo-Harris et al., 1997). Typically, the
cavity is fibrotic with a necrotizing inner layer
and a rich blood supply, giving it a propensity to
bleed (Logan and Muller, 1996; Regnard et al.,
2000). Hemoptysis is most frequently internal
and minor but may be massive and even fatal
(Judson and Stevens, 2001). The combination of
the growing Aspergillus hyphae, proteinaceous
matrix, mucus, and cellular debris make up the
body of the aspergilloma (Latge, 1999). As with
other Aspergillus-induced diseases, aspergilloma
traverses a wide range of symptomology. The
treatment course depends upon the amount of
dysfunction that the patient experiences.
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Figure 11.2. The generation of Aspergillus-induced disease. In the immunocompetent lung, the innate
immune response kills and clears the conidia with full resolution. The atopic, adaptive response in a sen-
sitized host allows for the generation of allergic diseases including ABPA. In the immunocompromised
host, the impaired general immunity allows colonization of preexisting cavities (aspergilloma) or sapro-
phytic growth of the fungus (invasive aspergillosis). Either ABPA or aspergilloma may provoke the
other disease and may also lead to more serious invasive disease.



Aspergillomas are difficult to treat with tradi-
tional antifungal therapy due to the lack of blood
supply within the cavity itself. As a result, they
may require computed tomography (CT)- or
fluoroscopy-guided intracavitary treatment. In
advanced cases, surgical resection of the lung is
the most successful therapeutic course, allowing
that the underlying pulmonary disease and the
patient’s general health permit invasive surgery
(Jewkes et al., 1983; Chatzimichalis et al., 1998;
Regnard et al., 2000).

3.4. IA and Destruction of the
Airway and Pulmonary
Vasculature

Fungi are unique among the common
household allergens in that they are live enti-
ties capable of infection under certain condi-
tions. This is not to say that dead conidia
cannot act as allergens; indeed they do. But the
ability of A. fumigatus to grow in the condi-
tions of the lung presents a more complex
medical scenario than a typical allergen. While
serious fungal disease is rarely seen in the gen-
eral population, because of the increasing pop-
ulation of severely immunosuppressed patients
(either due to disease or treatment), A. fumiga-
tus is an emerging pathogen that is a chief
cause of mortality in transplant patients, AIDS
sufferers, and neutropenic patients (Cohen
et al., 1981; Gerson et al., 1984). In IA, the
conidia overcome whatever marginal immune
response the lung can mount and survive to
germinate and produce an invasive mycelial
mat that can severely damage the airway
and/or vasculature (Fig. 11.2). IA may have a
particularly rapid disease progression with as
little as 1–2 weeks from onset to death (Latge,
1999). IA can be categorized into two main
types based upon the primary structure that is
attacked. Airway IA involves the attack of the
bronchial tree with subsequent destruction of
the lung tissue, and angioinvasive aspergillosis
involves the attack of the pulmonary artery
branches with dissemination of the fungus to
the brain and other vital organs. In practice,

angioinvasive and airway invasive forms may
coincide in one patient due to the proximity of
the bronchioles and the vasculature. Fulminant
disease is due to dissemination through the
vasculature, although dissemination is not nec-
essary for mortality. IA can affect any organ of
the body, but especially the lungs, heart, brain,
and kidneys. Late in the course of the disease,
the nervous system, skin, and other organs may
become affected.

4. Concluding Remarks

Epidemiological studies, clinical research,
and anecdotal evidence illustrate a mounting
risk for the development of fungus-related dis-
eases throughout the world. The reason for an
increased incidence of fungal allergic disease
is not well understood, but is probably linked
to the general increase in allergic asthma and
allergy in developed countries. Aspergillus is
an emerging pathogen in the increasing popu-
lation of individuals who are immunocompro-
mised to an extent that they can no longer
mount an effective response against the oppor-
tunistic pathogen. Much of the pulmonary
pathology seen in Aspergillus-associated dis-
eases is, in fact, a result of the poor integrity of
the lung, allowing the colonization by the fun-
gus or the inadequate response of an immune
system debilitated either by treatment or dis-
ease. Our insufficient knowledge of human
fungal allergy and infection highlights the
need for animal models that more closely rep-
resent the clinical condition. There have been
recent advances in early detection of IA and
potential therapeutic targets that specifically
intervene at the junction between host protec-
tion and immunopathology (Blease et al.,
2001; Blease and Raymon, 2003; Pinel et al.,
2003; Schuh et al., 2003; Challier et al., 2004;
Kwak et al., 2004). The increased understand-
ing of the nature of pulmonary fungal
aspergillosis immunology will in turn fuel
research for more specific and appropriate
ways to combat the potentially devastating dis-
eases that this fungus instigates.
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1. Introduction

Hypersensitivity lung diseases are caused
by a number of allergens from diverse
sources and origins, of which, fungi consti-
tute a major group. Allergen has been
defined as the substance that is involved in
atopy where induction of specific
immunoglobulin E (IgE) antibody results
from the exposure and sensitization to aller-
gens. Although fungi are associated with a
number of allergic and nonallergic diseases
in humans, respiratory allergy constitutes a
major group (Kurup and Fink, 1993; Kurup
et al., 2002; Kurup, 2003; 2004). Majority of
the fungi associated with allergy in humans
are caused by freely distributed saprophytic
fungi and constitute only a very small per-
centage of the sum total of all known fungi
(Kurup, 2003).

The allergic conditions most frequently
recognized are allergic rhinitis, conjunctivi-
tis, and bronchial asthma (Katzenstein
et al., 1983; Kurup, 1989; Kurup and Fink,
1993). In the pathogenesis of atopic dis-
eases, the immune responses result from the
interaction of the host immune system and
the allergens. There are a number of modu-
lating environmental factors that have also
been identified or suggested in the patho-
genesis of allergy. Exposure to allergens and
sensitization can result from inhalation,
contact, ingestion, or by injection. The
major clinical manifestations induced by
allergens include sneezing, nasal discharge,
coughing, wheezing, and shortness of
breath with evidence of reversible airway
obstruction, urticaria, angioedema, and
anaphylaxis (Kurup, 2004).

Allergy to fungi results from exposure
and sensitization to outdoor and indoor
molds and affects a substantial number of
patients (Kozak et al., 1979; Burge, 1985;
Vijay et al., 1998). Fungi present in both
indoor and outdoor air are generally consid-
ered as important cause of mold-induced
allergy. The concentrations of the fungi in
the outdoor environment vary depending on
the climate, vegetation, and many other fac-
tors, while the concentration of indoor fungi
depends on moisture content, ventilation,
presence and absence of carpets, pets, and
houseplants (Gravesen, 1999).

Fungi are eukaryotic, nonchlorophyllus
organism that exist in nature predominantly
as saprophytic organisms (Hawksworth
et al., 1994). A fewer number of fungi cause
plant and animal diseases, while several
fungi produce economically useful metabo-
lites including antibiotics, vitamins,
enzymes, and flavors. In spite of the fewer
fungi that are associated with the produc-
tion of toxins and other potent deleterious
agents, the impact of such fungi in health
and disease are significant. The inhalation
of fungal spores or mycelial fragments of
the fungi contaminating both indoor and
outdoor environments cause allergy in sus-
ceptible individuals. The prevalence of fun-
gal allergy is estimated to be about 6% in the
general population, while it constitutes 20%
to 30% of allergy in atopic individuals
(Wuethrich, 1989; Vijay et al., 1998).

Fungal allergy also follows the same
induction pathway as do other allergies
caused by pollen, house dust, etc. These dis-
eases result from exposure to spores, res-
pirable hyphal fragments, or metabolites of
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fungi. The spores of fungi and fragments of
vegetative hyphae are usually very small
and most of them can penetrate the smaller
airways of the lung and mediate allergic
reactions. The allergens of fungi are heteroge-
neous and are partly shared by a number of
fungi as indicated by their cross-reactivity
(Kurup et al., 2000b; Kurup and Fink, 2002).
Knowledge of the antigens, their biochemical
and immunological characteristics, and their
structure and function are important in
understanding the pathogenesis of the dis-
ease, laboratory diagnosis, and even in patient
care (Kurup, 2003).

Although fungi cause a number of aller-
gic diseases, the majority of them are
restricted to respiratory tract. They include
allergic asthma, allergic bronchopulmonary
mycoses, and hypersensitivity pneumonitis.
Other related allergic diseases caused by
fungi are allergic rhinitis and sinusitis. In
this chapter, we will concentrate on allergic
conditions of the lungs resulting from the
first three diseases.

2. Allergic Asthma

Asthma is a complex clinical syndrome
characterized by airway obstruction and cel-
lular inflammation. Allergic asthma is
caused by the sensitization to allergens
belonging to a number of different sources
including fungi (Kurup, 2003; 2004). There
are two types of responses in asthma, the
acute asthmatic response that occur within
minutes after the exposure to the allergens,
and the late-phase reaction occurring 3–4 h
after exposure to the allergens. The immedi-
ate response results from the release of
mediators, such as histamine, tryptase,
leukotrienes, and vasoactive mediators,
which induce airway mucosal edema,
smooth muscle contractions, and mucus
release (Busse et al., 2003). The cross-linking
resulting from allergen binding to IgE on the
surface of basophils/mast cells causes medi-
ator release. The mediators cause smooth

muscle hyperresponsiveness and results in
anaphylaxis, leading to asphyxia and death
if not attended in time. The late-phase reac-
tion results in cytokines, such as interleukin-4
(IL-4), IL-5, and IL-13 and chemokines
like RANTES, eotaxin, membrane cofactor
protein (MCP)-1, MCP-2, MCP-3, and
MIP-1α released by lymphocytes and acces-
sory cells. These factors and Th2 T cells
coordinate a cellular influx of activated
eosinophils, neutrophils, and T-lymphocytes
to the late asthmatic response. These acti-
vated inflammatory cells further release
more mediators, which results in aggrava-
tion of late asthmatic reaction that leads to
increased airway obstruction and chronic
asthma. Allergic asthma is characterized by
airway epithelial cell disruption, mucus
hypersecretion, subepithelial collagen depo-
sition, and interstitial inflammation. The
mechanisms governing the preferential
recruitment and activation of these partici-
pating cells have been a primary focus
directed at discovering therapeutic strate-
gies. Although a large number of fungi have
been reported as capable of causing allergic
asthma the most predominant ones are
those belonging to the genera Alternaria,
Aspergillus, Cladosporium, and Penicillium
(Kurup et al., 2002). Animal models of
asthma using some of these antigens have
contributed to our understanding of the
immunopathogenesis of allergic asthma
(Kurup and Grunig, 2001).

2.1. Immunopathogenesis in
Allergic Asthma

Asthma is characterized clinically by the
presence of reversible airflow obstruction,
cough, and increased bronchial smooth
muscle hyperresponsiveness. Asthmatic sub-
jects on inhalation of specific allergen expe-
rience both early (5–20 min; EAR) and late
(2–4 h; LAR) broncho constriction lasting
for 1 h and 2 to 12 h, respectively (Krishna
et al., 2001). The acute asthmatic response is
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initiated by the release of short-lived media-
tors from mast cells and other airway cells.
These mediators include histamine, tryptase,
prostaglandins, and leukotrienes, which
induce airway mucosal edema, smooth mus-
cle contraction, and mucus release. In the
LAR, there is a large influx of neutrophils
into the bronchial mucosa. The neutrophils
discharge their granular secretion to the air-
ways playing a major role in the early part of
the LAR. Twenty-four hours after allergen
challenge, there is significant eosinophilia
(Busse et al., 2003). This was further con-
firmed by the presence of enhanced levels of
IL-5 in the bronchoalveolar fluid. Thus, the
early-phase reaction seems to be modu-
lated by IgE while the late-phase is due to
activated T cells and eosinophils and their
mediators.

Although it is fairly well understood that
CD4+ Th2 effector T cells play an important
role in the pathogenesis of allergy and
asthma, it is not understood as to how the
Th2 response is initially induced. Similarly,
it is not known how the role and effect of
other lymphoid and nonlymphoid cell types
facilitate or downregulate Th2-mediated
lung inflammation. The immune responses
detected in this condition are the result of
interplay of both innate and acquired
immunities. The immunopathogenesis of
asthma is more or less similar to allergic
bronchopulmonary aspergillosis (ABPA)
except in severity.

2.2. Cytokines in Allergic
Asthma

The Th2 subtype of T cells produce IL-4,
IL-5, IL-9, and IL-13, but not interferon
gamma (IFN-γ) and IL-2 (Kurup and
Grunig, 2001; Krishna et al., 2001). The Th1
subtype of T cells produce IL-2, IFN-γ, and
tumor necrosis factor beta (TNF-β). IL-4
and IL-13 are instrumental in isotype
switching of B cells, while IFN-γ inhibits
B cell activation and IgE synthesis. Frequently,

the severity of asthma and bronchial hyperre-
activity have been directly correlated with
the presence of activated T cells and
eosinophils that secrete IL-5 (Kurup and
Grunig, 2001). These cytokines are induced
by a number of cells including T cells,
eosinophils, mast cells, and some of the
epithelial and endothelial cells.

Several cytokines are expressed by the
bronchial epithelium include IL-1β, IL-5,
IL-6, and granulocyte-macrophage colony-
stimulating factor (GM-CSF). IL-5 and
GM-CSF play a major role in the survival,
recruitment, and activation of eosinophils.
Other cytokines produced by epithelial cells
are IL-11 and TNF-α. These cytokines can
activate B cells and monocytes and induce
synthesis of other important cytokines and
chemokines such as IL-6, IL-8, and
RANTES. They can also upregulate adhe-
sion molecules intercellular adhesion mole-
cule 1 (ICAM-1), -2, VCAM-1, and
E-selectins and actively participate in the
trafficking of various effector and accessory
cells (Busse et al., 2003).

2.3. Chemokines and
Receptors in Allergic
Asthma

For the direct migration and activation of
various effector cells, chemokines are pro-
duced by a number of different cells.
Chemokines, a group of small molecular
weight factors, fall into four different sub-
types based on their structure (Hogaboam
et al., 2003). They participate in various
functions including antigen processing,
receptor-induced recruitment of dendritic
cells, thymocytes, and other cells of the lym-
phoid organs (Rothenberg, 2000). This
migration is effected by MIP-3β and the con-
stitutively expressed CCR6 receptor. T-lym-
phocytes express CCR1, CCR2, CCR- 7, and
CXCR4. However, there is differential
expression of CCR3, CCR4, CCR8, and
CXCR4 on Th2 cells and CCR5, CXCR3,
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and CXCR6 on Th1 cells. Eosinophils
express CCR3 and CXCR4. B cells express
CXCR4 and CXCR5, and stromal cells sur-
rounding B-lymphocytes express SDF-1,
while MIP-3β is expressed by dendritic cells
in T cell area. Thus, chemokines produced by
dendritic cells, B-lymphocytes, and endothe-
lial cells play an important role in the selec-
tive recruitment of activated CD4+ Th2
lymphocytes and eosinophils in allergic
inflammatory responses and CD4+ Th1 cells,
monocytes and neutrophils in Th1 cell-medi-
ated inflammatory responses. This results in
enhanced proliferation of B cells, leading to
differentiation of plasma cells and synthesis
of IL-4-mediated IgE production, where
CD40/CD154 (CD40L) interaction is essen-
tial (Busse et al., 2003).

Recent studies suggest that CC-
chemokines like RANTES, MCP-1, MCP-3,
and eotaxins also play a major role in
recruiting inflammatory cells (Rothenberg,
2000). It has been shown that eotaxin-
expressing cells increase dramatically in the
site of inflammation and has been corre-
lated with methacholine challenge. The
results indicate that CC-chemokine exerted
epithelial and endothelial damage through
the induction CCR3 receptor contribute to
infiltration of eosinophils to the local
tissues. In this connection RANTES is
more effective than eotaxin and is constitu-
tively produced in the tissues. MCP-1,
although less effective for eosinophils,
activate basophils and induce secretion
of leukotriene C (LTC) and histamine
(Rothenberg, 2000). Histochemical studies
indicate that MCP-1 recruit macrophages
and activate basophils thus playing a major
role in the inflammatory pathogenesis of
bronchial asthma (Bischoff et al., 1992;
Sousa et al., 1994). Among the CXC
chemokines, IL-8 plays a major role as a
chemoattractant for neutrophils and T-lym-
phocytes (Davis et al., 1995). IL-8 has been
detectable in both the protein level in the
BAL and in the mRNA level in the epithelial
cells of the bronchi and other airways of

asthmatic patients, but not in the normal
controls.

2.4. Airway Remodeling in
Allergic Asthma

Although asthmatic patients show
marked airway hyperreactivity the exact
mechanism and the underlying factors are
not well understood. Airway remodeling
resulting from the destruction of the airway
integrity is considered as a potent cause. It
has been suggested that the various factors
and mediators mentioned before have an
adverse effect on the smooth muscle and
fibroblasts; of particular interest are metal-
loproteinases, transforming growth factor
beta (TGF-β), epithelial growth factor
(EGF), and platelet-derived growth factor
(PDGF) (Kauffman, 2003). In addition,
proteases present in the antigens also have
been shown to play a major role in the
destruction of tight junctions of the airway
epithelium (Tomee et al., 1997).

To examine airway remodeling, investi-
gators have studied the relationship of the
epithelial mesenchymal trophic unit (EMTU)
and allergic inflammation. The EMTU is
comprised of bronchial epithelium, basement
membrane, myofibroblasts, and smooth
muscle cells. Remodeling of the EMTU is
normally present in the bronchial morpho-
genesis of the airway during development of
airways (Zhang et al., 1999; Richter et al.,
2001). Relative levels of EGF and TGF-β
act in opposing fashion in normal lung
development to promote, EGF>TGF-β, or
to inhibit, TGF-β>EGF, in the growth and
elongation of the airway. It has been pro-
posed that injury to the bronchial epithe-
lium due to inflammation that occurs in
asthma, reactivates the EMTU resulting in
remodeling of the airways (Davies et al.,
2003). Evidence has emerged that myofi-
broblasts in the lamina reticulosis play a
central role in the EMTU. Exposure of the
epithelium to allergen causes myofibroblasts
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to migrate toward the smooth muscle.
Members of the TGF-β family are the most
potent mediators of fibroblast–myofibrob-
last transformation, indeed TGF-β stimu-
lates fibroblast deposition of collagens I and
III. The extracellular matrix (ECM) is com-
prised of collagen, fibronectin, vitronectin,
and lamina, which are important to main-
tain the contractile phenotype of the
smooth muscle.

In addition to TGF-β, IL-11 and IL-17
have been associated with airway remodel-
ing. IL-11 promotes the accumulation of
myofibroblasts and myocytes and is secreted
by bronchial fibroblasts and epithelial cells.
Its level has been observed to correlate with
severity of asthma. IL-17 stimulates
bronchial fibroblasts to synthesize higher
levels of IL-6 and IL-11, both profibrotic
cytokines. Smooth muscle hyperplasia and
hypertrophy are thought to be the result of
smooth muscle cell stimulation by the

growth factors including PDGF, endothelin-1,
and EGF produced by epithelial cells and
macrophages in inflamed airways (Davies
et al., 2003).

2.5. Allergens Associated with
Allergic Asthma

A number of fungi have been implicated
in allergy and considered capable of induc-
ing asthma are listed in Table 12.1 (Vijay
et al., 1998). In most instances, sensitization
with more than one fungus has been
reported. Because of the cross-reactivity and
sharing of antigenic epitopes it is not easy to
ascertain the role of individual allergens in
the allergic process. Both indoor and out-
door fungal allergens have been reported as
causing allergic asthma (Kurup et al., 2002).
Antigens extracted from the molds usually
show immediate skin test reactivity in these
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Table 12.1. Fungi Associated Frequently with Allergic Asthma

Phycomycetes Basidiomycetes (cont.) Deuteromycetes (cont.)
Phytophthora Lentinus Fusarium
Plasmophora Pleurotus Gliocladium
Mucor Polyporus Helminthosporium
Rhizopus Psilocybe Monilia
Ascomycetes Puccinia Neurospora
Chaetomium Tilletia Nigrospora
Claviceps Urocystis Paecilomyces
Daldinia Ustilago Penicillium
Didymella Deuteromycetes (fungi imperfecti) Phoma
Eurotium Acremonium Pyrenochaeta
Microsphaera Alternaria Scopulariopsis
Yeasts Aspergillus Sporotrichum
Candida Aureobasidium Stachybotrys
Rhodotorula Botrytis Stemphylium
Saccharomyces Cephalosporium Torula
Basidiomycetes Chrysosporium Trichoderma
Agaricus Cladosporium Trichophyton
Calvatia Coniosporium Ulocladium
Cantharellus Curvularia Wallemia
Cyathus Cylindrocarpon
Ganoderma Drechslera
Geastrum Epicoccum



patients. Although a large number of aller-
gens from these fungi have been character-
ized, limited numbers only are available in
pure form.

3. Allergic Bronchopulmonary
Mycoses

Allergic bronchopulmonary mycoses
(ABPM) is a disabling lung disease seen fre-
quently in atopic individuals. ABPM is char-
acterized by clinical, immunologic, radiologic,
and pathologic findings that range from mild
asthma to end-stage fibrotic disease
(Greenberger, 1988, 2003). Although several
fungi, such as Curvularia, Geotrichum,
Dreschlera, and Candida sp., have been
reported as causing ABPM, the most pre-
dominant organism associated with the con-
dition is Aspergillus fumigatus (Greenberger,
1988; Kurup and Apter, 1998). Hence, we will
concentrate our discussion on ABPA. The
pathogenesis of ABPM follows the same
course as classic asthma with unique cellular
immune responses and pathophysiology stem-
ming from the responses of T cells (Kurup
et al., 1998b). The activation of specific
T-helper cells leads to the cytokine cascade
with IgE production and recruitment of
eosinophils and mast cells. ABPA appears as
a secondary complication in patients with
allergic asthma and cystic fibrosis and is char-
acterized by fleeting pulmonary infiltration,
immediate skin test reactivity to Aspergillus
antigen, elevated serum total IgE, peripheral
blood eosinophilia, and precipitating anti-
bodies to A. fumigatus antigens in the serum
(Greenberger, 2003). Specific IgE, IgG, and
IgA antibodies to A. fumigatus have been
shown to be present in substantial amounts in
the sera of patients with ABPA compared to
skin test positive asthmatics (Greenberger,
1988; Kurup, 2000). In ABPA patients, solu-
ble IL-2 receptor (sCD25) concentration has
been shown to be markedly increased com-
pared to normals and non-ABPA asthmatics
(Brown et al., 1995).

3.1. Immunology of Allergic
Bronchopulmonary
Aspergillosis

The immune response in ABPA is very
complex and diverse types of immunological
responses can be demonstrable in ABPA.
Immediate cutaneous reactivity to Aspergillus
antigens mediated by IgE through mast cell
degranulation and release of classical media-
tors including histamine is universal in all
ABPA patients. A good number of ABPA
patients also demonstrate late reaction
(Arthus reaction) to Aspergillus allergens
resulting from immune complex activation of
alternate complement activation pathway.
The specific IgG and Aspergillus antigen
complex trigger the release of cystenyl
leukotrienes C-4, which in turn promotes
mucus production, bronchial constriction,
hyperemia, and edema. However, the lack of
vasculitis or deposition of complement and
immunoglobulin in the vessel walls suggests
ABPA as a nonimmune complex-mediated
disease, even though there are strong anti-
body responses in all ABPA patients and the
presence of circulating immune complexes in
some ABPA patients. Lung biopsy specimens
from patients with ABPA show Aspergillus-
specific IgE in the germinal centers, whereas
IgG antibodies could be detected in the lung
parenchyma. Antibody directed cell-mediated
cytotoxicity has also been reported in some
patients (Kurup et al., 1985). Similarly in a
few ABPA patients cell-mediated immunity
(CMI) evidenced by delayed skin test
response and enhanced antigen-induced T
cell stimulation have been demonstrated
(Knutsen et al., 1998).

3.2. Cell-Mediated Immunity

The most striking characteristics of
ABPA are the enhanced IgE expression,
Th2 cytokine profile, and recruitment and
activation of eosinophils (Kurup and Apter,

Fungal Hypersensitivity in the Lungs 247



1998). Peripheral blood lymphocytes
(PBMC) demonstrate A. fumigatus allergen-
induced proliferation, while B cells sponta-
neously produce IgE in in vitro cultures due
to in vivo activation (Knutsen et al., 1998).
Upon stimulation, CD4+ Th2 cells from
ABPA patients secrete cytokines, IL-4, IL-5,
IL-10, and IL-13, of which IL-4 and IL-13
enhances the expression of IgE, while IL-5
enhances eosinophil recruitment and activa-
tion. IFN-γ, a Th1 cytokine participates in
the tissue inflammation when produced
and is important in switching of IgG sub-
classes. Th1 cytokines support a Th1
response and suppress the Th2 response par-
ticularly IgE production and eosinophil
recruitment. Activated basophils also
secrete Th2 cytokines and stimulate further
activation of Th2 pathway, resulting in
enhanced IgE and eosinophil production
(Kurup et al., 1998b).

Analysis of cells from bronchial biop-
sies from ABPA patients revealed a mixture of
cell types including macrophages, eosinophils,
and lymphocytes. Eosinophils predominate
both the bronchoalveolar lavage fluid (BALF)
and lung tissues. The eosinophils on activation
release their mediators such as major basic pro-
teins (MBP), eosinophil peroxidase (EPO), and
eosinophilic cationic protein (ECP). These
products cause inflammation in the lung and
continue to sustain the ongoing immunological
and inflammatory responses. Hence, the Th2
cytokine IL-5 is very important in the activa-
tion of eosinophils and is important in the
development of ABPA (Knutsen et al., 1998;
Kurup et al., 1998b). However, in murine mod-
els of ABPA, eosinophils do not appear to be
critical in mediating tissue damage or causing
airway hyperreactivity (Kurup et al., 1997). IL-
5 gene knockout mice or those treated with
anti-IL-5 antibodies still develop the full spec-
trum of ABPA (Corry et al., 1998; Ford et al.,
2001). In the lung biopsies, in addition to
eosinophils other cell types such as T cells, B
cells, and natural killer (NK) cells have also
been reported.

3.3. Humoral Immunity

Patients with ABPA develop greater
amounts of IgE, IgG, and IgA than patients
with atopic asthma who do not have ABPA
(Brummund et al., 1987; Greenberger,
2003). The specific IgE antibody to A. fumi-
gatus represents only a fraction of the total
elevated IgE antibody levels; however, there
is evidence of A. fumigatus-specific IgE pro-
duction in bronchial lymphoid tissues of
ABPA patients. Lung biopsies from ABPA
patients showed the presence of specific
IgE-bearing B cells in the lymphoid follicles.
The protein antigen of A. fumigatus reacts
frequently with serum IgG1 and IgG2 anti-
bodies in patients with ABPA (Brummund
et al., 1987). The polysaccharides and glyco-
protein antigens demonstrate significant
response to IgG in aspergilloma, but with
less reactivity than with ABPA sera.

3.4. Cytokines and Receptors
in ABPA

Several cytokines are produced by acti-
vated T cells, which include IL-4, IL-5, IL-6,
IL-9, IL-10, and IL13. IL-4 and IL-13 are
instrumental in IgE switching of B cells
(Knutsen et al., 1998; Kurup et al., 1998b).
Although IL-4 is essential for IgE isotype
switching, this cytokine alone is not suffi-
cient for IgE transcription and expression.
In order for IgE secretion to occur, a second
signal mediated by the cognate T and B cell
interactions via CD40–C40L is essential
(Zhang et al., 1991). CD40 is a member of
the TNFR superfamily, is a 50-kDa integral
membrane glycoprotein that was identified
originally on B lymphocytes. Along with
cell–cell and –cytokine interaction costimu-
latory molecule interactions, such as CD28
and CD80/86 and CD27 and CD70 are
essential for sustaining the expression of IgE
(Kobate et al., 1995; Mathur et al., 1999). It
has been demonstrated that CD23 and soluble

248 Viswanath P. Kurup and Alan P. Knutsen



CD23 also augment B cell IgE synthesis.
The high levels of IL-5 production by acti-
vated T lymphocytes explains eosinophilia
demonstrated in ABPA. Several chemokines
also actively interact with the immune sys-
tem and modulate the pathogenic responses.
Of particular interest are MIP-1α, MCP,
RANTES, and eotaxin that are actively
involved in the activation of eosinophils
(Hogaboam et al., 2003).

The CD4+ Th2 cytokine, IL-4 plays a
central role in the allergic inflammatory
responses observed in ABPA (Brown et al.,
1995; Kurup et al., 1997, 1998b) (Fig. 12.1).
IL-4 upregulates cellular activity through

the binding to the IL-4Rα receptor (Nelms
et al., 1999; Bacharier and Geha, 2000).
There are two IL-4 receptors (IL-4R), type 1
and type 2. IL-4R type 1 is a heterodimer
comprised of the IL-4Rα chain and Cγ
chain and is present on immune cells, such
as T cells, B cells, eosinophils, mast cells, and
dendritic cells; whereas IL-4R type 2 is com-
prised of IL-4Rα and IL-13Rα and is pres-
ent on immune cells, bronchial epithelium,
and vascular endothelium. IL-4 stimulates
both type 1 and type 2 IL-4 receptors,
whereas IL-13 stimulates only type 2 IL-4
receptor. From the distribution of IL-4 type
1 and 2 receptors, it is evident that IL-4
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Figure 12.1. Schematic illustration of the current understanding of the pathogenesis of ABPA.
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and IL-13 play key roles in the allergic
inflammatory responses in allergic fungal
bronchopulmonary diseases, including iso-
type switch of B cells to IgE synthesis.

3.5. Chemokines and
Chemokine Receptors

Emerging experimental data, particularly
from animal model studies of allergic
aspergillosis, indicates a major role for
chemokines and their receptors. Acute air-
way disease in mice due to A. fumigatus
demonstrates the importance of RANTES,
C10, eotaxin, and eotaxin-2 in the recruit-
ment of eosinophils in the lungs. In the
chronic model of Aspergillus-induced
allergy, inflammation in the lung, enhanced
eosinophilia, elevated levels of IgE,
reversible airway obstruction, goblet cell
hyperplasia, and peribronchial fibrosis
(Hogaboam et al., 2000). The contribution
of chemokine receptors such as CCR1,
CCR2, CCR5, and CXCR2 have been stud-
ied in relation to the development of chronic
fungal allergy (Hogaboam et al., 2003). The
contribution of individual receptors have
been studied using targeted knockout mice.
The chemokine receptor CCR1 through its
interactions with macrophage inflammatory
protein-1 alpha (MIP-1α/CCL3) contributes
to remodeling responses such as goblet cell
hyperplasia and peribronchial fibrosis
during chronic asthma without any impact
on innate immune response and airway
hyperresponsiveness. CCR2 and its ligand
monocytic chemoattractant protein-1
(MCP-1/CCL2) are critical in the clearance
of fungal spores. However, after the clear-
ance of fungal spores, MCP-1/CCL2 and
CCR2 are major contributors in the airway
remodeling and airway hyperreactivity.
CCR5 modulates movement of eosinophils
and T cells into the lungs and appear to
inhibit innate response by alveolar
macrophages towards A. fumigatus. These
results from animal model studies indicate

the involvement of a complex and specific
role for chemokines and their receptors in
allergic aspergillosis (Fig. 12.1).

3.6. T and B cell Epitopes

T cell lines generated against Asp f 1 from
ABPA patients were CD4+ CD25+ T cells
(Knutsen et al., 1994). These cell lines
showed a cytokine profile of IL-4+ and IFN-
γ and the lymphoproliferation was inhibited
by anti-IL-4 and not by anti-IL-2, indicating
an autocrine response. Recent studies
demonstrating single nucleotide polymor-
phisms of the IL-4 receptor and increased
sensitivity to IL-4 stimulation is probably
responsible for this earlier observation. T cell
clones having a Th2 type were also generated
against Asp f 1 from allergic asthmatics.
However, Th1 type of T cells could be gener-
ated with tetanus antigen from these
patients. This indicates that Th2 response in
ABPA is specific to Aspergillus antigens and
not the result of a generalized Th2 skewing.

The T cell clones generated from ABPA
patients against Asp f 2 showed more of a
Th2 type of response (Rathore et al., 2001).
These clones were stimulated with Asp f 2
deletion mutants and synthetic overlapping
peptides to define the T cell epitopes. Two of
the synthetic peptides aa54–68 and aa60–74
were able to induce significant proliferation
of two T cell clones. Both clones represent
CD4+ Th2 type, but differed in their ability
to secrete cytokines, IL-4, and IL-5.

Synthetic peptides from Asp f 1 and f 2
were studied for their binding to IgE from
patients. A number of linear epitopes have
been identified (Kurup et al., 1996; Banerjee
et al., 1999). The peptides of Asp f 1 syn-
thesized based on the predicted T cell epi-
tope demonstrated different responses by
spleen cells of mice exposed to antigens of
Aspergillus. A “C” terminal peptide of Asp f 1
induced a Th1 response, while another pep-
tide aa53–68 induced a Th2 response. Thus
the Th2 skewing in experimental animals is
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antigen dependent as in the case of human
ABPA (Kurup et al., 1998a).

3.7. HLA-Restriction in ABPA

Studies have been directed to understand
the unique T cell antigen receptor (TCR)
recognition (T cell epitopes), TCR-Vβ
restriction, and HLA-class II restriction in
promoting enhanced Th2 responses in
ABPA (Chauhan et al., 1996, 1997, 2000).
Analysis of T cell epitope mapping has
revealed that there were three immunodom-
inant regions of the Asp f 1 protein in
ABPA patients that is recognized by TCR
(Knutsen, 2003). These findings were similar
to that demonstrated with other experimen-
tal models of allergy. T cell clones generated
against house dust mite allergens from
nonatopic individuals proliferated in
response to allergen stimulation but did not
support IgE synthesis, whereas the T cell
clone from atopic patients did (Tsitoura
et al., 1996). Furthermore, TCR epitope
mapping studies revealed limited number of
epitopes reacting with TCR, TCR-Vβ
restriction or usage, and HLA-class II
restriction. Four major Vβ chains, Vβ 3, 6,
13, and 14, react to Asp f 1. This will allow
for the evaluation whether mutations of the
epitope might alter the T cell cytokine
and/or lymphoproliferative responses for
potential immunotherapy of ABPA.
Recently, Chauhan et al. (2000) identified
that there is HLA-DR2 and DR5 restriction
in patients with ABPA. Furthermore, they
also demonstrated restricted genotypes
within HLA-DR2 and DR5. In particular,
HLA-DRB1*1501 and 1503 were reported
to provide high relative risk. On the other
hand, 40% to 44% of non-ABPA atopic
Aspergillus-sensitive individuals have the
HLA-DR2 and/or DR5 type. Further stud-
ies indicated that the presence of HLA-DQ2
(especially DQB1*0201) provided protection
from the development of ABPA. Thus, cer-
tain genotypes of HLA-DR2 and DR5

may be necessary but not sufficient to cause
ABPA.

3.8. Airway Remodeling

Mucosal defense of airways of healthy
individuals is a highly efficient barrier in
eliminating antigens and microorganisms.
Exposure to A. fumigatus allergens as
spores, fragments of hyphae, or limited
growth of the organism in the bronchus
results in the release of various antigenic
components. These include peroxidases,
proteases, ribotoxins, catalases, and many
other immunogenic or toxic components
(Kauffman and Tomee, 1998). These secre-
tory products have a direct effect on the
pulmonary epithelium and subsequent
inflammatory process. The integrity of the
pulmonary epithelium is disrupted by these
products of A. fumigatus resulting in the
shedding of epithelial layers and exposure to
the bronchoalveolar lymphoid tissue
(BALT). The BALT initiates and maintains
an immune system response to Aspergillus
with subsequent trafficking to the peripheral
lymphoid system (Tomee et al., 1997). The
physical barrier prevents penetration of
large molecules and particles. Particles are
frequently removed by the ciliary movement
of the epithelial cells, phagocytic cells, and
mucus secreting cells, particularly goblet
cells. The airway epithelial tight junctions
retain the integrity of the airway epithelium
and actively prevent the transport of mole-
cules between the epithelial cells and across
the epithelium. The secretory cells present in
the epithelium and their products such as
mucin, defensive proteins, and enzymes
together constitute a protective environment
in the airway (Tomee et al., 1997; Kauffman
and Tomee, 1998).

The allergic inflammatory response in
ABPA appears to be more intense than in
asthmatic and may result in severe changes
in the airway structure or remodeling.
Spores of A. fumigatus trapped in the airway
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release proinflammatory cytokines and
growth factors that mediate both inflamma-
tory responses and airway remodeling
(Kauffman, 2003). It has been shown that
A. fumigatus release proteolytic enzymes
with elastolytic and collagenolytic activities
and play a major role in the airway injury
and destruction. The damaging effect on the
epithelial layer is also caused by proinflam-
matory chemokines and cytokines, IL-6,
IL-8, and MCP-1 produced by epithelial
cells of the airways. Factors released by the
eosinophils in response to A. fumigatus such
as MBP, ECP, EPO, etc. also play a role in
epithelial damage. Thus, the airway remod-
eling results from proteases of A. fumigatus,
proinflammatory cytokines, and factors
produced by eosinophils and other cells
(Tomee et al., 1997; Hogaboam et al., 2000;
Kauffman, 2003).

Damage to the bronchial epithelium and
Th2 cytokines together cause disturbances
of the EMTU. Both IL-4 and IL-13 cause
epithelial activation and fibroblast activa-
tion. The IL-4/IL-13 receptors on bronchial
epithelium is comprised of IL-4Rα/IL-
13Rα heterodimer. In in vitro cultures of
bronchial epithelial cells, IL-4, and IL-13
increased expression of STAT-6, GM-CSF,
and IL-8. Kauffman and associates (Tomee
et al., 1997; Kauffman and Tomee, 1998;
Kauffman, 2003) have shown that proteases
of A. fumigatus and Alternaria disrupt nor-
mal bronchial epithelium and result in IL-6
and TNF-α secretion. IL-4/IL-13 also
enhanced fibroblast eotaxin secretion, which
might explain the accumulation of
eosinophils beneath the lamina reticularis.
In ABPA, where there is increased sensitivity
to IL-4 stimulation probably due to IL-4R
polymorphisms, the bronchial epithelium
and EMTU probably respond to Aspergillus
antigens and IL-4/IL-13 stimulations that
result in increased fibrosis and accounting
for the increased risk of bronchiectasis and
fibrosis.

Airway remodeling is characterized by
changes involving epithelial cell hyperplasia

and metaplasia, collagen deposition, thick-
ening of the lamina reticularis, smooth mus-
cle hyperplasia, and proliferation of airways
and blood vessels (Chakir et al., 2003;
Davies et al., 2003). Airway hyperreactivity
(AHR) by morphometric analysis may be
due to adventitial thickening of the airways
to a large extent. Investigators have pro-
posed that airway inflammation, which is
central to asthma, may not explain fully the
AHR and airway remodeling. In support of
this, anti-IL-5 mAb effectively reduces
bronchial epithelium of eosinophils by 50%,
but does not improve AHR (Menzies-Gow
et al., 2003).

3.9. Animal Models of ABPA

Animal models of Aspergillus-induced
allergy demonstrated high levels of total
IgE, Aspergillus-specific IgG1, peripheral
and lung eosinophilia, pulmonary inflam-
mation, and airway hyperreactivity (Kurup
et al., 1992; Kurup and Grunig, 2001).
Elevated levels of antigen-induced IL-4,
IL-5, and IL-13 have been demonstrated in
the spleen cell cultures of sensitized animals.
The induction of a Th2-type response was
evidenced by the enhanced IL-4, IL-5, and
IL-13 production and the inhibition of the
same with IFN-γ (Kurup et al., 1997).
Subsequent studies using various knockout
mice provided a more clear picture of the
immunopathogenesis (Fig. 12.1). The
pathogenesis in the model was found to be
the result of T cells as the IgE knockout,
IL-4 knockout, and IL-5 knockout mice still
developed the disease in spite of the lack of
IgE and eosinophil responses (Kurup et al.,
1997, 1999; Mehlhop et al., 1997). However,
animals depleted of T cells failed to show
any disease activity. When such animals
were reconstituted with T cells from previ-
ously sensitized mice-induced airway
inflammation and hyperreactivity (Corry
et al., 1998). Another Th2 cytokine, IL-13, has
been found to induce airway inflammatory
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responses (characterized by eosinophils and
T cells), airway hyperreactivity, and airway
remodeling (Blease et al., 2001a,b;
Hogaboam et al., 2003). However, by neu-
tralizing IL-13 with polyclonal antibodies or
eliminating IL-13 responsive cells using
chimeric IL-13 and Pseudomonas endotoxin A
failed to prevent Aspergillus conidia clear-
ance from sensitized mice (Blease et al.,
2001a,b).

Exposure to Aspergillus antigens not
only induce a predominant Th2 response,
but also demonstrate a Th1 cytokine net-
working in the lungs representing IL-12 and
IL-18 (Hogaboam et al., 2000; Blease et al.,
2001c). Neutralization of IL-18 resulted in
marked increase in the growth and persist-
ence of A. fumigatus in the lungs of chal-
lenged mice (Blease et al., 2001c). However,
it was noted that endogenous IL-10 is neces-
sary for regulating the innate immune
response and for developing allergic syn-
drome. Mice depleted of IL-10 gene demon-
strated enhanced Th1 (IFN-γ) and Th2
(IL-4 and IL-5) type cytokines compared to
wild-type mice exposed to Aspergillus anti-
gen (Grunig et al., 1997). These results
from animal model studies suggest that
immunomodulatory cytokines such as IL-
10, IL-12, and IL-18 have a marked effect on
the experimental murine allergic aspergillo-
sis (Grunig et al., 1997; Hogaboam et al.,
2000; Blease et al., 2001c). Indeed, A. fumi-
gatus antigen Asp f 2, f 3, and f 4 stimulate
human PBMC to secrete IL-10. Although
not fully understood, the chemokines and
their receptors also play a major role in the
pathogenesis of ABPA (Fig. 12.1).

3.10. Allergens Associated
with ABPM

Although several fungi like Aspergillus,
Penicillium, Fusarium, Curvularia, etc. are
implicated in ABPM, by far the most pre-
dominant organism recognized is A. fumiga-
tus (Table 12.2). In recent years, considerable

progress has been made in purifying relevant
allergens from A. fumigatus. These allergens
have been used in studying antibody response
and cell-mediated immunity (Kurup, 2003;
2004; Kurup et al., 2000a). Some of these
allergens have been used in animal model
studies to understand their role in the
immunopathogenesis.

4. Hypersensitivity
Pneumonitis

Hypersensitivity pneumonitis (HP), also
called extrinsic allergic alveolitis, is an allergic
lung disease caused by a number of antigens
including several fungi and actinomycetes
(Patel et al., 2001; Kurup and Fink, 2002;
Fink and Zacharisen, 2003). HP caused by
inhalant allergens can progress to disabling
and even to end-stage fatal lung disease. The
common fungi associated with hypersensitiv-
ity pneumonitis are numerous, but Aspergillus
and Penicillium are the most predominant
with a number of scattered reports implicat-
ing many other fungi (Table 12.3). The expo-
sure to airborne antigens occurs in various
occupations, hobbies, and environmental
contamination in air-handling equipments.
Serum-precipitating antibodies to the offend-
ing inhaled antigen is usually elevated.
However, the immunopathogenesis is
believed to be the result of cell-mediated
immunity, particularly through the interac-
tions of CD8+ cytotoxic lymphocytes and
macrophages (Fig. 12.2 and Table 12.4).
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Table 12.2. Fungi Associated with
Allergic Bronchopulmonary Mycoses

Aspergillus fumigatus
Aspergillus niger
Curvularia
Candida albicans
Dreschlera
Fusarium sp.
Geotrichum
Helminthosporium



Pulmonary function tests show restrictive
defects and diffusion abnormalities with
hypoxemia, especially after exercise or
enhanced activity. Radiographic changes vary
according to the stage of the disease and are

best evaluated by high-resolution computed
tomography (CT) scan. In most instances, a
history of exposure to the antigen and pres-
ence of IgG antibodies to the antigen provide
a suggestive diagnosis of HP. However, in
more obscure cases, bronchoalveolar lavage,
lung biopsy, and history of environmental
exposure are indicated for conclusive diagno-
sis (Bourke et al., 2001; Patel et al., 2001;
Fink and Zacharisen, 2003).

4.1. Acute Hypersensitivity
Pneumonitis

Macrophages after ingesting antigen par-
ticles or antigen–antibody complexes become
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Table 12.3. Fungi Associated with
Hypersensitivity Pneumonitis

Aspergillus
Curvularia
Aureobasidium
Penicillium
Chaetomium
Trichosporon
Cephalosporium
Cryptococcus

Figure 12.2. Schematic presentation of the current understanding of the pathogenesis of hypersensi-
tivity pneumonitis.
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activated and secrete chemokines and
cytokines. Chemokine IL-8, induced during
activation of macrophage, attract neutrophils
to the site. Compared to IgE-mediated
responses in asthma and ABPA, where
eosinophils form a major cell type, in HP it is
mostly neutrophils. Other chemokines pro-
duced are MIP-1α and RANTES. Although
MIP-1α is a major chemotactic factor of acti-
vation for monocyte/macrophages and lym-
phocytes, it is also involved in the
differentiation of CD4+ Th0 cells to Th1 cells
(Fink and Zacharisen, 2003).

IFN-γ is essential for inflammation and
granuloma formation in HP (Gudmundsson
and Hunninghake, 1997). In a mouse model
it has been shown that CD4+ Th1 cells pro-
duce IFN-γ, which activates macrophages
and develop granuloma. However, IL-10
was shown to counteract this response
(Gudmundsson et al., 1998). Cytokines pro-
duced by the activation of macrophages
include TNF-α and IL-1 and may be the
cause of fever and acute phase response in
HP (Yamasaki et al., 1999). Macrophages
from mice sensitized to Saccharopolyspora
faeni, secrete IL-12, which contribute to the
differentiation of Th0 cells to Th1 T cells
(Schuyler et al., 2002). BALF from patients
frequently show enhanced presence of IL-12
receptor. IL-6 produced by macrophage pro-
motes the terminal differentiation of B cells
to antibody-secreting plasma cells and in the
maturation of CD8+ cytotoxic T cells. The
role of costimulatory molecules in the
immunopathogenesis of murine HP has also
been studied (Isreal-Assayag et al., 1999).
Activated macrophages show increased
expression of CD80/86, while activated
T cells show expression of CD28 on T cells.
By blocking the CD28–CD80/86 interaction,
the inflammation can be reduced consider-
ably in the mouse model of HP.

Following exposure to antigen, the CD4+

Th1 cells appear in the BAL fluid, but will
diminish their numbers and show a gradual
increase in CD8+ cells. This is in contrast to
sarcoidosis where CD4+ cells show predomi-
nance over other cells. However, in IgE-medi-

ated allergy, a predominant Th2 response over
Th1 response was the norm (Table 12.4).

4.2. Subacute Hypersensitivity
Pneumonitis

Prolonged exposure to the antigens
results in granuloma formation in the lungs.
The macrophages in response to various
chemotactic factors are activated and
recruited to the lungs. These macrophages in
response to MIP-1α become transformed
into epithelial cells and multinucleated giant
cells (Suga et al., 1997). Plasma cells develop
in large numbers in the interstitial and lym-
phoid follicles and is a result of the cog-
nizant interactions between the CD4+

CD154+ T lymphocytes with CD40 bearing
B lymphocytes (Fig. 12.2). This results in the
local production of antibody in the lungs.

4.3. Chronic Hypersensitivity
Pneumonitis

The activated macrophages produce
TGF-β, a potent stimulator of fibrosis
and angiogenesis (Yamasaki et al., 1999;
Semenzato et al., 2000; Chouchakova et al.,
2001). BAL fluids in experimental HP in
mouse model and in patients showed procol-
lagen, FAS ligand, CD40 ligand, fibronectin,
and enhanced number of mast cells. All these
factors contribute to enhanced inflammation
and progression to fibrosis. Although a
substantial number of mast cells have been
identified in the lavage of the lungs, no hista-
mine-mediated inflammation was detected
and it is assumed that these mast cells may be
responsible for the cytokines needed for sus-
taining and progression of the granuloma for-
mation and for promoting fibrosis.

4.4. Histopathology

The histopathologic findings of HP vary
with the stage of the disease. In acute and
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subacute stages, the inflammatory response
noted in the histopathology of lung biopsies
mirrors the findings of BAL studies (Patel
et al., 2001; Fink and Zacharisen, 2003). Little
only is known of the histology of acute HP,
but an acute bronchiolitis with neutrophilic
infiltrate in the alveoli and respiratory bron-
chioles has been described. In the subacute
stage, a nonspecific interstitial pneumonia is
identified. Alveolar and interstitial inflam-
mation is composed of predominantly lym-
phocytes, macrophages, and plasma cells.
Macrophages with foamy cytoplasm sur-
rounded by large numbers of mononuclear
cells are unique to HP. Noncaseating granulo-
mata in the peribronchial interstitium and an
organizing pneumonia and interstitial fibrosis
are also present in the subacute stage and
chronic stages. Immunophenotyping studies
reveal a predominance of CD8+ T cells and
NK cells. B cell follicular formation may be
seen in interstitial spaces. Immunofluores-
cence studies have detected antigen in the
alveolar spaces and in the interstitium.
Immunoglobulin and complement have only
been rarely demonstrated. Lymphoid intersti-
tial pneumonia and HP are the most common
features in infectious pneumonia in children,
and these two are pathologically identical to
their adult counterparts.

Chronic HP has a more distinctive
appearance when all components of the
characteristic triad are present: bronchiolo-
centric cellular interstitial pneumonia,
poorly formed noncaseating granulomata,
and bronchiolitis obliterans. Of these, the
most consistent histologic manifestation is
the peribronchial interstitial inflammation
composed mostly of lymphocytes with some
macrophages and plasma cells. Eosinophils
are typically absent or scant. Granulomas
are present in approximately 65% of
patients. The intraluminal fibrosis is also
present in two thirds of HP. As the disease
progresses, a nonspecific interstitial fibrosis
resembling interstitial pneumonia or end-
stage pulmonary fibrosis with lymphoid
aggregates may be present. A resulting hon-
eycombing or cystic change occurs due to

the peripheral destruction of alveoli. Since
similar histologic findings are seen in colla-
gen vascular diseases, drug hypersensitivity
reactions, and infection, the diagnosis of HP
cannot be made by histology alone. It
requires clinical, serologic, roentgeno-
graphic, and BAL correlation.

4.5. Cell-Mediated Immunity

Cell-mediated immune reactivity within
the bronchoalveolar lymphoid tissue
(BALT) appears to be the key site of
response to these various small-inhaled anti-
gens in patients with HP and in experimen-
tal murine models (Gudmundsson and
Hunninghake, 1997; Yamasaki et al., 1999;
Semenzato et al., 2000; Chouchakova et al.,
2001). T cells obtained from peripheral
blood and bronchoalveolar lavage (BAL)
demonstrate lymphoproliferative responses
to eliciting antigen, which differentiates
symptomatic patients from asymptomatic
exposed individuals. There are both CD4+

and CD8+ T cells found in BAL and lung tis-
sue with a preponderance of CD8+ T cells.
The CD8+ T cells are probably T cytotoxic
cells, as T-suppressor function is decreased.
Furthermore, there are increased numbers
of CD3+TCRγδ+ T cells, which usually have
T-cytotoxic activity. NK cells similarly are
increased in both BAL and lung tissue.
Thus, in active disease there are increased
numbers of pulmonary macrophages, cyto-
toxic T cells and NK cells, the effector cells
of cellular cytotoxicity.

CD4+ T cells in HP secrete IFN-γ, IL-2,
IL-16, and TNF-α, typical of a Th1 cytokine
pattern. Monocyte cytokine synthesis is also
increased with secretion of IL-8, IL-12,
TNF-α, IL-6, and some IL-1. Thus, mono-
cyte and T cell cytokines favor a Th1 cell-
mediated immune response (Fig. 12.2).
Recently, polymorphism of the TNF-α pro-
moter gene has been identified, which would
result in increase of TNF-α synthesis. In
addition, there is some evidence for decreased
IL-10 synthesis, which might promote a Th1
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response. Investigators have also identified
endotoxins in some protein antigen prepara-
tions, suggesting their role in eliciting an
inflammatory response directly. Lipopolysac-
charides are potent stimulators of
macrophages, principally through toll-like
receptors (TLR). This results in increased
monocyte cytokine synthesis of IL-8, IL-12,
and TNF-α, which would promote a cell-
mediated inflammatory response.

Chemokines. Chemokines, such as
increased IL-8, MIP-1α, and MCP-1 have
been identified in HP and would favor a
monocyte, neutrophil, and Th1 T cell inflam-
matory response. Likewise, increased expres-
sion of adhesion molecules such as L-, E-, and
P-selectins, ICAM, and CD11/CD18 interac-
tions would also favor a Th1 cell-mediated
inflammatory infiltration (Semenzato et al.,
2000; Fink and Zacharisen, 2003).

HLA-DR restriction. Previous studies
suggested that HLA restriction with HLA-
Bw40 may play a role (Diaz de la Vega et al.,
1980); however, this association has not
been confirmed. HLA-class II restriction
has been identified in pigeon breeder’s dis-
ease where an increased frequency of HLA-
DRB1*1305 and decreased frequency of
HLA-DQB1*0402 have been reported (Fink
and Zacharisen, 2003).

4.6. Humoral Immunity

The presence of IgG complement-fixing
antibody is the serologic hallmark of HP;
IgA and IgM antibodies have also been
detected. However, immune complex depo-
sition has only rarely been reported.
Complement activation and release of C5a,
a strong chemotactic factor for neutrophils,
contributes to the neutrophil infiltration seen
in early exposure to the antigens (<48 h).
Increased expression of FcγRIII receptors
on macrophages has been reported, suggest-
ing a role of macrophage involvement
(Chouchakova et al., 2001). IgG antibodies
may also play a role through antibody-

dependent cell-mediated cell cytotoxicity
(ADCC) by K cells.

4.7. Immunopathogenesis
of HP

HP is not a uniform disease entity, but
represents a complex dynamic clinical syn-
drome that manifests as different patterns
during the course of time. In addition, the
list of etiologic agents is long and new
sources of antigens are frequently identified.
Environmental factors play a major role in
the pathogenesis of HP (Bourke et al.,
2001). Our current understanding of the
immunopathogenesis of HP is presented in
Fig. 12.2.

Both cell-mediated and antibody-medi-
ated immune responses play a major role in
the pathogenesis of HP. Although most of
our current knowledge on immunopathogen-
esis is derived from information originating
from animal models, these findings have been
confirmed by studies using lung lavages from
patients. Most exposed individuals develop
high levels of IgG antibody to the antigens.
However, antibody alone is not sufficient to
cause disease and requires the presence of
CD8+ cytotoxic lymphocytes. It has been
shown that the immunopathology of HP is
CD8-macrophage-mediated, but is also con-
trolled by the Th1/Th2 balance as the disease
is severe when shifted to a Th1 response and
less severe when a Th2 response predomi-
nates (Gudmundsson et al., 1998; Schuyler
et al., 2002). The factors responsible for the
development of the more complex immune
reactions in human beings are poorly defined.
Although the immunopathogenesis of acute,
subacute, and chronic phases of HP overlap,
the alveolitis process leading to granuloma
formation and ultimate fibrosis will be con-
sidered separately to obtain a better perspec-
tive. A number of glycoproteins have been
detected in BAL fluid collected during acute-
phase hypersensitivity reactions. These
include elevated levels of vitronectin,
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fibronectin, and the fibroblast-derived colla-
gen metabolite procollagen-III peptide. These
molecules participate in airway remodeling
and fibrosis.

4.8. Antigen Associated
with HP

A large number of antigens have been
implicated in HP (Patel et al., 2001; Kurup
and Fink, 2002; Fink and Zacharisen,
2003). Microbial antigens, particularly fungi
and actinomycetes, constitute a major pro-
portion of all antigens (Table 12.3). The
exposure to these antigens occurs in various
occupations and results from both indoor
and outdoor contamination with the anti-
gens. The prevalence of the etiologic agents
varies from country to country and depends
on climatic and other factors. Farmer’s lung,
a disease predominantly seen among
farmers, is caused by thermophilic actino-
mycetes and Aspergillus sp., while
Trichosporon cutaneum and Cryptococcus
species have been implicated in summer-type
HP prevalent in southern part of Japan.
Ventilation system induced HP is caused by
thermophilic actinomycetes and several
fungi. Humidifier and damp atmosphere
induced HP are caused by Aureobasidium,
Chaetomium, Cephalosporium, Curvularia,
Penicillium, and Rhodotorula. There are a
number of isolated reports of HP resulting
numerous fungi and actinomycetes have
appeared in the literature in the recent years.

5. Immunotherapy in Fungal
Hypersensitivity

Specific immunotherapy and vaccination
are the probable means for controlling the
type I allergy. All the earlier studies concen-
trated mainly on the crude allergens as
immunotherapeutic agents. As a result of a
more clearer understanding of the patho-
genesis of the disease, attempts have been

directed to reverse the Th2 type of response
to a Th0 or Th1 response. Several major
directions have been taken in immunother-
apy of IgE-mediated allergy, including pep-
tide immunotherapy, immunotherapy using
immunostimulatory sequences (ISS-ODN),
and naked DNA vaccination (Kurup, 2003;
2004).

Allergen-specific therapy may aim
for prophylaxis of atopy, induction of
tolerance, or modification of ongoing
immune responses (Hoyne et al., 1994;
Svirshchevskaya et al., 2001). Although
attempts have been made with different
allergens to induce T cell nonresponsiveness
in patients by selectively administering
major T cell epitopes, no such studies have
been carried out with any of the fungal
allergens. We studied Asp f 2, a major
A. fumigatus allergen and constructed a
number of deletion and point mutants
(Tang et al., 2000). Some of these mutated
proteins, while showing T cell proliferation
with patients’ cells, failed to bind to IgE in
the sera of patients and mice immunized
with the allergen. These candidate allergens
for immunotherapy need further evaluation
(Hoyne et al., 1994; Banerjee et al., 2001).

While studying synthetic peptides repre-
senting sequences of Asp f 1, we identified
two peptides, Peptide #5 and Peptide #10
showing cytokine specificity. Peptide #5
NGYDGNGKLIKGRTPI elicited a Th2
type of cytokine response and Peptide #10
KVFCGIVAHQRGN a Th1 type of
cytokine response in immunized mice (Kurup
et al., 1996). Intravenous immunization of
mice with two other epitopes of Asp f 1 pre-
vented them from elaborating the immune
response on subsequent challenge with
A. fumigatus antigens (Svirshchevskaya et al.,
2001). The potential role for these synthetic
peptides as immunotherapeutic agent in aller-
gic aspergillosis needs further evaluation.

A number of studies have appeared
emphasizing the usefulness of immunostimu-
latory CpG oligonucleotides (CpG-ODN) in
vaccination against IgE-mediated allergy
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(Banerjee et al., 2001). Immunization with
DNA-based vaccines, such as plasmid DNA
of major A. fumigatus antigens or allergen
and ISS-ODN coadministered, result in
reversing the Th2 response to a predomi-
nantly Th1 response. There was a marked
shift to a Th1 type of response as evidenced
by the threefold increase in specific serum
IgG2a in ISS-ODN-treated BALB/c mice
compared to mice treated with antigen alone.
Blood eosinophil counts of ISS-treated group
were significantly less compared to that of
antigen-immunized group. Pulmonary histol-
ogy revealed less eosinophilic infiltration in
the perivascular and peribronchial regions of
CpG-ODN-treated mice. Periodic acid Schiff
(PAS) staining of lung sections also indicate
enhanced mucus glycoconjugate production
in mice without CpG compared to CpG-
injected animals. These results suggest that
the immune deviation induced by CpG
motifs may alter the Th2 type allergic
responses in A. fumigatus-sensitized mice and
hence, may be a possible candidate for
immunotherapy in allergic aspergillosis.

Immunotherapy for HP is neither avail-
able nor any attempt has been made in
investigating the role in experimental mod-
els. The large number of antigens implicated
in this immunologically complex disease
may be a major factor and concern in the
success of immunomodulatory therapies.
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1. Introduction

For many years, pulmonary infection
with Pneumocystis was an uncommon com-
plication of cytotoxic chemotherapy or
severe malnutrition (Gajdusek, 1957; Walzer
et al., 1974). However, large outbreaks of
Pneumocystis pneumonia during the 1980s
heralded the beginning of the HIV epidemic
and brought Pneumocystis to the forefront
of medical attention (Masur et al., 1981).
For many physicians, Pneumocystis pneu-
monia was (and is) the prototypic manifes-
tation of HIV infection and a hallmark of
defective cell-mediated immunity (CMI).
Although the incidence of Pneumocystis
pneumonia has fallen dramatically with the
advent of antiretroviral therapy and antimi-
crobial prophylaxis, Pneumocystis pneumo-
nia is still a common AIDS-defining
pulmonary illness and remains a routine
clinical problem.

CMI is obviously critical to host defense
against this pathogen because, in HIV infec-
tion, the risk of developing Pneumocystis
pneumonia can be directly correlated with
the numbers of circulating CD4+ T cells
(Masur et al., 1981). The greatest risk for
subsequent Pneumocystis pneumonia is seen
at advanced stages of HIV infection, usually
when the blood CD4+ T cell count falls
below 200/µl. However, the precise mecha-
nisms of cell-mediated and humoral immu-
nity directed against this pathogen are
subjects of ongoing investigation. This
chapter will consider cell-mediated immune
mechanisms that serve to protect the normal
host from infection with Pneumocystis or,
when defective, lead to the acquisition of
pulmonary infection.

2. Taxonomy and
Transmission

Pneumocystis was traditionally classified
as a protozoan, but data for ribosomal RNA
sequences more accurately place the organ-

ism with the fungi (Edman et al., 1988;
Stringer et al., 1989). Genetic studies also
show considerable divergence in gene
sequence and chromosomes between
Pneumocystis organisms derived from differ-
ent animal and human hosts, demonstrating
that there are multiple Pneumocystis species
(Cushion, 1998). These investigations have
prompted changes in taxonomy such that the
original nomenclature, Pneumocystis carinii,
is now reserved for organisms that infect the
rat. The newer nomenclature, Pneumocystis
jiroveci, has been adopted for organisms that
infect humans (Stringer et al., 2002). In this
chapter, the term Pneumocystis will be used to
indicate all species of the microorganism,
unless otherwise specified.

Pneumocystis cannot be reliably cultured
in vitro, which has hampered microbiologic
research with the pathogen. In clinical
and research specimens, two forms of
Pneumocystis can be identified: the cystic
form and the more numerous trophozoite
form. Morphologic studies suggest that
trophozoite forms mature into cystic forms,
but knowledge about the life cycle of
Pneumocystis is incomplete (Cushion et al.,
1991). Electron microscopic studies have
shown that Pneumocystis has a simple struc-
ture with a nucleus, poorly preserved mito-
chondria, and absent or minimal lysosomes
and Golgi apparatus (Bedrossian, 1989).

The ecology and mode of transmission
of Pneumocystis organisms are also poorly
understood. Pneumocystis infection is found
worldwide in humans and in a variety of
mammalian hosts, including rodents, ferrets,
rabbits, horses, dogs, and cats (Hughes,
1987). Serologic data suggest that the major-
ity of humans are exposed to the microor-
ganism in childhood (Meuwissen et al.,
1977; Pifer et al., 1978; Peglow et al., 1990).
However, animal to human transmission of
infection has never been demonstrated, and
Pneumocystis derived from one animal
species does not produce infection in
another species. Thus, each species of
Pneumocystis is uniquely adapted to its host.



An environmental reservoir of Pneumocystis
has not been found, although Pneumocystis
DNA has been isolated from air samples
(Wakefield, 1996).

Most recent investigations suggest that
the reservoir of Pneumocystis for human
infection it is likely to be humans them-
selves. Attempts to find latent organisms in
lung tissue from immunocompetent humans
have been generally unsuccessful (Settnes
and Genner, 1986; Peters et al., 1992), sug-
gesting that clinical infection is not due to
reactivation of latent infection, as with
tuberculosis. Moreover, outbreaks of
Pneumocystis pneumonia among immuno-
compromised humans support transmission
of infection by inhalation (Singer et al.,
1975; Chusid and Heyrman, 1978), and a
considerable body of animal work supports
the idea of airborne transmission of infec-
tion among immunocompromised animals
(Morris et al., 2002). The relatively small
number of HIV-infected or otherwise
immunosuppressed patients in the human
population has never seemed adequate to
explain the almost universal exposure to the
organism demonstrated by the serologic
data. The answer to this conundrum may
involve colonization of the airways/lung tis-
sue of newborns and adults with a very
short transit time. Important animal experi-
ments demonstrate that Pneumocystis can
be transmitted from immunosuppressed ani-
mals with pneumonia to normal animals
that do not develop infection (Dumoulin
et al., 2000). These normal animals can then
transmit infection by the airborne route
to immunosuppressed animals. This finding
suggests that normal hosts without clinical
infection might serve as a temporary vec-
tor to transmit the organism to susce-
ptible hosts. Additional recent information
demonstrates that normal mice, which had
not been exposed to Pneumocystis, can carry
the organism in the respiratory tract and
transmit it to other animals (Gigliotti et al.,
2003). However, once an immune response
developed to Pneumocystis, this ability to

carry and transmit the organisms was lost.
To extend these observations to humans,
one can speculate that newborns might be a
reservoir for Pneumocystis, and that prior to
the development of a fully formed immune
response, they could transmit the organisms
to adults who could then also carry the
organisms in their airways for a limited
period of time. Clinical disease would then
follow when an immunosuppressed individ-
ual came into contact with an infant or
adult during the limited time that they were
carrying organisms in the airways. This idea
obviously requires confirmation in humans,
but it begins to explain how Pneumocystis
might persist and be transmitted within the
human population.

3. Histopathology

Under the microscope, the histology of
Pneumocystis pneumonia is that of an alve-
olar filling process, with little surrounding
inflammation that occurs in a patchy distri-
bution. A foamy, eosinophilic exudate fills
and expands alveoli accompanied by mini-
mal interstitial infiltration of lymphocytes
and proliferation of type II pneumocytes
(Watts and Chandler, 1991). At higher mag-
nification using conventional tissue stains,
small nuclei of trophozoite forms are visible
within the intra-alveolar exudate. Special
stains, such as Gomori methenamine silver
or toluidine blue, identify the cyst forms of
Pneumocystis, which are in the shapes of
helmets, crescents, or punched-in beach
balls. Under the electron microscope, the
alveolar exudate is composed of clumps of
cystic forms and trophozoite forms in a
matrix of cellular debris and fibrin (Huang
and Marshall, 1970). Electron microscopy
shows that the trophozoite forms of
Pneumocystis bind tightly to alveolar epithe-
lial cells, but there is no evidence for inter-
nalization by epithelial cells (Vavra and
Kucera, 1970). Alveolar macrophages ingest
Pneumocystis organisms, and the role of
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alveolar macrophages in defense against this
pathogen is considered in detail in the fol-
lowing section.

4. Alveolar Macrophages
in CMI

Alveolar macrophages are the resident
phagocytic cells within lung tissue and are
critical to an initial inflammatory response
to an inhaled pathogen (Green and Kass,
1964). In animal models of Pneumocystis
infection, resolution of infection is associ-
ated with increased numbers of alveolar
macrophages in lung tissue and with micro-
scopic evidence of ingested organisms (Fig.
13.1). This finding has been observed in
both the steroid-treated rat model (Barton
and Campbell, 1969) and the CD4-depleted
mouse model of infection (Shellito et al.,
1990). Although numerous investigations
have shown that alveolar macrophages can
internalize and kill Pneumocystis in vitro,
the relative importance of this cellular func-
tion in host defense against infection com-
pared to other immune effector mechanisms
remains uncertain.

4.1. Alveolar Macrophage
Receptors

Alveolar macrophages are richly
endowed with surface receptors that are
candidate molecules to facilitate the attach-
ment and internalization of Pneumocystis
organisms. Early experimental observa-
tions demonstrated that phagocytosis of
Pneumocystis by alveolar macrophages
is mediated by Fc immunoglobulin recep-
tors. In these experiments, rat alveolar
macrophages cultured with Pneumocystis in
the absence of serum or with the addition of
nonimmune serum show little binding or
phagocytosis (Masur and Jones, 1978).
However, the addition of rabbit anti-
Pneumocystis serum to the culture medium

markedly enhances attachment and phago-
cytosis. This response is rapid, with com-
plete ingestion occurring within 20 min.
These results are also supported by later
experiments (Taylor et al., 1992), showing
that rat peritoneal macrophage phagocyto-
sis of Pneumocystis was significantly
enhanced in a dose-dependent manner with
the addition of immune serum.

Considerably more evidence supports
interaction of Pneumocystis with alveolar
macrophage mannose receptors. The major
surface glycoprotein of Pneumocystis contains
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Figure 13.1. Phagocytosis of Pneumocystis by a
murine alveolar macrophage (deconvolution
microscopy, 630×). The DNA-specific dye 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI)
was used to stain both alveolar nuclei and fungal
DNA. The green indicates surface labeling of both
cyst and trophozoite (arrowheads) forms of
Pneumocystis with fluorescein isothiocyanate
(FITC). F-actin filaments within the alveolar
cytoskeleton were counterstained with Phalloidin
Alexa 568. Copied with permission from Steele, C.,
Marrero, L., Swain, S., Harmsen, A. G., Zheng,
M., Brown, G. D., Gordon, S., Shellito, J. E., and
Kolls, J. K. (2003). Alveolar macrophage-mediated
killing of Pneumocystis carinii f. sp. muris involves
molecular recognition by the Dectin-1 beta-glucan
receptor. J. Exp. Med. 198: 1677–1688.



mannose residues that interact with
macrophage mannose receptors (O’Riordan
et al., 1995). Ezekowitz et al. (1991) found
that the addition of competitive mannose
receptor inhibitors to cultures of human
alveolar macrophages almost completely
blocks binding of rat Pneumocystis organ-
isms. Furthermore, transfection of COS-1
cells that cannot bind Pneumocystis with the
cDNA for the human mannose receptor
endows the cells with the capability to bind
and phagocytose the organisms. The impor-
tance of these in vitro data have recently
been called into question by experiments
performed in mannose receptor knockout
mice. Surprisingly, mannose receptor-defi-
cient mice clear experimental Pneumocystis
infection normally and do not show more
severe infection during CD4+ T cell deple-
tion (Swain et al., 2003). These observations
suggest that additional macrophage recep-
tors are likely to be important in host
defense against this pathogen.

β-Glucans comprise a group of glucopy-
ranosyl polymers that are major con-
stituents of fungal cell walls including
Pneumocystis (De Stefano et al., 1990).
Incubation of alveolar macrophages with
purified β-glucans from Pneumocystis stim-
ulates the release of the proinflammatory
cytokine tumor necrosis factor (TNF)
(Vassallo et al., 1999). Furthermore, instilla-
tion of Pneumocystis β-glucan into the lungs
of rats stimulates local release of TNF and
the chemokine macrophage inflammatory
protein-2 (MIP-2) as well as recruitment of
neutrophils into the lungs (Vassallo et al.,
2000a). These results suggest that alveolar
macrophages must have β-glucan recep-
tors on their surface to interact with
Pneumocystis. Recent work indicates that
this receptor is Dectin-1 (Steele et al., 2003).
Dectin-1 is a 28 kDa type II transmembrane
receptor that has been shown to be impor-
tant in macrophage binding to the yeast,
zymosan (Brown et al., 2001). Dectin-1 on
the surface of murine alveolar macrophages
colocalizes with adherent Pneumocystis

organisms, and blockage of Dectin-1 with
high concentrations of anti-Dectin-1 anti-
body inhibits binding and concomitant
killing of Pneumocystis by alveolar
macrophages (Steele et al., 2003).

In addition to receptors that mediate
phagocytosis, Pneumocystis also binds to
receptors on the alveolar macrophage sur-
face that do not appear to initiate inter-
nalization or phagocytosis, such as the
fibronectin receptor. Binding of
Pneumocystis to rat alveolar macrophages is
inhibited by an antifibronectin antibody or
by the addition of the Arg-Gly-Asp-Ser
(RGDS) peptide (Pottratz and Martin,
1990). Interestingly, fibronectin binding of
Pneumocystis in these experiments does not
result in phagocytosis. These investigators
postulate that fibronectin might serve as a
bridge between Pneumocystis receptors and
receptors on the alveolar macrophage or
alveolar epithelial cells. Whether binding to
the macrophage surface via fibronectin is
helpful or harmful to the organism remains
an unanswered question.

Binding without phagocytosis may also
occur via receptors for surfactant proteins.
The major surface glycoprotein of
Pneumocystis binds to surfactant protein A
(McCormack et al., 1997). This binding has
been shown to enhance the adherence of the
organisms to alveolar macrophages (Williams
et al., 1996). However, addition of exogenous
surfactant protein A to cultures of alveolar
macrophages and Pneumocystis actually
inhibits phagocytosis (Koziel et al., 1998).
This finding suggests that Pneumocystis bind-
ing to surfactant protein A, a substance
highly concentrated in the alveolar space,
may serve to shield the organism from host
immune effector mechanisms. It is also of
note that surfactant protein A concentrations
are increased above control levels in lung tis-
sue from HIV-infected patients with
Pneumocystis pneumonia (Sternberg et al.,
1995). Furthermore, surfactant protein D
also increases adherence of Pneumocystis to
alveolar macrophages without stimulating
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phagocytosis (O’Riordan et al., 1995; Yong
et al., 2003).

4.2. Alveolar Macrophage
Killing of Pneumocystis

Whether alveolar macrophages are
necessary and sufficient for killing of
Pneumocystis in vivo remains a controversial
topic. Short-term (72 h) depletion of alveolar
macrophages with liposomal dichlorometh-
ylene diphosphonate results in impaired
clearance of Pneumocystis (Limper et al.,
1997). Unfortunately, this technique is not
amenable to long-term macrophage deple-
tion, so these results cannot be extrapolated
to chronic infection that might be more rele-
vant to human disease. Once internalized,
however, Pneumocystis stimulates reactive
oxygen intermediates as measured by pro-
duction of hydrogen peroxide (Hidalgo et al.,
1992). The role of reactive nitrogen interme-
diates and nitric oxide in macrophage killing
of Pneumocystis is unclear. In vitro experi-
ments with rat alveolar macrophages show
that exposure to interferon-gamma (IFN-γ)
stimulates nitric oxide production and killing
of Pneumocystis (Downing et al., 1999).
However, other investigators were unable to
correlate upregulation in alveolar
macrophages of nitric oxide synthase, the
producer of nitric oxide, with the host
response in vivo, either in normal or CD4-
depleted mice (Shellito et al., 1996). Thus,
the role of nitric oxide compared to reactive
oxygen species in alveolar macrophage
phagocytosis and killing of Pneumocystis
in vivo remains unclear.

4.3. Impact of HIV Infection on
Alveolar Macrophage
Function

HIV infects primarily CD4+ T cells and,
as a result, induces profound defects in
CMI. However, HIV can also infect

macrophages that bear CD4 on their surface,
and this includes alveolar macrophages.
HIV may infect lung cells either as free
virion entering from the blood or through
infected lymphocytes or monocytes that
are recruited into lung tissue (Agostini
et al., 1993). Rather than being killed by
HIV, macrophages, including alveolar
macrophages (Lebargy et al., 1994), carry
the virus in a latent or nonreplicating form
with viral replication then initiated upon
exposure to a variety of cytokine stimuli. It
has been shown that 12% to 58% of alveolar
macrophages collected from bronchoalveo-
lar lavages of patients with AIDS express
viral antigens (Plata et al., 1987; Autran
et al., 1988), but the percentage of alveolar
macrophages expressing HIV RNA is very
low (Chayt et al., 1986). The viral load in
alveolar macrophages is probably similar to
that of other tissue macrophage popula-
tions in an HIV-infected host (Lewin et al.,
1998).

Alveolar macrophages recovered from
HIV-infected individuals have altered
immunologic functions, but it is unclear how
much of this is the result of direct infection
with HIV as opposed to exposure to local
stimulatory/suppressive signals or altered
cellular maturity within the alveolar
macrophage population. Macrophages
infected with HIV in vitro or exposed to
HIV-encoded proteins release a variety of
proinflammatory cytokines including TNF,
interleukin-1 (IL-1), IL-6, IFN-α, and
chemokines, many of which can enhance
viral replication (Herbein et al., 2002).
Alveolar macrophages lavaged from HIV-
infected patients with Pneumocystis pneu-
monia show decreased mannose receptor
expression and decreased binding of
Pneumocystis in vitro in comparison to alve-
olar macrophages from HIV-infected per-
sons without infection (Koziel et al., 1998).
This downregulation of mannose receptors
and decreased binding and phagocytosis of
Pneumocystis can be duplicated in vitro by
infecting normal alveolar macrophages with
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HIV (Koziel et al., 1998). When alveolar
macrophages from patients with
Pneumocystis infection complicating HIV are
compared to the same cells from infected
patients with other forms of immunosuppres-
sion, alveolar macrophages from the HIV-
infected individuals demonstrate less
microscopic phagocytosis of Pneumocystis
organisms (Wehle et al., 1993). Finally, alveo-
lar macrophages from HIV-infected individu-
als have a decreased oxidative burst response
to Pneumocystis that correlates directly with
severity of HIV infection (Koziel et al., 2000).
This macrophage defect is linked to mannose
receptor expression and is specific for
Pneumocystis, in that responses to phorbol
myristic acetate and opsonized zymosan are
maintained in alveolar macrophages from
HIV-infected individuals.

5. CD4+ T Cells in
Cell-Mediated Defense

As discussed in the introduction, deple-
tion of CD4+ T cells is a hallmark of HIV
infection, and progressive depletion of
CD4+ T cells during HIV infection corre-
lates with the risk of developing
Pneumocystis pneumonia (Phair et al.,
1990). Whether the extent of CD4+ T cell
depletion correlates with the severity or out-
come of Pneumocystis pneumonia remains
controversial. Reported discrepancies
between numbers of peripheral blood CD4+

T cells and numbers of CD4+ T cells in the
lung available for defense against
Pneumocystis further complicate this evalu-
ation. In one such study, numbers of periph-
eral CD4+ T cells did not predict outcome in
AIDS patients with Pneumocystis pneumo-
nia, but low numbers of CD4+ T cells in
bronchoalveolar lavages did indicate poor
prognoses (Agostini et al., 1997). If deple-
tion of CD4+ T cells is the main risk factor
for development of Pneumocystis pneumo-
nia, it is reasonable to postulate that
immunologic reconstitution should decrease

the risk of pneumonia. Indeed, the advent
of highly active antiretroviral therapy has
decreased the incidence of pulmonary infec-
tions in HIV-infected individuals dramati-
cally (Kaplan et al., 2000) and successful
immune reconstitution significantly decreases
the incidence of Pneumocystis pneumonia
(Yangco et al., 2000).

Despite the convincing association
between numbers of CD4+ T cells and risk of
Pneumocystis infection, the mechanisms by
which CD4+ T cells enable elimination of
Pneumocystis by the host require further
study (Vassallo et al., 2000b). As discussed
above, exposure in early life to this ubiquitous
organism results in antibody formation in the
majority of humans (Pifer et al., 1978). The
development of CMI in immunocompetent
hosts is less well studied. T cells from
immunocompetent adults proliferate in
response to Pneumocystis antigen in vitro, but
T cells from the cord blood of neonates do
not respond (Herrod et al., 1981). These find-
ings demonstrate that CMI to Pneumocystis
is likely to be acquired during childhood, as is
humoral immunity. Much experimental evi-
dence demonstrates that loss of CMI directed
against Pneumocystis as HIV infection pro-
gresses. For example, peripheral blood
mononuclear cells from HIV-infected individ-
uals demonstrate decreased proliferation in
response to Pneumocystis, in comparison to
cells from uninfected individuals (Hagler
et al., 1988). The lack of response in cells
from HIV-infected individuals is not specific
to Pneumocystis, because decreased prolifera-
tion also occurs in response to antigens such
as tetanus toxoid. Additional work demon-
strates that proliferative responses of human
peripheral blood mononuclear cells to
Pneumocystis correlates directly with num-
bers of peripheral CD4+ T cells in HIV-
infected individuals (Forte et al., 1992)
Therefore, lack of response to Pneumocystis
probably involves both qualitative and quan-
titative defects in T cell proliferation.

Because of the inherent difficulties in
using human cells to test hypotheses about
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CD4+ T cells and their function, much of the
recent information about the role of CD4+ T
cells have been obtained from animal mod-
els (Beck and Harmsen, 1998). Early studies
of the host immune response to Pneumo-
cystis were performed in rats (Frenkel et al.,
1966) and other laboratory animals
(Walzer et al., 1979; Stokes et al., 1987)
chronically treated with corticosteroids to
render them susceptible to infection. These
models showed association between the
depletion of T cells caused by corticosteroids
and susceptibility to Pneumocystis pneu-
monia, as well as improved defense against
Pneumocystis when corticosteroid adminis-
tration was discontinued (Walzer and
Rutledge, 1981, 1982; Walzer et al., 1984).
Furthermore, these studies prepared the
field for mouse models by documenting that
Pneumocystis pneumonia in corticosteroid-
immunosuppressed rats resulted in decreased
percentages of T helper cells and increased
percentages of T suppressor cells in the
lung. The diverse effects of corticosteroids
on immunity made it difficult to isolate the
effects of individual immune effector
mechanisms, and led to the development of
immunosuppressed mouse models of
infection.

Outbreaks of Pneumocystis occur spo-
radically in colonies of athymic mice (which
lack T cells) and scid mice (which lack T and
B cells), indicating that T cell deficiency ren-
ders mice susceptible to Pneumocystis
(Walzer et al., 1989). The use of monoclonal
antibodies directed against CD4, which
deplete CD4+ T cells in vivo, demonstrates
that depletion of CD4+ T cells allows
infection, while repopulation with CD4+

T cells clears infection (Harmsen and
Stankiewicz, 1990; Shellito et al., 1990). In
these models, direct inoculation of mouse-
derived Pneumocystis is often used to intro-
duce infection at a known time and with
known virulence. Similar results have been
obtained in rats, demonstrating that both
depleting and blocking antibodies directed
against CD4 render rats susceptible to

Pneumocystis infection (Thullen et al.,
2003). However, CD4-depleted mice are also
susceptible to environmental acquisition of
infection.

Scid mice have been used extensively to
investigate the roles of CD4+ T cells in
defense against Pneumocystis (Harmsen and
Stankiewicz, 1990; Roths et al., 1990; Beck
et al., 1996a). An attractive aspect of these
models is the ability to reconstitute scid mice
with donor T cells. Reconstitution of scid
mice with CD4+ T cells clears infection
(Roths and Sidman, 1992), but depletion of
CD4+ T cells from the reconstituting T cells
abrogates this effect (Harmsen and
Stankiewicz, 1990). It appears that cellular
reconstitution completely clears the infec-
tion without evidence of latency (Chen
et al., 1993a), even during subsequent deple-
tion of CD4+ T cells. Furthermore, CD4+

T cell knockout mice are susceptible to
Pneumocystis (Hanano et al., 1996; Hanano
and Kaufmann, 1998, 1999). Mice lacking
conventional CD4+ T cells (H-2I-1β knock-
out), T cell receptor αβ cells (TCRβ knock-
out), and all peripheral T and B cells
(RAG-1 knockout) are all exquisitely sus-
ceptible to Pneumocystis.

Many experimental manipulations that
result in loss of CD4+ T cell number or func-
tion render mice susceptible to infection.
For example, ethanol may have a permissive
effect by inducing CD4+ T cell dysfunction.
Ethanol-fed mice develop Pneumocystis
infections of low intensity (D’Souza et al.,
1995). These investigators subsequently
demonstrated that chronic ethanol adminis-
tration decreases recruitment of CD4+ and
CD8+ T cells to the lung, and depletes num-
bers of splenic lymphocytes (Shellito and
Olariu, 1998).

The specific Pneumocystis epitopes recog-
nized by CD4+ T cells have not been charac-
terized conclusively in humans, rats, or mice
(Garvy, 1998). To determine whether T cells
recognize and respond to Pneumocystis in a
specific manner, most attention has focused
on the major surface glycoprotein of
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Pneumocystis as a stimulating antigen. T cells
from mice immunized with Pneumocystis pro-
liferate in response to purified major surface
glycoprotein in vitro (Fisher et al., 1991).
These specific proliferative responses occur in
cells from mice immunized with Pneumocystis
or with purified major surface glycoprotein,
and also occur in cells from reconstituted scid
mice that had cleared the infection. In rats,
proliferation of splenic T cells occurs in
response to major surface glycoprotein, but
only in T cells obtained from rats previously
exposed to Pneumocystis (Theus et al., 1993).
Further work demonstrates that these specific
T cell responses could also be elicited after
immunization with a recombinant 55 kDa
Pneumocystis antigen (Theus et al., 1994).
Adoptive transfer experiments have been used
to extend these observations in vivo. In vivo,
T cells sensitized to the major surface glyco-
protein confer resistance to Pneumocystis
when transferred into corticosteroid-immuno-
suppressed rats (Theus et al., 1995).

Relatively little is known about the
mechanisms of antigen presentation to
CD4+ T cells during host defense against
Pneumocystis. Mice lacking MHC II (H-2I-
Aβ knockout mice), which have no conven-
tional CD4+ T cells, are susceptible to
Pneumocystis (Hanano et al., 1996, 1998). In
contrast, mice lacking MHC I (β2-
microglobulin knockout mice), which have
no conventional CD8+ T cells are resistant to
environmental acquisition (Hanano et al.,
1996). In interpreting these data, however, it
is difficult to evaluate whether the absence of
major histocompatibility complex (MHC)
molecules, or the absence of the T cell sub-
sets, confers susceptibility or resistance.

Recent experiments demonstrate a role for
antigen presentation in the lung during
defense against Pneumocystis. Neonatal mice
clear Pneumocystis more slowly, and manifest
less lung inflammation than adult mice.
When reconstituted with splenocytes from
adult mice, neonatal scid mice clear
Pneumocystis much more slowly than adult
scid mice (Garvy and Qureshi, 2000). One

possible mechanism for this difference is that
antigen presentation capabilities are not fully
developed in neonatal lungs. Indeed, neonatal
lungs contain fewer dendritic cells and Ia+

(MHC II+) cells than adult lungs. When
reconstituted with splenocytes from neonatal
mice, neonatal and adult mice clear
Pneumocystis equivalently (Qureshi and
Garvy, 2001). These experiments suggest that
the immunologic competence of the lung
environment, rather than the competence of
the transferred splenocytes, determines the
outcome of infection. Efficient antigen pres-
entation and clonal proliferation also
depends on expression of appropriate surface
molecules by the antigen-presenting cell and
the responding cell. In fact, recent work
demonstrates that mice lacking the T cell cos-
timulatory molecules CD2 and CD28 are sus-
ceptible to Pneumocystis, despite normal
numbers of circulating T cells (Beck et al.,
2003). These molecules, which are the ligands
for leukocyte function-associated antigen 3
(LFA-3) and B7.1/B7.2, respectively, demon-
strate that costimulatory molecule function is
critical in determining susceptibility to
Pneumocystis.

The role of CD4+ T cells in control of
lung inflammation during Pneumocystis
remains much more controversial, and prob-
ably depends on the animal model being
studied (Hori et al., 2002). In vivo, lympho-
cytes sensitized to the major surface glyco-
protein confer resistance to Pneumocystis
when transferred into corticosteroid-
immunosuppressed rats (Theus et al., 1995).
However, transfer of major surface glyco-
protein-specific CD4+ T cells produces a
severe hyperinflammatory reaction with
resultant mortality. CD4+ T cells cause fatal
hyperinflammatory reactions after reconsti-
tution of scid mice in some models (Roths
and Sidman, 1992). Interestingly, this hyper-
inflammatory response is more pronounced
after reconstitution using lymph node-
derived cells from mice previously immu-
nized against Pneumocystis. Histologic
localization of the CD4+ T cells shows that
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they aggregate in perivascular and peri-
bronchial areas, rather than in the
parenchyma. This observation led the authors
to speculate that the CD4+ T cells exert their
detrimental effects by elaboration of soluble
mediators, rather than by direct damage at the
alveolus. In later work, these investigators
determined that administration of hyperim-
mune serum prior to the CD4+ T cells resulted
in clearance of organisms but prevented the
hyperinflammatory reaction (Roths and
Sidman, 1993).

Recent work may help to explain why
inflammatory responses to Pneumocystis
have been beneficial in some systems but
detrimental in others. Specifically, a better
understanding of the phenotype and func-
tional capabilities of the reconstituting cells
may determine outcome. For example, a sub-
set of CD4+ regulatory T cells that constitu-
tively express the IL-2 receptor α-chain
(CD25) have been shown to prevent autoim-
munity (Hori et al., 2002). Transfer of CD25−

cells into RAG-2 deficient mice infected with
Pneumocystis results in lethal pneumonia.
However, transfer of CD25+ cells does not
produce fatal pneumonitis, and also prevents
the inflammation caused by CD4+CD25−

cells. Conversely, CD25− cells clear the organ-
isms, but the CD25+ cells inhibit this function
of CD25− T cells. Therefore, manipulation of
CD4+ T cell phenotypes to cause maximum
organism clearance, while minimizing
unwanted inflammation, may eventually
become possible.

Manipulation of CD4+ T cell subsets to
control infection and inflammation has
important implications for immunization
approaches to Pneumocystis infection.
Immunization of rats with recombinant
Pneumocystis p55 antigen reduces organism
burden in corticosteroid-immunosuppressed
rats (Smulian et al., 2000), and splenocytes
from the immunized mice proliferate in
response to p55 antigen. The phenotype of
the proliferating cells has not been identi-
fied, but this work demonstrates that immu-
nization can increase cellular responses.

Timing of the immunization, with respect to
immunosuppression, also has important
consequences (Harmsen et al., 1995). Intact
mice were immunized with repeated intra-
tracheal injections of Pneumocystis, then
were depleted of CD4+ T cells. Rechallenge
with Pneumocystis results in pneumonia in
naive mice, but not in the immunized mice.
Immunization prior to T cell depletion pro-
tects these mice against Pneumocystis, even
when the mice are subsequently depleted of
CD4+ T cells. In some models, immunologic
alterations can overcome persistent lack of
CD4+ T cells. For example, bone marrow-
derived dendritic cells expressing CD40 lig-
and were pulsed with Pneumocystis antigen
in vitro, then administered to CD4 cell-
depleted mice (Zheng et al., 2001). Despite
the lack of CD4+ T cells, the mice receiving
dendritic cells demonstrate significant titers
of antibody against Pneumocystis, and clear
the organisms from their lungs. Because
transfer of serum from immunized mice into
CD4 cell-depleted, infected mice cleared
infection, the investigators conclude that
this immunization strategy works primarily
by a humoral mechanism. Thus, it is possi-
ble that future immunization strategies
directed toward humoral immunity can
overcome cell-mediated deficits.

6. CD8+ T Cells in
Cell-Mediated Defense

The importance of CD8+ T cells in host
defense against Pneumocystis has not been
clearly defined, but recent evidence suggests
that CD8+ T cells have both beneficial and
detrimental effects for the host during
Pneumocystis infection. Increased numbers
of CD8+ T cells are present in bronchoalveo-
lar lavages obtained from many patients with
AIDS, and some of these CD8+ T cells are
cytotoxic cells directed against HIV (Autran
et al., 1990). It is clear that CD8+ T cells in
blood (De Maria et al., 1991) and lung
(Semenzato et al., 1995) can be infected with
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HIV, and are likely to serve as additional
reservoirs. How these CD8+ T cells also par-
ticipate in defense against Pneumocystis in
humans requires further study.

In comparison to the role of CD4+ T cells
in defense against Pneumocystis, the role of
CD8+ T cells in decreasing Pneumocystis bur-
den in animal models is more controversial
(Harmsen and Stankiewicz, 1990; Roths and
Sidman, 1992; Beck et al., 1996b). Inoculation
of immunologically intact mice with
Pneumocystis results in accumulation of both
CD4+ and CD8+ T cells in the lung, followed
by clearance of the organism (Beck et al.,
1991b; Ishimine et al., 1995). In mice depleted
of CD4+ T cells, inoculation with
Pneumocystis results in accumulation of
CD8+ cells in the lung, although infection pro-
gresses (Beck et al., 1991b). The CD8+ T cell
response extends to nonhuman primates, as
simian immunodeficiency virus (SIV)-infected
macaques with Pneumocystis pneumonia
demonstrate >90% CD8+ T cells in bron-
choalveolar lavages during infection (Croix
et al., 2002). Because numbers of peripheral
CD8+ T cells do not differ in SIV-infected
macaques infected with Pneumocystis or unin-
fected, it is likely that the accumulation of
CD8+ T cells in these primates was in response
to Pneumocystis. Importantly, numbers of
peripheral CD4+ and CD8+ T cells do not dif-
fer in Pneumocystis-infected and uninfected
mice, demonstrating lung compartmentaliza-
tion in this species.

The relative contribution of lung CD8+ T
cells to defense against Pneumocystis
remains disputed. In some animal models,
CD8+ T cells contribute to defense against
Pneumocystis during states of CD4+ T cell
depletion (Beck et al., 1996b). Specifically,
groups of mice were depleted of CD4+ T
cells, CD8+ T cells, or both CD4+ and CD8+

T cells. Depletion of CD8+ T cells alone
does not result in susceptibility to
Pneumocystis. However, depletion of both
T cell subsets results in more extensive
Pneumocystis infection than with depletion
of only CD4+ T cells. Therefore, in the

absence of CD4+ T cells, CD8+ T cells pro-
vide partial defense against Pneumocystis.
A study using the corticosteroid-treated rat
model strongly supports a role for CD8+ T
cells in host defense against Pneumocystis
(Theus et al., 1995). Lewis rats, immunosup-
pressed with corticosteroids and infected
with Pneumocystis, were reconstituted with
CD8+ T cells obtained from the spleens of
donor Lewis rats. If reconstitutions are per-
formed with CD8+ T cells from donor rats
exposed to Pneumocystis, or stimulated
in vitro with Pneumocystis major surface
glycoprotein, the intensity of infection is
reduced significantly. In contrast, if recon-
stitutions are performed with naive CD8+ T
cells from unexposed rats, no differences in
intensity of infection are observed.

On the other hand, reconstitution exper-
iments performed with scid mice do not sup-
port an important role for CD8+ T cells in
elimination of infection. As discussed above,
scid mice environmentally exposed to
Pneumocystis clear organisms from their
lungs when given splenocyte infusions
(Harmsen and Stankiewicz, 1990). In vivo
depletion of CD4+ T cells from the spleno-
cyte preparations abrogates this effect, but
depletion of CD8+ T cells still permits clear-
ance. In reconstitution experiments that uti-
lize scid mice infected with Pneumocystis,
the mice do not clear infection when CD8+ T
cells are administered, but clear infection
when CD4+ T cells are administered (Roths
and Sidman, 1992). Furthermore, mice
genetically lacking CD8+ T cells (β2-
microglobulin knockout) are not susceptible
to Pneumocystis (Hanano et al., 1996).

In mice, both CD4+ and CD8+ T cells
participate in the development of CMI
against Pneumocystis, evidenced by the
development of delayed-type hypersensitiv-
ity (DTH) (Graves et al., 1991). Mice immu-
nized subcutaneously with Pneumocystis,
then challenged with footpad injections of
Pneumocystis antigen, demonstrate specific
hypersensitivity at the site of challenge.
Transfer experiments demonstrate that both
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CD8+ T cells and CD4+ T cells must be
administered for DTH, and transfer of sin-
gle subsets does not confer hypersensitivity.

The mechanisms by which CD8+ cells
function in control of Pneumocystis infection
and inflammation in the lung are largely
unknown. The lung CD8+ cells that accumu-
late in the lungs of CD4-depleted mice
infected with Pneumocystis proliferate in vitro
in response to Pneumocystis antigen (Beck
et al., 1996b). Because this proliferation
depends on the presence of macrophages, it is
likely that antigen-presenting cells are able to
process and present antigen to lung CD8+ T
cells. Additionally, these lung CD8+ T cells
elaborate IFN-γ in response to Pneumocystis
antigen, pointing to a possible mechanism by
which CD8+ T cells participate in host
defense. More recently, a subset of CD8+ T
cells that secretes IFN-γ has been shown to
demonstrate cytotoxicity for Pneumocystis
organisms in vitro (Mc Allister et al., 2004).
The host defense capabilities of CD8+ T cells
against Pneumocystis can be augmented by
overexpression of IFN-γ, resulting in clear-
ance of infection even with prolonged deple-
tion of CD4+ T cells (Kolls et al., 1999). In
these studies, gene transfer has been used to
increase lung IFN-γ expression in infected,
CD4 cell-depleted mice. This overexpression
produces additional recruitment of CD8+ T
cells and NK cells to the lung, and results in
clearance of infection. Additionally, the
presence of CD8+ T cells is required for clear-
ance, because gene transfer into infected
scid mice, or into mice depleted of both CD4+

and CD8+ T cells, does not result in clearance.
In contrast, several investigations impli-

cate the CD8+ T cell in induction of unde-
sired and detrimental lung inflammation.
The experimental literature clearly demon-
strates that Pneumocystis pneumonia
induces surfactant dysfunction. Importantly,
Pneumocystis reduces levels of the hydropho-
bic surfactant proteins B and C, leading to
increased alveolar surface tension, atelecta-
sis, and hypoxia (Atochina et al., 2000).
Other investigators have found no alteration

in surfactant biophysical activity in scid
mice infected with Pneumocystis (Wright
et al., 2001). When these infected mice are
reconstituted with splenocytes, however, the
inflammatory response decreases the bio-
physical activity of surfactant. Importantly,
CD8+ T cells drive this response, because
reconstitution with CD8-depleted spleno-
cytes abrogates this dysfunction. The same
investigators determined that CD8+ T cells,
and the resultant lung inflammation they
produced, altered lung compliance and oxy-
genation (Wright et al., 1999b). Mice
depleted of CD4+ T cells develop
Pneumocystis pneumonia with intense
inflammation, decreased oxygenation, and
decreased lung compliance. In contrast,
mice depleted of both CD4+ and CD8+ T
cells develop pneumonia, but do not develop
physiologic derangements. In this system
then the CD8+ T cells recruited in response
to Pneumocystis induced lung damage.

7. Gamma-Delta T Cells in
Cell-Mediated Defense

The roles of γδ T cells have been less
explored than the roles of CD4+ and CD8+ T
cells in defense against Pneumocystis. TCRδ
knockout mice, which lack γδ T cells, are
resistant to Pneumocystis infection (Hanano
et al., 1996). Furthermore, large numbers of
γδ T cells accumulate in the lungs of mice
lacking αβ T cell receptors (TCRβ knock-
outs) during Pneumocystis infection.
Therefore, it is possible that one role of γδ
T cells is an “immunologic salvage” response
to Pneumocystis, in an effort to compensate
for lack of αβ T cells. Mice lacking both αβ
T cells and γδ T cells (TCRβxδ knockouts)
are extremely susceptible to Pneumocystis
pneumonia (Hanano and Kaufmann, 1999).
The role of γδ T cells has also been evaluated
after intratracheal inoculation with
Pneumocystis organisms (Steele et al., 2002).
In comparison to wild-type controls, γδ T
cell knockout mice demonstrate increased
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clearance of Pneumocystis. Examination of
inflammatory responses in the knockout mice
shows increased accumulation of CD8+ T
cells and increased IFN-γ production. Thus,
γδ T cells may limit lung inflammatory
responses directed against Pneumocystis.

8. Role of Neutrophils
in Defense

From an immunologic viewpoint, neu-
trophils do not appear to play a central role in
host defense against Pneumocystis infection.
Neutrophils have the capacity to phagocytize
Pneumocystis in vitro (Taylor et al., 1992)
and can generate a chemiluminescent
response (Taylor and Easmon, 1991).
Neutrophils as well as lymphocytes are
recruited into lung tissue of animals inocu-
lated with Pneumocystis, but enhancement of
this response with granulocyte-macrophage
colony-stimulating factor (GM-CSF) therapy
does not improve host defense (Ieki et al.,
1989). Clinically, Pneumocystis pneumonia is
not associated with immunosuppressive
states that cause neutropenia. Interestingly,
the presence of lung neutrophils in HIV-
infected humans with Pneumocystis pneumo-
nia correlates with severe infection and a
poor prognosis (Limper et al., 1989; Mason
et al., 1989; Bang et al., 2001).

9. Role of Cytokines,
Chemokines, and Colony-
Stimulating Factors

Cell-mediated immune responses involve
local release of a variety of proinflamma-
tory soluble proteins including cytokines,
chemokines, and colony-stimulating factors
(CSFs). Most of these proteins are released
by lung macrophages or monocytes recently
recruited into the alveolar spaces, but alveo-
lar epithelial cells are also an important cel-
lular source. Proinflammatory cytokines,
which control the influx of inflammatory

cells in the lung in response to Pneumocystis
infection, include IFN-γ, TNF, IL-1, and
IL-6. In contrast, the cytokine, IL-10 may
serve an anti-inflammatory role.

9.1. Th1 versus Th2 Cytokines

Whether CD4+ T cells induce cytokine
responses that are predominantly Th1-like or
Th2-like remains under investigation. Recent
work suggests that a Th2 response predomi-
nates over a Th1 response (Shellito et al.,
2000). Cytokine production by lung and
lymph node CD4+ T cells after inoculation of
immunologically intact mice with
Pneumocystis was examined. In hilar and
paratracheal lymph nodes, CD4+ T cells pro-
duced both IFN-γ and IL-4 when examined
1 week after inoculation, and the response
diminished over the next 3 weeks. In lung tis-
sue, however, CD4+ T cells producing IL-4
predominated at early time points, followed
by cells producing IFN-γ. These data indi-
cate that activation of CD4+ T cells occurs in
lymph node prior to the appearance of these
cells in the lung. The isotypes of antibody
responses to Pneumocystis have also been
used to determine whether Th1 or Th2
responses predominate (Garvy et al., 1997c).
Mice were immunized with Pneumocystis,
depleted of CD4+ T cells, and then rechal-
lenged with Pneumocystis organisms.
Despite CD4-depletion, the immunized mice
cleared the infectious challenge. Wild-type
mice inoculated with Pneumocystis mount
IgG1 responses, with little production of
IgG2a, IgG2b, or Ig3, indicative of a Th2-
type response. In contrast, IL-4 knockout
mice mount primarily IgG2b responses,
indicative of a Th1-type response. Because
all groups of mice cleared the inoculum, the
investigators argued that either Th1 or Th2
responses are sufficient for protection.
Clearly more work is needed to understand
the time course and mechanism of Th1 and
Th2 CD4+ T cell traffic in response to
Pneumocystis.
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In vitro, major surface glycoprotein stim-
ulation has been used to examine the
cytokine repertoire of CD4+ T cells obtained
from rats environmentally exposed to
Pneumocystis. By varying the time course
and stimulating antigen, the investigators
demonstrated that both Th1 (IFN-γ) and
Th2 (IL-4) cytokine production occurred
(Theus et al., 1997b). Further cloning of the
stimulated cells demonstrated that five
clones produced Th1 cytokines (IL-2 and
IFN-γ), although one clone also produced
small amounts of IL-4 (Theus et al., 1997a).

9.2. IFN-g

Because of the important role of IFN-γ
in Th1 responses, much Pneumocystis exper-
imental investigation has focused on this
crucial cytokine. In vitro, a specific antigenic
component of Pneumocystis elicits IFN-γ
production from rat T cells (Theus et al.,
1994), and T cell clones isolated from rats
are of CD4+ phenotype and secreted IL-2
and IFN-.γ (Theus et al., 1997a). IFN-γ,
provided as an aerosol, decreases the inten-
sity of Pneumocystis infection in CD4-
depleted mice, probably by activation of
alveolar macrophages (Beck et al., 1991a).
More recently, Kolls and coworkers used
adenovirus vectors to overexpress IFN-γ
in the lungs of mice, decreasing infection
(Kolls et al., 1999). IFN-γ also mod-
ulates alveolar epithelial defense against
Pneumocystis, inhibiting the epithelial cells’
expression of integrins and decreasing
attachment of organisms (Pottratz and Weir,
1997). The beneficial effect of IFN-γ in vivo
is controversial. In the scid mouse model,
neutralization of IFN-γ with a monoclonal
antibody does not alter the outcome of
Pneumocystis infection (Chen et al., 1992a).
Furthermore, IFN-γ knockout mice are able
to clear Pneumocystis organisms from their
lungs (Garvy et al., 1997a; Hanano et al.,
1998; Rudmann et al., 1998), but IFN-γ may
be important in limiting pulmonary inflam-

mation in response to Pneumocystis (Garvy
et al., 1997a,b).

9.3. TNF

Host release of TNF is a pivotal cytokine
in host defense against Pneumocystis infec-
tion. When exposed to Pneumocystis in vitro
TNF is released from normal human mono-
cytes (Tamburrini et al., 1991) and alveolar
macrophages (Corsini et al., 1992; Hoffman
et al., 1993). TNF is also released into lavage
fluid in vivo, presumably a product of murine
alveolar macrophages (Kolls et al., 1993).
Release of TNF in response to Pneumocystis
in vivo peaks at 3 h and precedes the influx of
inflammatory cells into the lung (Kolls et al.,
1993). Moreover, Pneumocystis induction of
TNF appears to be independent of toll-like
receptor 4 (TLR4) signaling since TNF can
be elicited by an acute challenge of
Pneumocystis in C3H/HeJ mice. This strain
of mice has a point mutation in the cytoplas-
mic domain, which prevents TLR4 signaling
(Poltorak et al., 1998). As mentioned above,
TNF may be released as alveolar macro-
phages bind to β-glucan in the P. carinii cyst
wall (Vassallo et al., 1999, 2000a).

An enlarging body of evidence supports
a protective role for TNF in Pneumocystis
infection. In HIV-infected patients with
Pneumocystis pneumonia, TNF is present in
the bronchoalveolar lavage fluid and TNF
levels inversely correlate with cyst burden
(Krishnan et al., 1990). It is not likely that
TNF is directly toxic to Pneumocystis
(Koziel et al., 1993), although data on this
point are conflicting (Pesanti, 1991; Pesanti
et al., 1991). It is more likely that TNF trig-
gers an inflammatory cytokine cascade in
the initial response to infection. TNF is
clearly required for adequate host defense
against this pathogen in vivo. Chen et al.
(1992a) have demonstrated that the use of
an anti-TNF antibody delays resolution of
murine Pneumocystis infection in scid mice
reconstituted with spleen cells, suggesting
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that endogenous TNF is critical for resolv-
ing the infection (Chen et al., 1992a).
Furthermore, neutralization of TNF using a
soluble TNF inhibitor delays clearance of
murine Pneumocystis in CD4+ T cell replete
mice and exacerbates infection in CD4-
depleted mice (Kolls et al., 1997). Moreover,
treatment of CD4-depleted, Pneumocystis-
infected mice with heat-treated Escherichia
coli, an inducer of TNF, causes near com-
plete resolution of the infection and
enhanced resolution of infection in this
model could be abrogated with anti-TNF
antibodies (Harmsen and Chen, 1992).

TNF is not absolutely essential for host
clearance of infection, however. Mice with a
homozygous deletion of the two known
TNF receptors (TNFRI and TNFRII) can
clear an acute challenge with Pneumocystis
(Rudmann et al., 1998). However, if these
mice are crossed to IFN-γ knockout mice,
which results in the loss of both TNF and
IFN-γ, these mice now become permissive
for severe Pneumocystis infection (Rudmann
et al., 1998). These data suggests that TNF
may act in concert with other cytokines to
mediate host defense. No single cytokine is
the final arbitrator of host defense; clear-
ance of infection requires the coordinated
interaction of multiple cytokines interacting
locally and over time. Although TNF
could be potentially used as therapy for
Pneumocystis, it carries the risk of potential
toxicity. Experimentally, TNF induced in
Pneumocystis-infected lung tissue in the set-
ting of immune reconstitution in mice and
at high tissue concentration may cause lung
injury (Wright et al., 1999b). Thus, the same
cytokine released to augment clearance in
response to a low-level challenge may have a
deleterious role in the setting of established
infection. Additionally, there is some evi-
dence that the beneficial effects of both pen-
tamidine (Corsini et al., 1992) and
corticosteroids (Huang and Eden, 1993)
on clinical infection depend, in part, on
inhibition of TNF release from alveolar
macrophages by these agents.

9.4. IL-1

IL-1 is also an acute-phase cytokine
released during infection and plays an
important role in the febrile response
(Dinarello, 1999, 2000). IL-1 is increased in
the bronchoalveolar lavage fluid of HIV-
infected patients with Pneumocystis pneu-
monia compared to controls (Perenboom
et al., 1997) whereas its antagonist, IL-1
receptor antagonist protein, is elevated in
the serum of the same patients. IL-1 activity
also increases rapidly in the lungs of recon-
stituted scid mice with Pneumocystis infec-
tion, and neutralization of IL-1 with an
antibody approach completely abrogates
resolution of infection after spleen cell
reconstitution (Chen et al., 1992b).

9.5. IL-6

IL-6 is released by alveolar epithelial
cells in response to Pneumocystis (Pottratz
et al., 1998), but its role in the inflammatory
response to infection is unclear. IL-6 is
elevated in lavage fluid in the steroid-treated
rat model of Pneumocystis infection
(Perenboom et al., 1996a). However, it is not
detectable in HIV-seronegative patients with
Pneumocystis pneumonia (Perenboom et al.,
1996b). One explanation for this apparent
discrepancy may lie in the ability of HIV
infection of alveolar macrophages to
enhance production of IL-6 in response to
Pneumocystis (Kandil et al., 1994). In the
scid mouse reconstitution model, IL-6,
which can downregulate IL-1 and TNF, is
present in the serum and lungs of infected
mice, but administration of an antibody to
IL-6 has no effect on the clearance of
Pneumocystis infection (Chen et al., 1993b).
Interestingly, infected mice treated with
anti-IL-6 antibody have significantly more
inflammatory cells in lung tissue, suggesting
that IL-6 might downregulate inflammation
associated with Pneumocystis infection in
mice.
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9.6. IL-10

In contrast to the proinflammatory
cytokines, IL-10 may function to limit
excess inflammation during the host
response to infection. IL-10 is released into
lavage fluid of mice in response to a
Pneumocystis challenge, and the concentra-
tions in CD4-depleted mice with heavy
infection are higher than in control mice
that clear the infection (Ruan et al., 2002).
However, gene transfer of IL-10 does not
impair clearance of infection. Conversely,
other investigators found that clearance was
significantly enhanced in IL-10 knockout
mice compared to control mice (Qureshi
et al., 2003), suggesting that IL-10 serves as
a brake on tissue inflammation.

9.7. Chemokines

Chemokines direct migration of leuko-
cytes into infected tissues. The specific type
of chemokine released in the tissue as well as
the chemokine receptor expressed on the
responding cell determines the type of
leukocyte that will enter a given tissue and
also activates leukocytes at the site of
chemokine release. Chemokine classifica-
tion is based upon the arrangement of cys-
teine residues in the amino-terminal
domains (Luster, 1998). CXC chemokines
stimulate migration of neutrophils and
T cells, while CC chemokines target mono-
cytes, dendritic cells, eosinophils, and
basophils. A variety of cell types have the
capacity to release chemokines, but only
limited information is available about the
types of chemokines released or cellular
sources of chemokines in Pneumocystis
infection.

Pneumocystis stimulates release of CXC
chemokines targeting migration of neu-
trophils in vivo and in vitro. In humans, the
CXC chemokine, IL-8 is a major chemoat-
tractant for neutrophils while in mice the same
function is served by MIP-2. In HIV-related

Pneumocystis pneumonia, IL-8 can be
detected in lung lavage fluid (Lipschik et al.,
1993), and the concentration of lavage fluid
IL-8 correlates with more severe infection and
increased mortality (Benfield et al., 1995a,b).
Furthermore, culture of Pneumocystis antigen
with monocytes (Benfield et al., 1997) and an
alveolar epithelial cell line (Benfield et al.,
1999) in vitro results in release of IL-8. The
mechanism through which Pneumocystis
stimulates CXC chemokine release is medi-
ated in part through interactions with β-glu-
can in the organism cell wall and alveolar
macrophages. When purified β-glucan from
rat Pneumocystis is cultured with alveolar
macrophages, there is stimulated release of the
CXC chemokine, MIP-2 (Vassallo et al.,
2000a). Chemokine release is blocked by incu-
bation of the cells with alpha-mannan, sug-
gesting that the β-glucan is acting through
macrophage mannose receptors. MIP-2 pro-
duction by alveolar macrophages in mice is
stimulated through the Dectin-1 glucan recep-
tor (Steele et al., 2003). Components of the
Pneumocystis cell wall may also stimulate
alveolar epithelial cells to release other
chemokines. When Pneumocystis surface gly-
coprotein is added to the A549 alveolar
epithelial cell line, there is stimulated release of
not only the CXC chemokine, IL-8, but also
the CC chemokine, MCP-1 (Benfield et al.,
1999). Interestingly, glucocorticoids suppress
this in vitro chemokine response, which
may suggest a mechanism for the beneficial
effects of glucocorticoid therapy in severe
Pneumocystis pneumonia (The National
Institutes of Health-University of California
Expert Panel, 1990). Similar interactions
between Pneumocystis cell wall components
and lung cells may take place in vivo as well as
to recruit neutrophils into lung tissue. In sup-
port of this, direct instillation of β-glucan into
rat lungs in the absence of intact microorgan-
isms stimulates lung neutrophil influx and tis-
sue inflammation (Vassallo et al., 2000a).

Other investigators assayed lung tissue
from infected scid mice for mRNA for a bat-
tery of chemokines (Wright et al., 1999a). In
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heavily infected scid mice, there was little
chemokine mRNA in lung tissue, consistent
with the inability of these mice to mount a
tissue inflammatory response. However,
when these infected mice were immunologi-
cally reconstituted with spleen cells from
normal mice, mRNA for CC chemokines
(RANTES, MCP-1, MIP-1α, MIP-1β), for
CXC chemokines (MIP-2), and a C
chemokine (lymphotactin) were signifi-
cantly elevated (Wright et al., 1999a).
Presumably, this reconstitution model mim-
ics the host defense mechanisms that permit
clearance of infection in normal mice.
Interestingly, mRNA for IP-10, which stim-
ulates migration of Th1 cells, was not upreg-
ulated in the reconstituted mice, although
mRNAs for other chemokines with activity
on Th1 cells were increased. It seems clear
that local release of chemokines is part of
the normal host response to initiate inflam-
matory cell recruitment into infected lung
tissue.

9.8. Colony-Stimulating Factors

CSFs implicated in the host response to
Pneumocystis pneumonia include GM-CSF,
a cytokine that can activate mature
macrophages and neutrophils. Paine and
coworkers have demonstrated that GM-CSF
is a critical regulator of the inflammatory
response to Pneumocystis in murine lung
(Paine et al., 2000). GM-CSF is induced
in vivo in response to an acute challenge with
Pneumocystis and GM-CSF can increase the
respiratory burst (as measured by chemilumi-
nescence) of neutrophils that have been
exposed to Pneumocystis (Taylor and
Easmon, 1991). Mice with a homozygous
deletion of the GM-CSF gene, which are sub-
sequently CD4 cell-depleted and challenged
with Pneumocystis develop intense inflamma-
tion compared to wild-type control mice.
Furthermore local expression of GM-CSF in
the lung using a transgene drive by the lung-
specific surfactant protein C promoter,

reduces the intensity of Pneumocystis infec-
tion as well as the inflammatory response to
the infection (Paine et al., 2000). Additional
data show that the systemic administration of
GM-CSF protein reduces the intensity of
Pneumocystis infection in CD4 cell-depleted
mice, perhaps through upregulation of TNF
production in the lung (Mandujano et al.,
1995).

10. Summary

Pneumocystis infections remain a serious
cause of morbidity and mortality in
immunosuppressed hosts, both in HIV-
infected individuals and in other immuno-
suppressed patients. This chapter reviews
cell-mediated immune mechanisms that
serve to protect the normal host from infec-
tion with Pneumocystis or, when defective,
lead to the acquisition of pulmonary
infection. Alveolar macrophages, CD4+

T cells, CD8+ T cells, and γδ T cells
have important roles in defense against
Pneumocystis, although their relative contri-
butions require further investigation.
Additionally, cytokines and chemokines play
vital roles in defense against this organism.
Investigations using human cells, as well as
animal models and in vitro approaches, have
advanced this field recently but many unan-
swered questions persist. Further investiga-
tions examining the roles of these cells and
mediators will continue to provide new
insights into defense against this important
opportunistic pathogen.
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1. Introduction

Pneumocystis (PC) is an opportunistic
fungal agent that causes significant pneu-
monia in mammalian hosts. A newly pro-
posed but as yet not universally accepted
system of nomenclature has suggested that
Pneumocystis infecting different hosts be
given distinct species designations based on
the host and/or molecular variations of the
organisms. Under this proposed system
Pneumocystis jiroveci would be the species

that infects humans, P. carinii and P. ratti
two of the several proposed distinct species
that infect rats, and the remainder as yet
undesignated (Stringer et al., 2001). We will
use the abbreviation PC in this chapter to
refer to all organisms identifying the specific
host of origin when necessary for clarity. PC
can be a significant problem for individuals
with compromised cell-mediated immunity
(CMI) including those with AIDS. It has
been well documented that CD4+ T cell
function is required for host defense against
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PC (Harmsen and Stankiewicz, 1990; Roths
and Sidman, 1992; Hanano et al., 1996).
However, it is perhaps underappreciated
that normal B cell function is also a required
component of host defense against PC. This
is likely due to the role specific antibody
plays in opsonizing and targeting organisms
for phagocytosis. Additionally, B cell func-
tion other than production of specific anti-
body, such as interactions with T cells and
cytokine production may be quite important
in the efficient clearance of PC from the
lungs. Recently, animal models have been
used to delineate the roles of cellular and
humoral immunity to PC. It is clear from
these studies that competent B cell and
CD4+ T cell functions are crucial for effec-
tive host defense against the fungus
(Marcotte et al., 1996; Lund et al., 2003).
This chapter will focus on the human and
animal studies that have addressed the role
of specific antibody and B cells in host
defense against PC.

2. Immunoreactive Proteins
Expressed by
Pneumocystis

Over the past 15 years it has been recog-
nized that there are at least three to four
immunoreactive antigens expressed on the
surface of PC organisms. The predominant
antigen seen on acrylamide gels is a 95–140-
kDa glycoprotein, which varies in size
depending on the host species (Gigliotti,
1992). This glycoprotein has been called by
various names including gpA and MSG, of
which the former will be used here. gpA is a
mannosylated protein that is highly variable
in both genotype and phenotype. The source
of the variability is highly polymorphic and
repeated genes that are dispersed through-
out the PC genome (Stringer et al., 1993).
gpA gene expression is controlled by an
upstream conserved sequence (UCS) that is
important in determining which gpA vari-
ants are expressed (Wada et al., 1995).

Western blot analysis indicates that there
are both shared and unique gpA epitopes
expressed on PC isolated from different
mammalian species (Gigliotti, 1992).
Expression of multiple gpA variants have
been shown to be expressed in a single host
suggesting that variation of surface gpA
antigens may be important in evading host
defenses (Angus et al., 1996). We found that
monoclonal antibody pressure eliminated
specific gpA phenotypes from a population
of murine PC allowing other phenotypes to
predominate (Gigliotti et al., 1996).
However, unlike antigenic variation seen in
other organisms such as trypanosomes, new
phenotypes were not rapidly introduced into
the population (Gigliotti et al., 1996). These
studies suggest that PC uses the genotypic
and phenotypic variations of gpA to evade
selective antibody pressure by the host. The
advantage to the organisms may simply be
allowing more time to find new hosts.

In addition to gpA, other potentially
immunostimulatory antigens have been iden-
tified on PC. These include a 55-kDa protein
identified in rat PC that has antibody and T
cell epitopes (Theus et al., 1994). An immun-
odominant protein of about the same molec-
ular weight was also found localized to the
surface of mouse PC (Gigliotti et al., 1998a),
however it is not clear whether these are the
same proteins. The mouse 55-kDa protein was
found to be immunodominant in that 91% of
B cell hybridomas generated from the drain-
ing lymph nodes of PC-infected severe com-
bined immunodeficiency (SCID) mice
reconstituted with immunocompetent spleno-
cytes were specific for proteins in the 50–100
kDa range, but not gpA (Gigliotti et al.,
1998a). Interestingly, in a previous study it
was shown that 89% of splenic B cell hybrido-
mas produced antibodies specific for gpA
(Gigliotti and McCool, 1996) suggesting that
in mice natural infection and immunization
results in different types of antibody
responses. In humans, seroprevalence of gpA-
specific antibodies is highly variable and may
differ in individuals from different world



regions (Smulian et al., 1993a; Chatterton
et al., 1999). In one study antibodies against a
30–40 kDa protein were shown to be relatively
abundant (40–60%) in sera regardless of geo-
graphic location of the individuals (Smulian
et al., 1993a). In contrast, others have found
higher seroprevalence in a 50–60 kDa protein,
agreeing with data in mice (Gigliotti et al.,
1998a; Chatterton et al., 1999).

A host of PC-specific monoclonal anti-
bodies (mAb) have been generated, which
generally do not react across PC species.
However, there are some mAb that react
with gpA from multiple species and recently
a screen of cross-reactive antibodies identi-
fied a protein similar to fungal proteases
known as kexins (Lee et al., 2000).
Antibodies to this protease (KEX-1) were
shown to confer some control of PC growth
when passively transferred to the lungs of
infected SCID mice (Gigliotti et al., 2002). It
is apparent that there are multiple potential
epitopes that are targeted by antibody
responses to PC. However, as will be elabo-
rated on in subsequent sections of this chap-
ter, antibody responses to these specific
proteins do not always equate to protective
immunity.

3. Specific Antibodies to
Pneumocystis in Human
Lungs

It has been known for some time that
Pneumocystis pneumonia (PCP) is a charac-
teristic illness in individuals with defects in
humoral immunity such as hypogammaglob-
ulinemia (Saulsbury et al., 1979; Rao and
Gelfand, 1983). It is evident from serological
data that humans encounter PC early in life
because it has been reported that most indi-
viduals have circulating antibodies to the
organisms by 4 years of life (Peglow et al.,
1990). Interestingly, PCP was originally
known as interstitial plasma cell pneumonia
due to the predominance of plasma cells in
the interstitial spaces of patients with epi-

demic infection such as infants living in
orphanages (Burke and Good, 1973). These
individuals with “epidemic” PCP are gener-
ally premature or 2- to 4-month-old infants
with marasmus or malnutrition (Burke and
Good, 1973). In contrast, the lung infiltrates
of immunocompromised individuals with
PCP are generally composed of lymphocytes
and macrophages with rare polymorphonu-
clear cells (Burke and Good, 1973).
Undoubtedly, the characteristics of the lung
cellular infiltrates in persons with PCP reflect
the immunodeficiency disease that has predis-
posed them to infection. Unfortunately, very
little is known regarding the immune
response to human PC in immunocompetent
individuals since it is rarely diagnosed. Recent
studies have indicated that primary infection
may occur in immunocompetent infants, a
concept that will be addressed in a later sec-
tion of this chapter.

It may be inferred that humoral immu-
nity is important for P. jiroveci lung infec-
tions because most individuals seroconvert to
Pneumocystis by 2 years of age (Meuwissen
et al., 1977). However, individuals with
hypogammaglobulinemia are susceptible to
developing PCP even though it has been
reported that T cell function in these
patients is normal as determined by delayed-
type hypersensitivity (DTH) and responsive-
ness to mitogenic stimulation (Saulsbury
et al., 1979; Rao and Gelfand, 1983).
Although not a direct measure of T cell
responses to PC, these observations imply
that specific antibody is needed for protec-
tions against PCP.

Since nearly all individuals seroconvert to
PC, the presence of antibodies is not diag-
nostic for active disease. However, in a small
study, it was shown that there was an increase
in serum IgG antibodies specific for a PC
gpA in three individuals with atypical pneu-
monia, one known to have PCP (Lundgren
et al., 1993). The authors suggested that
increased PC-specific antibody levels could
be indicative of active disease (Lundgren
et al., 1993). However, in HIV-infected
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patients with PCP, there does not seem to be
a consistent change in organism-specific anti-
body in the lungs (Jalil et al., 2000; Laursen
et al., 2003). In fact, in many HIV-infected
individuals with PCP PC-specific antibody
levels in the lungs decrease during active dis-
ease (Laursen et al., 1994, 2003; Laursen and
Anderson, 1998). This may make one specu-
late that the loss of specific antibody predis-
poses individuals to PC infection. However,
this is very difficult to prove in humans par-
ticularly since there are often T cell losses or
defects associated with the underlying
immunodeficiency disease.

PC-specific IgM, IgG, and IgA have all
been identified in the bronchoalveolar lavage
fluid of individuals with PCP (Lundgren
et al., 1993; Jalil et al., 2000). It is not specifi-
cally known whether these different isotypes
contribute significantly to the clearance of
PC in vivo. However, it has been recently
shown that opsonization of PC cysts with
specific human IgG or IgA and complement
stimulated a respiratory burst in both human
neutrophils and monocytes (Laursen et al.,
2003). Interestingly, PC-specific IgM and
complement stimulated activation of neu-
trophils but not monocytes (Laursen et al.,
2003). Although the in vivo significance of
this is unknown, it is consistent with the fact
that individuals with hyper-IgM syndrome
are susceptible to developing PCP possibly
due to the lack of class-switched antibody
(Jain et al., 1999). These patients with hyper-
IgM syndrome also have defects in T cell acti-
vation due to a disruption in the
CD40–CD40L interaction, making it difficult
to determine whether it is antibody or T cell
insufficiency that predisposes to PCP (Jain
et al., 1999). However murine studies, as
shown in Fig. 14.1, have suggested that inter-
ruption of the CD40–CD40L interaction dis-
rupts both antibody and T cell-mediated
immunity to PC (Wiley and Harmsen, 1995;
Lund et al., 2003). It is very difficult to tease
apart the roles of antibody and T cells in host
defense against PC, particularly in humans.
Therefore, over the past 20 years, animal
models have been utilized to examine the var-

ious components to host defense against PC.
These models have significantly advanced our
understanding of the contributions that B
cells make to the control of PC infection.

4. Animal Models of PCP

Some of the earliest studies examining
antibody responses to PC were performed in
immunosuppressed rat models. Walzer and
Rutledge (1981) used corticosteroid-treated
rats to determine that serum antibody titers
specific for PC increased over time as corti-
costeroid was tapered off (Walzer and
Rutledge, 1981). Furthermore, these experi-
ments demonstrated that rats housed
together or acquired from different vendors
acquired serum PC-specific antibodies as
they aged without evidence of active disease
(Walzer and Rutledge, 1981). Recently it was
shown that PC could be transmitted among
immunocompetent BALB/c mice by cohous-
ing infected with uninfected animals
(Gigliotti et al., 2003). Seroconversion corre-
sponded with clearance of the organisms as
has been found in models in which mice were
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infected with an intratracheal bolus of
organisms (Garvy and Harmsen, 1996; An
et al., 2003; Lund et al., 2003). Since the
appearance of antibody either in the sera or
lungs does not precede clearance of PC, it is
not clear from these studies whether the anti-
body response contributes significantly to
control the infection, particularly in a pri-
mary response (Garvy and Harmsen, 1996;
An et al., 2003; Gigliotti et al., 2003; Lund
et al., 2003). Several strategies have been used
to address the importance of specific anti-
body in control of PC infection and these
will be discussed in the following sections.

4.1. Passive Immunization
against PC

Early studies addressed the importance
of antibody in host defense against PC by
transferring either immune sera or mono-
clonal antibodies specific for PC into
immunosuppressed animals. Not only is this
a logical approach for identifying compo-
nents of the immune system critical for host
defense, but also passive immunization is
used commonly in treatment and prevention
of infectious diseases in the form of infusing
intravenous immunoglobulin (IVIG) or
monoclonal antibodies (Burns et al., 1990;
Zeitlin et al., 1999). In fact, in a human trial
in which renal transplant patients were
treated with hyperimmune anti-
cytomegalovirus (CMV) to prevent CMV
infections, patients also experienced signifi-
cant decreases in invasive fungal infections,
including PCP (Snydman et al., 1987). This
study provided at least a proof of principle
in humans that passive immunization can be
effective against PC.

Initial studies found that a mAb specific
for gpA caused a 50–90% reduction in PC
burden in the lungs of corticosteroid-sup-
pressed rats and ferrets (Gigliotti and
Hughes, 1988). This is a striking result con-
sidering that corticosteroids have known
broad-spectrum immunosuppressive prop-
erties including suppressing T cell and

macrophage function. Interestingly, injec-
tion of mAb (2B5) specific for an epitope of
gpA into SCID mice with active infection
also resulted in reduced lung PC burden but
not sterilizing clearance (Gigliotti et al.,
1996). The PC that remained in the lungs
did not express the 2B5 epitope, however,
gpA was detected on organisms using mAb
for a different epitope. These findings indi-
cate that the variation in gpA may allow
organisms to evade complete eradication by
the host humoral immune responses.

More recently, it has been shown that
passive immunoprophylaxis via an
intranasal route can be effective in reducing
lung burden in immunodeficient mice
exposed to PC-infected SCID mice
(Gigliotti et al., 2002). Previous studies had
mostly injected antibodies intraperi-
otoneally, however, an intranasal route of
antibody transfer is attractive in that the
antibodies are placed at the mucosal sur-
faces where PC first enters the host. In these
experiments intranasal administration of
mAbs directed against a kexin-like molecule,
KEX1, on the first day of exposure of SCID
mice to infected source mice resulted in none
of the treated mice having detectable organ-
isms in the lungs 6 to 7 weeks after treat-
ment and withdrawal of the “seed” mice
(Gigliotti et al., 2002). Interestingly, it was
shown that antibodies specific for antigens
other than gpA were most effective in pre-
venting PC infection in SCID mice. These
experiments demonstrated that mAb,
particularly when used in combination, have
the capacity of protecting mice against PC
in the absence of T or B cells.

Polyclonal antiserum has also been used
in vivo to protect mice against PC infection.
Intraperioneal injections of hyperimmune
serum into PC-infected SCID mice resulted
in an 80% decrease in lung organism burden
without inducing significant lung inflamma-
tion (Roths and Sidman, 1992). In contrast,
transfer of immune CD4+ lymphocytes
resulted in clearance of organisms but also
in increased morbidity due to a hyperim-
mune response in the lungs. However, when
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SCID mice were treated with a short course
of immune sera prior to transfer of CD4+

cells, complete and lasting elimination of the
organisms occurred without the complica-
tion of an intense immune response (Roths
and Sidman, 1993). Presumably, the specific
antibody opsonized the organisms targeting
them for phagocytosis and destruction by
resident alveolar macrophages. The presence
of CD4+ T cells in addition to hyperimmune
serum was a key for inducing a sterilizing
response. This is an interesting observation
that suggests the presence of specific anti-
body early during a secondary response is
critical for reducing the potential for lung
pathology.

4.2. Active Immunization
against PCP

Active immunization against PC requires
B–T cell interactions, resulting in specific
antibody production. Mice that lack B cells,
either due to a targeted mutation in the µ
chain of immunoglobulin or to depleting
antibody treatment, have been shown to be
susceptible to PCP (Fig. 14.1) (Harmsen and
Stankiewicz, 1991; Marcotte et al., 1996;
Macy et al., 2000; Lund et al., 2003).
Moreover, interruption of the CD40–CD40L
interaction between B and T cells, respec-
tively, has been shown to result in the inabil-
ity of murine B cells to produce
class-switched PC-specific IgG (Wiley and
Harmsen, 1995; Lund et al., 2003). Using a
model of splenocyte reconstitution of PC-
infected SCID mice, Wiley and Harmsen
demonstrated that treatment with anti-
CD40L monoclonal antibodies resulted in
the inability to clear the infection within 21
days (Wiley and Harmsen, 1995). However, in
a model in which chimeric mice were gener-
ated so that only B cells were deficient in
CD40, mice were able to clear PC infection,
although with a delayed kinetics, even though
they did not produce class-switched antibody

(Lund et al., 2003). In addition, mice defi-
cient in Fcγ receptors also cleared PC infec-
tion but with the same delayed kinetics as
demonstrated with the CD40-deficient
chimeric mice (Lund et al., 2003). Together
these studies suggest that class-switched anti-
body production is not required for clearance
of PC infection. Although not specifically
demonstrated by these studies, it is possible
that PC-specific IgM was sufficient for clear-
ance of infection. However, this may not be
an adequate explanation for these results
since we have shown that passive immuniza-
tion with a PC-specific murine monoclonal
IgM did not result in complete eradication of
organisms (Gigliotti and Hughes, 1988;
Gigliotti et al., 1996). As mentioned previ-
ously, humans with hyper-IgM syndrome
produce IgM but are susceptible to PCP sug-
gesting that IgM is not sufficient for clearance
of the organisms (Jain et al., 1999). However,
B cells are required for clearance, which raises
the question of what specific functions are
required of B cells if production of class-
switched antibody is optional? This is a diffi-
cult question to answer because, as will be
discussed below, specific antibody can be
quite effective at facilitating clearance of PC.
It is very difficult to separate antibody-pro-
ducing functions from other B cell functions
in vivo. However, possibilities include antigen
presentation to T cells, costimulation of T
cells, and/or cytokine production.

Several studies have been performed that
demonstrate that specific antibody produc-
tion positively impacts protection against
PCP. In one study, normal immunocompe-
tent mice were immunized with live PC and
allowed to resolve the infection (Harmsen
et al., 1995). After documenting that an
antibody response had taken place, mice
were depleted of T cells and rechallenged
with PC organisms. Immunized mice were
completely resistant to infection, whereas T
cell depletion of naïve mice rendered them
susceptible to PCP (Harmsen et al., 1995).
This same strategy was used in IL-4 or
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IFN-γ knockout mice to demonstrate that
the IgG isotype, whether a Th1-biased
IgG2a or a Th2-biased IgG1 response, was
irrelevant for facilitating clearance of PC
(Fig. 14.2) (Garvy et al., 1997). Both IL-4
and IFN-γ-deficient mice resolved infection
utilizing different predominant IgG iso-
types. Interestingly, we also found that wild-
type mice generated a Th2-like antibody
response that was primarily IgG1, though a
T cell bias in the pulmonary response to PC
has not been reported (Garvy et al., 1997).

These results, in which immunosup-
pressed mice were protected from developing
PCP if they were immunized against whole
organisms prior to T cell suppression, have
led to further studies examining the potential
for immunotherapy for at-risk humans. These
could include individuals who are slated for
chemotherapy susceptible to PC infection for
a limited period of time. A whole cell vaccine
is unlikely, since we are unable to propagate
PC in culture systems. Therefore, some effort
has been made in identifying target antigens
expressed by PC. In an effort to identify the
repertoire of PC antigens recognized by anti-
body-secreting B cells, monoclonal antibody-
secreting hybridomas were produced from
draining lymph node cells isolated from PC-
infected and splenocyte-reconstituted SCID
mice (Gigliotti et al., 1998a). This strategy
yielded 54 hybridomas that secreted mono-
clonal antibodies specific for PC. Of these,
91% were specific for antigens other than
gpA. Most of these, 55%, reacted with a
50–65 kDa antigen. Similarly, Pascale et al.
(1999) demonstrated that intranasal immu-
nization with soluble PC antigens resulted in
a strong antibody response to a 55–65 kDa
antigen. This could be a homolog of the 55
kDa PC antigen that has been shown to elicit
a protective immune response in rats
(Smulian et al., 1993b). Interestingly, these
data suggest that gpA may be immunodomi-
nant when PC is used as a vaccine, however,
the antigenic targets for a protective response
are quite different when PCP is acquired by a
more natural route in the lungs. To confirm

this hypothesis, mice were immunized
intraperitoneally with gpA or whole PC,
resulting in comparable specific IgG responses
and then depleted of CD4 T cells and chal-
lenged with live organisms in the lungs
(Gigliotti et al., 1998b). Interestingly, mice
immunized with gpA were not protected from
subsequent PC challenge while mice immu-
nized with whole PC were (Gigliotti et al.,
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Figure 14.2. PC-specific antibody facilitates
clearance of organisms in the absence of CD4 T
cells. Wild type (C57Bl/6), IL-4 deficient (IL-4 −/−),
and IFN-γ deficient (IFN-γ −/−) mice were
infected with PC and allowed to resolve the infec-
tion. Mice were then depleted of CD4 T cells
using a monoclonal antibody and rechallenged
with PC organisms. Lung PC burdens were deter-
mined at day 21 postreinfection. CD4-depleted
naïve mice are shown for comparison. Numbers
over the bars represent the number of mice with-
out detectable lung PC burden/total number of
mice. Reprinted with permission from Infect.
Immun. 1997; 65: 5052–5056.



1998b). This is consistent with passive immu-
nization data that demonstrated that mono-
clonal antibodies specific for gpA have some
role in controlling the growth of PC organ-
isms, but are unable to facilitate complete
eradication of the organisms (Gigliotti and
Hughes, 1988; Gigliotti et al., 1996).

An important theme that continues to
emerge regarding the humoral immunity to
PC is that competent CD4+ T cells are
required for generating effective primary and
secondary antibody responses. This means
that even though we can identify the antigens
needed for effective vaccination, unless a
strategy is adopted that bypasses the need for
competent helper T cells, long-term protec-
tion from PCP is not possible. Recently this
issue was addressed by vaccinating CD4+ T
cell-deficient mice with bone marrow-derived
dendritic cells expressing CD40L and pulsed
with PC antigen (Zheng et al., 2001). This
strategy resulted in a protective humoral
response to PC characterized by IgG reactiv-
ity predominantly against a 55-kDa antigen
of PC (Zheng et al., 2001). This non-gpA
antigen is possibly the same antigen reported
previously to be immunodominant in protec-
tive responses to PC in mice and rats
(Smulian et al., 1993b; Gigliotti et al., 1998a;
Pascale et al., 1999). Notably, vaccination
was only effective if dendritic cells were
transduced with a CD40L-expressing aden-
oviral vector (Zheng et al., 2001) confirming
that the ligation of CD40 on B cells is critical
for generation of PC-specific class-switched
antibody.

5. Humoral Responses to PC
in Neonates

Exposure to PC occurs early in life as
evidenced by the fact that most individuals
have PC-specific serum antibodies by the
age of 4 years (Peglow et al., 1990). PCP
was originally identified in malnourished
infants (Burke and Good, 1973). More
recently, it has been recognized that a sig-
nificant proportion of otherwise healthy

young children carry PC organisms and
may acquire primary infections which are
asymptomatic or mildly symptomatic and
indistinguishable from other mild respira-
tory infections so common in young chil-
dren (Vargas et al., 1999, 2001). This could
be because even the developing immune sys-
tem is able to mount an effective immune
response to PC, which limits the extent of
infection, although there is very little data
in human infants regarding the develop-
ment of the host response to PC.

5.1. Maternal Antibody

Very young infants acquire antibody in
utero as well as through suckling and so it is
thought that infants are protected from a
number of infectious agents as long as they
have maternal antibody. Maternal antibody
begins to wane in human infants by about 6
months of age. In this regard, it was
reported that a foal with hypogammaglobu-
linemia presumably due to the lack of
colostrum from the dam, developed PCP
and died at 46 days of age (Tanaka et al.,
1994). In a murine model of PC infection,
dams were immunized with the organisms
prior to breeding and during gestation in
order to develop high PC-specific antibody
levels in both the blood and milk of the
dams (Garvy and Harmsen, 1996).
Offspring from the immunized dams were
infected with PC within 72 h of birth.
Neonatal mice from immunized dams had
elevated serum PC-specific antibody at day 2
postinfection compared to neonates from
naïve dams (Garvy and Harmsen, 1996).
Moreover, significant levels of PC-specific
IgG were found in the bronchial alveolar
lavage fluids of neonatal mice born to
immunized mothers (B.A. Garvy, unpub-
lished observations). Elevated antibody lev-
els corresponded to a 90% reduction of lung
PC burden between days 15 and 20 postin-
fection whereas there was no reduction on
lung burden over that time in mice from
naïve dams (Garvy and Harmsen, 1996).
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Even though maternal antibody facilitated
expedited clearance of PC, the response was
still slower than seen in immunized adult
mice and was similar to the kinetics of clear-
ance of adult naïve mice. This may have
been due to the lack of responsiveness of
neonatal alveolar macrophages to opsonized
organisms, an issue that has yet to be
resolved. These studies clearly show that
maternal antibody can play a significant role
in clearance of PC in neonates.

5.2. B Lymphocytes
and Antibody

Soulez et al. (1989) reported that wean-
ling rabbits develop spontaneous infection
with PC and that when they develop a
humoral response the organisms are cleared.
Consistent with this observation, serum
antibody levels are very low in PC-infected
neonatal mice as compared to infected
adults through about 5 weeks postinfection
(Garvy and Harmsen, 1996). Similarly, we
found PC-specific antibody secreting cells in
the draining lymph nodes of adult mice
between days 9 and 15 postinfection
whereas these cells were present at very low
frequencies in mice infected as newborns
until day 35 postinfection (B.A. Garvy and
A.G. Harmsen, unpublished observations).
Moreover, our attempts at generating PC-
specific antibody-secreting hybridomas
from draining lymph nodes isolated from
PC-infected neonatal mice have not been
successful perhaps indicative of slow devel-
opment of B cell responses in neonates
(B.A. Garvy and F. Gigliotti, unpublished
observations).

The appearance of PC-specific antibody
in mice infected as infants corresponds to
clearance of the organisms (Fig. 14.3) (Garvy
and Harmsen, 1996). This antibody response
was shown to be protective even when
6-weeks-old mice infected as neonates were
depleted of CD4+ cells and rechallenged with
PC. These animals had high levels of PC-spe-
cific IgG in the sera and cleared a second

challenge with PC in the absence of T cells
(B.A. Garvy and A.G. Harmsen, unpub-
lished observations). These studies are consis-
tent with the known importance of B cells
and antibody for protection against PC in
adults, however, it is still not clear as to why
there is a delay in the appearance of antibody
and antibody-secreting cells in neonatal mice.
One possibility is the lack of appropriate cos-
timulatory signals such as CD40L expressed
on T cells as discussed above. It is also possi-
ble that migration of B cells to the site of
infection is delayed. This could be due to the
lack of chemokine production or the inability
to upregulate adhesion molecules. These
issues are currently being examined.
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1. Introduction

The Candida species lead dual lives as
commensal passengers and as potential
agents of disease in the gastrointestinal (GI)
tracts of mammalian hosts. Their dual
nature has intrigued medical science for

many decades. Now, in the twenty-first cen-
tury, a better understanding of intestinal
ecology and mucosal immunology is start-
ing to piece together the puzzle of these
opportunistic pathogenic fungi.

Mucosal candidiasis in humans usually
occurs in the oral and vaginal cavities, while
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systemic infections occur from contamina-
tion of medical devices or invasion from the
microflora of the alimentary tract. Infections
restricted to GI tract tissues, which lead to
apparent morbidity, are not commonly
reported; however, humans can get intestinal
candidiasis when the endogenous microflora
is depleted by antimicrobial drug therapy
(Ruiz-Sánchez et al., 2002). Germfree mice
are also more susceptible to GI tract infec-
tions by Candida albicans than mice with a
conventional intestinal microflora (Wagner
et al., 1997). These studies agree with the con-
cept of colonization resistance by an intes-
tinal microflora that prevents infections by
enteric pathogens. In this report, intestinal
infection by Candida spp. will be defined as
invasion of the intestinal epithelium and
induction of inflammation, as apposed to
colonization, which is the persistence of fun-
gus in the GI tract.

Animal models of infection have been
very helpful in gaining an understanding of
the pathogenic mechanisms that may be at
work in human candidiasis (Wiesner et al.,
2001; Bendel et al., 2002). Like humans, mice
do not typically get severe intestinal infec-
tions with Candida spp., but they are suscep-
tible to esophageal and gastric candidiasis,
especially in the keratinized gastric antrum
(Wagner et al., 1997). The human stomach
does not have a keratinized epithelium and
gastric candidiasis is not generally found in
humans. However, candidiasis is often
described in the keratinized esophageal
epithelium of immunodeficient humans.

Apart from intestinal infections, the pres-
ence of Candida spp. in the GI tract may
induce other forms of disease. Human celiac
disease may be triggered by C. albicans
(Nieuwenhuizen et al., 2003). The C. albi-
cans hyphal wall protein 1 (HWP1) is
homologous to T cell epitopes involved in
celiac disease, which can initiate autoim-
mune disease by molecular mimicry.
Although Candida spp. have been found to
be involved in a variety of disorders collec-
tively named “Candida hypersensitivity syn-

drome,” analysis of accumulated research
has found no evidence in support of this
concept (Lacour et al., 2002).

The following sections of this chapter
will explore the host defense and microbial
ecological reasons why intestinal Candida
spp. infections in humans are rare, why
intestinal colonization by Candida spp. is
associated with many systemic infections,
and what is now known about host defenses
against Candida spp. in the GI tract.

2. Interactions of Candida spp.
with the GI Tract
Environment

When a Candida sp. yeast cell enters the
intestinal lumen, it interacts with the preex-
isting intestinal microflora, it may adhere to
the mucous layer that coats the epithelium,
or it may interact with cells of the host
epithelium and mucosal immune system.
These interactions may lead to several out-
comes for the yeast; it may pass on through
the GI tract without host cell contact, it may
interact with the immune system of the host
and establish either a defensive or tolerance
response, or it may be stimulated to germi-
nate into a hyphal morphology.

Various reports suggest that C. albicans
is a commensal in the GI tracts of 3% to
88% of normal immunocompetent people
(Lacour et al., 2002). Considering a median
incidence of 45% of people colonized with
Candida spp., obviously, the GI tract is a
significant point of contact between the fun-
gus and the host defenses. Even though
Candida spp. are often found in the GI tracts
of humans, confirmed mucosal infections
are rarely reported. Immunocompetent
humans are rarely diagnosed with intestinal
Candida sp. infections because of the diffi-
culty in obtaining a diagnosis by endo-
scopic biopsy (Lacour et al., 2002).
Presumably, intestinal candidiasis is not usu-
ally severe enough to require an endoscopic
examination.



A corollary to the previous statement is
intestinal candidiasis resulting from disrup-
tion of the barrier to Candida colonization
by the intestinal microflora after broad-
spectrum antibiotic treatments. In a recent
report, Ruiz-Sánchez et al. (2002) described
the case of an 8-year-old girl treated with
antimicrobials for a respiratory infection,
who developed a confirmed case of intes-
tinal candidiasis. Subsequent nystatin treat-
ment eliminated the infection.

Several steps appear to predispose a host
to GI tract candidiasis. The first step neces-
sary for GI tract candidiasis or intestinal
colonization is adhesion of the fungus to
mucous or epithelial cells. The mucous layer
is probably the first point of contact for a
Candida cell in the GI tract. The capacity for
binding of Candida spp. to intestinal mucin
correlates with colonization and virulence
(de Repentigny et al., 2000). In the latter
report, the more virulent strains, C. albicans,
C. tropicalis, and C. dublinensis, adhered
better to mucous than the less virulent
C. lusitaniae, C. krusei, and C. glabrata.
Mucous binding by Candida spp. appears to
be mediated by hydrophobic interactions,
rather than by specific mannose receptors,
which are used for adherence to epithelial
cells (de Repentigny et al., 2000).

Another factor in colonization and viru-
lence is the ability of Candida cells to sepa-
rate from bound mucin and attach to
epithelial cells. C. albicans produces a
secreted aspartic protease 2 (SAP2), which
degrades mucous and facilitates penetration
of the intestinal mucous layer to the epithe-
lium (Colina et al., 1996; de Repentigny
et al., 2000). Untreated AIDS patients usu-
ally develop mucocutaneous candidiasis, but
the therapeutic introduction of antiviral
HIV protease inhibitors serendipitously pre-
vents candidiasis, apparently by inhibition
of the SAP proteases secreted by C. albicans
(Bektic et al., 2001).

After mucous binding and penetration,
cells of Candida spp. can adhere to intestinal
epithelial cells (IEC). Several mechanisms

are used by C. albicans to adhere to IEC; in
one mechanism, C. albicans adheres to IEC
with the β-1,2-mannosides located on their
surfaces, which differ from the α-1,2-
mannosides present on most enteric com-
mensal bacteria (Dromer et al., 2002).
Another mechanism for adherence of C.
albicans to IEC is mediated by 15.7 kDa
receptors on the C. albicans cell surface that
can adhere to glycosphingolipids similar to
human H and A blood group antigens
(Cameron and Douglas, 1996). Adherence
of Candida spp. to epithelial cells or to arti-
ficial surfaces is also proportional to the
hydrophobicity of the surface (Panagoda
et al., 2001).

In mammalian immune systems, leuko-
cytes migrate from one tissue to another
under the control of surface adhesion recep-
tors called integrins. Integrin-like adhesion
molecules expressed on the surface of
C. albicans cells were first observed in a
complement-binding effect similar to the
E-rosetting of sheep erythrocytes, a test for
integrins (Hostetter, 1999). The C. albicans
INT1 gene product, which enhances binding
in the presence of bacterial endotoxin, medi-
ates colonization of the cecum in mice
(Bendel et al., 2000). The latter study sug-
gests that the presence of the indigenous
microflora can enhance the ability of
Candida spp. to colonize and infect the
intestinal tract. In contrast, germfree
immunocompetent mice are more suscepti-
ble to lethal candidiasis of endogenous ori-
gin than mice with bacteria in their GI tracts
(Wagner et al., 1996). This contrast indicates
that the specific roles of the indigenous
microflora still need to be elucidated.

After adhesion of Candida sp. to IEC, the
next step is tissue invasion, which may occur
by physical disruption of the epithelial bar-
rier by the fungus or by receptor-mediated
endocytosis across the epithelial monolayer
(Drago et al., 2000). A long debated concept
that C. albicans is a more invasive pathogen
in the hyphal form than the yeast form con-
tinues, but invasiveness by both forms has

Innate and Adaptive Immunity against Candida spp. Infections 305



been observed and discussed (Gow et al.,
2002). Both yeast and hyphal forms appear
to bind to the surface of enterocytes equally
well, mediated by the INT1 gene product
(Wiesner et al., 2002). In contrast, other
studies reported hyphae were more invasive,
requiring expression of the CDC24 gene
product for morphogenesis (Bassilana et al.,
2003). In the latter study, CDC24 gene-
deficient mutants of C. albicans were unable
to transform from blastospores to hyphae
and were also less invasive (Bassilana et al.,
2003). The debate will continue until the
pathogenic mechanisms of C. albicans are
more fully characterized.

3. Recruitment of
Host Defenses

If the host’s epithelial surface has been
breached and the immune system has been
challenged by Candida spp., a process is set
in motion to recruit the resources needed for
an effective protective immune response.
The first step in initiation of an immune
response is detection of Candida sp. antigens
and host cell-secreted molecules that indi-
cate the presence of damage to the epithe-
lial monolayer. Early recruitment of
inflammatory and immune responses is
mediated by chemokines and other mole-
cules. Enterocytes are the primary source of
the C–C chemokine macrophage inhibitory
protein-3α (MIP-3α) for the recruitment of
mononuclear cells (Fig. 15.1) to an intestinal
infection (Kwon et al., 2002). Interleukin-15
(IL-15) secretion by antigen-presenting cells
(APC) is an essential activation signal for
innate immune responses, where it is essen-
tial for the development and inhibition of
apoptosis in natural killer (NK) and natural
killer T (NKT) cells, TCRγδ+ intestinal
intraepithelial lymphocytes (IEL), and
macrophage and dendritic cells (DC) matu-
ration (Fig. 15.1) (Ohteki, 2002).

Complement-dependent anti-Candida
activation occurs, in part, by a lectin-

activated complement pathway. The mannans
present on the Candida sp. cell surface may be
bound by initiators of the complement cas-
cade. The collectin family member, mannose-
binding lectin-C (MBL), is produced by IEC
in mice and can activate the complement cas-
cade (Fig. 15.1) after binding to Candida sp.
surface mannans (Wagner et al., 2003).

After enterocytes, macrophages and DC
in the GI tract are among the first members
of the mucosal immune system to recognize
Candida spp. antigens and recruit other
immunological assets. DC are the predomi-
nant APC of Candida sp. antigens to
mucosal helper T cells (Fig. 15.1). DC
phagocytose Candida spp. via a mannose–
fucose receptor, without the need for
opsonization (Newman and Holly, 2001).

A fascinating phenomenon has been
reported for the ability of DC on the baso-
lateral side of an epithelial cell monolayer to
push dendrites or lammelapodia between
epithelial cell tight junctions in vitro, and
sample antigens on the apical side of the
monolayer (Rescigno et al., 2001). Studies
in vivo with mice have shown that DC do
not need to be associated with formally
organized lymphoid tissue to sample lumi-
nal antigens (Alpan et al., 2001).

Besides DC, the major type of cells that
sample antigens from the intestinal lumen is
the specialized Peyer’s patch microfold (M)
cell. Particles transported by M cells into the
subepithelial domes of Peyer’s patches are
readily engulfed by CD11c+ CD11b− CD8α−

(myeloid) DC. These DC are induced by
antigens to migrate to the B cell follicles and
parafollicular T cell zones within the Peyer’s
patches (Shreedhar et al., 2003). The lamina
propria of the human colon contains about
0.6% immature (CD11+ HLA-DR− lin−

CD40+ CD83low CD86low CD80− CD25−)
DC that spontaneously mature in vitro to a
CD40high CD83high CD86high CD80high phe-
notype (Bell et al., 2001). These matured
cells have low endocytic activity, but they
can stimulate mixed leukocyte reactions
in vitro.
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Viable C. albicans blastospores, but not
hyphae, induce DC adoptively transferred
into mice to direct a systemic TH1-type
cytokine response (d’Ostiani et al., 2000).
Fungal RNA from blastospores also
induces DC to elicit a protective immune
response (Bacci et al., 2002). One of the
integrins that help lymphocytes home to gut
tissue is integrin α4β7, which binds to the
MAdCAM-1 receptor in the intestinal tis-
sue. DC from the Peyer’s patches induce
high expression of integrin α4β7 on lym-
phocytes, regardless of where in the body (of

the mouse) they came from (Stagg et al.,
2002). This activity keeps recruited lympho-
cytes in the Peyer’s patches long enough to
become activated by Candida spp. antigens.

4. Inducing the Immune
Response to Candida spp.
in the Intestines

The DC appears to play a central role in
the recruitment and activation of effector
cells in the immune response to Candida spp.
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Invasion of intestinal epithelial cells (IEC) by Candida sp. initiates a cascade of activation that mobi-
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infection. Of the numerous toll-like recep-
tors (TLR) expressed on DC, some of the
receptors confer a more protective effect
against pathogens than others. Each type of
TLR recognizes a different type of micro-
bial surface antigen. DC expressing TLR4
present C. albicans antigens (Fig. 15.1), as
shown by increased susceptibility of TLR4
knockout mice to experimental candidiasis
(Netea et al., 2002). These DC also produce
the CXC chemokines KC and MIP-2, which
recruit macrophages and polymorphonu-
clear cells (PMN) to sites of Candida infec-
tions (Fig. 15.1).

When Candida antigens are detected by
DC and other APC, many other cells
involved in the immune response are acti-
vated. A large proportion of IEL in mice
(40–80%) express the CD8αα homodimer on
their surfaces (Marsal et al., 2002). These cells
also express either TcRαβ or TcRγδ on their
surfaces, as well. Most of them develop
extrathymically, perhaps in the intestines, and
they express the CCR9 chemokine receptor
that binds chemokine CCL25 (Marsal et al.,
2002). The CCL25 chemokine appears to be
important for the development and activation
of these cells (Fig. 15.1).

Costimulatory molecules involved in
antigen presentation to T cells, B7.1 (CD80),
B7.2 (CD86) on the APC and CD28 on the
T cell, have been evaluated for their roles in
resistance to intestinal candidiasis
(Montagnoli et al., 2002). Mice deficient in
CD86 and CD28 were less susceptible to
reinfection than CD80-deficient mice. The
expansion of CD4+ CD25+ regulatory T
cells in mesenteric lymph nodes (MLN) was
inhibited in the CD86- and CD28-deficient
mice. IL-10-producing DC activated by
C. albicans antigens were necessary for the
maturation of murine regulatory T cells,
which corresponded with reduced interferon
gamma (IFN-γ) production in the MLN.
These results imply that modulation of TH1-
mediated protective responses against
Candida spp. is an important part of the
protective immune response. The latter

results complicate the generally accepted
understanding that effective acquired cell-
mediated immunity (CMI) to GI tract can-
didiasis is induced by TH1-type helper T
cells (Bistoni et al., 1993). Future studies of
regulation at the initiation stages of
acquired GI tract immunity to Candida spp.
will be helpful in clarifying this apparent
contradiction.

5. The Coalition of Host
Defenses Activated against
Candida spp. in the GI Tract

5.1. Dendritic Cells

Although DC are very important as ini-
tiators of immune responses and for recruit-
ment of resources, they also function as
effector cells for fungal killing and regula-
tory cells to suppress and modulate the IR.
The β-D-glucans of C. albicans induce acti-
vation and IL-12 production by DC to levels
comparable with lipopolysaccharide activa-
tion (Kikuchi et al., 2002). The C-type lectin
DC-SIGN (CD209), which is involved in
viral binding by DC, is also capable of bind-
ing to C. albicans (Cambi et al., 2003).
Human DC and mouse DC kill Candida
cells by different mechanisms (Newman and
Holly, 2001). Human DC kill phagocytosed
Candida cells without dependence on super-
oxide or nitric oxide mechanisms (Newman
and Holly, 2001).

Some DC are derived from the peripheral
blood monocyte population. Human mono-
cyte-derived DC stimulated 48 h with IL-13
had increased phagocytic and candidacidal
activity against C. albicans blastoconidia
than at 2 h after IL-13 treatment (Katsifa
et al., 2001). Whether a DC responds
to Candida spp. antigens by initiating an
immune response or tolerance may be
determined by the environment it develops
in after being recruited from the blood cir-
culation.
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At least three populations of DC are rec-
ognized in the Peyer’s patches and given the
names myeloid if they are CD11b+ CD8α−,
lymphoid if they are CD11b− CD8α+, and
double negative (DN) if they are CD11b−

CD8α− (Iwasaki and Kelsall, 2001). The DN
DC are found predominantly in mucosal lym-
phoid sites, especially the follicle-associated
epithelium of the Peyer’s patches. The
myeloid DC secrete IL-4 and IL-10, but lym-
phoid and DN DC secrete IFN-γ (Fig. 15.1).
Antigen stimulates expression of IL-12p70
secretion by all three subsets. The cytokine
expression profiles suggest that myeloid DC
activate TH2-type and lymphoid DC stimu-
late TH1-type mucosal immune responses
(Iwasaki and Kelsall, 2001).

A long debate in fungal pathogenesis cir-
cles has ensued about whether hyphal mor-
photypes are more virulent than yeast
morphotypes. It is now becoming clearer
that the switch between yeast and hyphal
morphotypes affect whether DC mount an
immune response or induce tolerance of the
fungus’ presence (Romani et al., 2002).
There is a subset of DC in lymphoid organs
that are B220+ and have a toleragenic activ-
ity profile, but they can be stimulated by
some antigens to rapidly induce expression
of major histocompatibility complex
(MHC) and costimulatory molecules, and
produce IL-12 and IL-10 in a proinflamma-
tory manner (Martin et al., 2002). Further
study is needed to work out the relationship
between fungal morphotypes and tissue
location with respect to activation of immu-
nity or tolerance mediated by DC.

5.2. NK Cells

NK cells are cytotoxic lymphocytes that
are part of the innate immune response. In
general, NK cells appear to be important
parts of the intestinal mucosal immune sys-
tem. One study reports that intestinal intraep-
ithelial NK cells respond to IL-15 produced
by distressed IEC (Fig. 15.1) to induce apop-

tosis in the IEC, with a measurable increase in
NK cell production of Ly-49, NKG2, and
perforin effector molecules (Kinoshita et al.,
2002). The human intestinal epithelium con-
tains a subset of IEL that are CD3− and
express IFN-γ, tumor necrosis factor alpha
(TNF-α), and IL-2 that have NK cell activity
(León et al., 2003). Some of these cells are
CD8αα+, which is a possible marker of
extrathymic intestinal ontogeny often seen in
the IEL compartment. NK cells are impor-
tant initiators of immune responses by their
prodigious production of IFN-γ (Kawakami
et al., 2001).

Natural killer T cells (NKT cells)
restricted by the class I MHC antigen CD1d
recognize glycolipid antigens on the surfaces
of microorganisms early in an infection.
Their role in early innate immune recognition
of Candida infections in the GI tract has not
yet been reported, but CD1d-restricted NKT
cells recognize antigens similar to α-galactyl-
ceramide on the fungus Cryptococcus neofor-
mans (Kawakami et al., 2001). Early in vitro
studies suggested that NK cells were not fun-
gicidal (Zumino and Hudig, 1988). Later
studies that evaluated cytokine activation of
NK cells suggested that NK cells have anti-
fungal activity in vitro. When activated by IL-
2, NK1.1+ lymphocytes secrete IFN-γ, which
is associated with antifungal activity, but only
on blastospores (Mathews and Witek-
Janusek, 1998). Most of the studies of NK
antifungal activity have been done with anti-
body depletions of NK cells in vitro or with
immunodeficient mouse strains. Transgenic
epsilon 26 mice, lacking NK and T cell func-
tions, were susceptible to oroesophageal can-
didiasis, despite functional PMN and
macrophages (Balish et al., 2001). Specific
studies of NK cell antifungal activity in the
GI tract remain to be done.

5.3. Macrophages and PMN

Macrophages are more plentiful in the
lamina propria than DC, and their antifungal
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activity is enhanced by granulocyte-
macrophage colony-stimulating factor (GM-
CSF) (Gioulekas et al., 2001) and IL-13
(Katsifa et al., 2001). They are also stimulated
to higher anti-Candida activity by IFN-γ,
TNF-α, IL-12, and MIP-2 (Fig. 15.1) (Major
et al., 2002; Mansour and Levitz, 2002).

When a macrophage phagocytoses a
C. albicans cell, TLR in the macrophage cell
membrane are mobilized to mediate signals
that induce secretion of proinflammatory
cytokines. TNF-α expression by macrophages
is optimized by the activation of TLR4 (Li
and Cherayil, 2003). An adapter protein,
myeloid differentiation factor 88 (MyD88), is
involved in this signal transduction pathway,
as determined in studies with MyD88−/− mice
(Marr et al., 2003). The TNF-α expressed by
macrophages promotes influx of other
inflammatory cells.

When a C. albicans blastospore is
engulfed by a macrophage, it may change
into a pseudohyphal form and escape the
phagolysosome and burst out of the
macrophage as it grows. This process
appears to be initiated by nutrient starvation
of the yeast in the phagolysosome, which
activates glyoxylate cycle enzymes in a

search for alternate carbon sources (Lorenz
and Fink, 2002). When this happens, other
inflammatory cells recruited by TNF-α, are
needed to combat the fungus. Fungal sur-
vival within the phagolysosomes of DC or
macrophages appears to be dependent upon
whether internalization occurred by way of
mannose or CR3 receptors, with the latter
mechanism favoring survival (Romani et al.,
2002). However, these observations contrast
with the role of complement opsonization
long considered to enhance phagocytosis
and killing of Candida sp. by macrophages
and PMN.

The primary phagocytic/cytotoxic cells
involved in host defense against systemic
Candida infections are the PMN cells.
However, the importance of PMN for resist-
ance to GI tract infections is not clear. For
example, mice with the “beige” defect are
immunodeficient in macrophage and PMN
function, but do not succumb to lethal can-
didiasis after GI tract challenge (Cantorna
and Balish, 1991). The author has observed
increasing severity of gastric lesions in C. albi-
cans monoassociated beige mice over a period
of 14 days, suggesting that PMN are impor-
tant for reduced morbidity (Fig. 15.2). Since
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Figure 15.2. Severity of gastric candidiasis in immunodeficient mouse strains monoassociated with
Candida albicans. Mice were monoassociated with C. albicans and groups of four mice of each strain
were euthanized and scored for severity of gastric lesions at each time point (n = 80). The average sever-
ity scores are represented, with 0, no signs of disease to 4, most severe lesions with inflammation and
fungal tissue invasion. The CB-17 mice were immunocompetent controls, SCID mice have T cell-medi-
ated immune defects, Bg, beige defect mice have deficient phagocytic cell functions and Bg Nu, beige-
nude mice are athymic beige defect mice lacking T cell and phagocytic cell functions.



little work on GI infections in PMN-deficient
mice has been done, further study is needed to
assess the contributions of all the defensive
components present during an infection.

PMN conduct their antifungal activity by
an antibody-dependent cytotoxic mechanism.
C. albicans cells opsonized with antibody and
complement are readily phagocytosed and
killed by PMN, especially when costimulated
with granulocyte colony-stimulating factor
(G-CSF) (Fig. 15.1) (van Spriel et al., 2001).
PMN also produce defensins that are candi-
dacidal (Tran et al., 2002). PMN granules
containing oxidative and nonoxidative mole-
cules attack C. albicans pseudohyphae at the
cell membrane and on the cellular DNA early
in the candidacidal process (Christin et al.,
1997). C. albicans excretes a protease that pre-
vents opsonization of its cellular surface by
complement and antibodies, which reduces
the ability of PMN to destroy the fungus by
antibody-dependent cell-mediated cytotoxic-
ity (ADCC) (dos Santos et al., 2002). How the
host immune system copes with the conse-
quences of these defensive proteases is a fertile
area for further research.

5.4. T Cells

Studies in T cell-deficient mice showed
that T cells were essential for protection from
mucosal candidiasis (Balish et al., 1990).
Acquired mucosal immunity to Candida sp. is
regulated by helper T cells (TH) and appears
to also involve CD8+ T cells (Fig. 15.1). The
CD8+ population is partially thymic-derived
CD8αβ+ T cells, and partially extrathymic
(probably intestinal in origin) CD8αα+,
TCRαβ+, and TCRγδ+ T cells (Mysorekar
et al., 2002). The mechanism of action for the
CD8+ T cells is unclear, but appears to be acti-
vated by IL-2 and involve a non-MHC
restricted growth inhibition of Candida
hyphae (as shown with splenic T cells) (Beno
et al., 1995).

When the TH1/TH2 helper T cell paradigm
was popularized, initial studies indicated that

protective CMI to mucosal candidiasis was
promoted by TH1 cells derived from the
periphery or Peyer’s patches that express
IFN-γ and IL-2, but not TH2 cells that express
IL-4 and IL-10 (Bistoni et al., 1993). More
recently, the TH1/TH2 paradigm has become
an inadequate description of protective
immunity regulation in candidiasis. Although
IL-4 tends to drive TH2 type mucosal immune
responses, the lack of the cytokine in IL-4−/−

mice prevented complete CD4+ lymphocyte
activation and IFN-γ and IL-12 production
for a candidacidal TH1 response (Mencacci
et al., 1998).

A new class of T cell, the regulatory T
cell (TR), has been identified that may also
be involved in immunity to Candida sp.,
especially in the role of limiting immune
responsiveness. A T cell subset in the lamina
propria and TR1 cells in the IEL express the
CCR9 chemokine receptor and are CD4+.
They respond to anti-CD2 or anti-CD3
stimulation by producing IFN-γ and IL-10
(Papadakis et al., 2003). These cells act as
T-regulating cells that support antibody pro-
duction by naïve CD19+ B cells without
exogenous cytokines. These cells are present
in the peripheral blood of humans and may
exist as a link between the mucosal and sys-
temic immune systems (Papadakis et al.,
2003). A new regulatory paradigm will need
to be established that incorporates the roles
of T-regulatory cells and TH3 (TGF-β
expressing cells), which modulate immune
responses. We will then gain a better under-
standing of the conditions and mechanisms
that determine tolerance and response to
Candida sp. colonization and infection of
the GI tract.

5.5. Humoral Immunity

There has been a debate over the impor-
tance and role of humoral immunity in pro-
tection against candidiasis. B cell-deficient
mice that lack specific antibody production
are susceptible to disseminated candidiasis
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of endogenous (intestinal tract) origin, but
resistant to mucosal candidiasis (Wagner
et al., 1996). We concluded that CMI was
necessary for protection of mucosal sur-
faces, but humoral immunity was necessary
for resistance to systemic infections. This
was a surprising finding, since antibody-
dependent cytotoxic cell activity has tradi-
tionally been considered to be the main
mucosal defense against Candida sp.

Vaccination induces humoral immunity
against candidiasis, but only certain epi-
topes of Candida sp. antigens elicit protec-
tive antibodies (Casadevall et al., 2002).
Antibodies have numerous effects in defense
against candidiasis. Using monoclonal anti-
bodies, Moragues et al. (2003) determined
that antibodies block Candida sp. binding to
epithelial cells, inhibit germination of blas-
tospores to pseudohyphae, and also directly
mediate fungal killing.

Antibodies are produced by B cells in the
lamina propria and are bound by receptors
on the basolateral surfaces of IEC (Rojas
and Apodoca, 2002). The receptor pIgR
binds dimeric IgA and FcRn binds IgG. The
immunoglobulins are intracellularly tran-
scytosed for secretion into the intestinal
lumen at the apical (intestinal lumen) sur-
faces of the cells. Immunoglobulins can then
bind to Candida spp. cells and inhibit their
attachment to the epithelial cells. In support
of this mechanism, using B cell knockout
mice we observed enhanced fungal binding
to IEC in vivo, compared with immunocom-
petent mice (Wagner et al., 1996). Since
those mice were more susceptible to dissem-
inated candidiasis of endogenous origin, it
appears that antibodies are important for
resistance to IEC invasion.

5.6. Other Defense
Mechanisms

Small peptides produced by IEC and
myeloid cells called defensins (Fig. 15.1) have
antimicrobial activity against C. albicans

blastospores (Porter et al., 1997). Murine β-
defensin-3 (homologous to human β-
defensin-2) is produced by IEC and has
inhibitory activity on the growth of C. albi-
cans in vitro (Burd et al., 2002). The CC
chemokine CCL28 (Fig. 15.1) is expressed in
the colons, small intestines, and Peyer’s
patches of mice and is a ligand for the
CCR10 and CCR3 receptors on T cells. The
peptide itself is also candidacidal (Hieshima
et al., 2003). Migration-inhibitory factor-
related proteins MRP8 and MRP14 dimerize
to form calprotectin (Fig. 15.1), a dipeptide
produced by myeloid and epithelial cells that
inhibits C. albicans growth in a zinc-depend-
ent manner (Sohnle et al., 2000).

New defensins and other antifungal mol-
ecules secreted by host cells continue to be
discovered. These molecules provide excit-
ing opportunities for mechanistic research
and biotechnology products that may com-
pliment or replace current antifungal drug
therapy.

6. The Indigenous Intestinal
Microbiota affects Candida
spp. Colonization and the
Host Response to Fungal
Antigens

The mammalian host has numerous
allies in the defense against invasive Candida
spp. in the form of approximately 400 or
more species of the indigenous intestinal
microflora that collectively restrict coloniza-
tion by exogenous microorganisms (Jenkinson
and Douglas, 2002). Candidiasis of endoge-
nous origin is the title given to systemic
C. albicans infections that start from gut-
colonizing fungi. We have been able to
induce candidiasis of endogenous origin in
immunocompetent gnotobiotic mice that
lack an intestinal microflora (Wagner et al.,
1997). Prior colonization of gnotobiotic
mice with pure cultures of probiotic bacteria
reduced the incidence of candidiasis of
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endogenous origin. Treatment of conven-
tional mice with broad-spectrum antibiotics
can also induce candidiasis of endogenous
origin (Wiesner et al., 2001; Bendel et al.,
2002). These and many other studies
demonstrate that the intestinal microflora is
an important ally in a host’s resistance to
mucosal and systemic candidiasis.

The composition of the intestinal
microflora is modulated by host dietary
habits. Experiments with nondigestible (by
the host) oligosaccharides (NDO) of differ-
ent compositions show selective advantages
for some species of bacteria and fungi over
others (Hopkins and MacFarlane, 2003). It
is believed that feeding of NDO, also known
as prebiotics, can modify the composition of
the intestinal microflora to favor growth of
microbes with increased capacities for colo-
nization resistance.

There are several likely mechanisms that
contribute to colonization resistance against
Candida spp. One mechanism is direct
antimicrobial activity by bacteria against
Candida cells. For example, although not
generally considered part of the indigenous
intestinal microflora, Pseudomonas aerugi-
nosa forms biofilms on C. albicans hyphae,
but not blastospores in in vitro experiments
(Hogan and Kolter, 2002). In the latter
study, virulence factor deficient mutants of
P. aeruginosa exhibited decreased candidaci-
dal activity. These results indicate that some
bacteria can play a distinct and direct role in
control of C. albicans.

Another mechanism for the indigenous
microflora to affect host resistance to
Candida spp. is by immunomodulation. It is
not clear how commensal bacteria enhance
host defenses against Candida spp., since
many immunological parameters do not
appear to change with the presence of bac-
teria. For example, when germfree mice are
colonized with intestinal bacteria, the
peripheral CD3β+ CD8+ cytotoxic T cell
repertoire does not change (Bousso et al.,
2000). Also, lactic acid bacteria fed to mice
were not shown to change the proportions

of splenic or Peyer’s patch CD8+, B220+, or
IgA+, and IgM+ cells (Pestka et al., 2001).
However, another report claims that in
germfree mice, intestinal IEL with Thy 1.2−

CD3+ CD8+ CD4− phenotypes expand after
colonization with lactic acid bacteria (Link
et al., 1995). Lymphoproliferative activities
and production of antibodies to C. albicans
antigens are enhanced by the presence of
antigens from heat-killed probiotic bacteria
in immunocompetent mice (Wagner et al.,
2000b).

The intestinal microflora have an anti-
inflammatory influence on the mucosal
immune system that appears to reduce the
host response to Candida spp. under com-
mensal conditions. This immunomodulation
requires direct contact between some bacte-
ria species and the mucosal epithelium
(Neish et al., 2000). Microflora-associated
immunomodulation affects the IκB/NFκB
intracellular signaling pathways that are
involved in activation of proinflammatory
cytokine expression by IEC. The interaction
of bacteria and mucosal epithelium inhibits
the ubiquitination of IκB, preventing prote-
olytic degradation of the inhibitor for acti-
vation if NFκB and inhibits the cytokine
expression cascade that it initiates.

Since many of the effects of the intestinal
microflora appear to inhibit immune
responses, it is tempting to conclude that
bacteria promote immunological tolerance
of C. albicans rather than a strong immune
response. It is still unclear why the intestinal
microflora can induce host immune toler-
ance to Candida spp. and also prevent
enteric Candida infections. However, we
recently reported that the presence of probi-
otic bacteria in the GI tracts of mice-
modulated total antibody production to
C. albicans antigens, but increased the pro-
duction of some antibodies to specific
C. albicans antigens (Wagner et al., 2000a).
Much more study is needed to understand
the interactions between the indigenous
microflora, the host immune system, and
Candida spp.
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7. Modulation of the Immune
Response and Repair of
Damaged Intestinal Tissues

7.1. Regulation of Effector
Mechanisms

Once an immune response has been initi-
ated and the presence of Candida spp. in the
tissue has been eliminated, the immune
response must be terminated and tissue
repaired. Some signals come from the IEC.
For example, purified membranes from IEC
suppress TH1 and TH2 cytokine production
and proliferation of stimulated αβ and γδ T
cells in vitro (Yamamoto et al., 1998). Such
suppressive signals are important to main-
tain the homeostasis that prevents immunity
from becoming self-destructive.

Microbial surface molecules are recog-
nized by receptors on macrophages and acti-
vate inflammatory responses as part of the
innate immune system by signal transduc-
tion with the Janus kinase-signal transducer
and activator of transcription (JAK-STAT)
signal transduction pathway. This pathway
of signal transduction is modulated by sup-
pressor of cytokine signaling molecule-1
(SOCS-1) in the signal cascade (Nakagawa
et al., 2002). When IL-6 is encountered
by activated macrophages, SOCS-3 is
expressed, which inhibits inflammatory
cytokine expression through the JAK-STAT
signaling pathways (Lang et al., 2003).

The role of transforming growth factor-
beta (TGF-β1) produced by TH3 and T-regu-
latory (TR1) cells is to inactivate the
antigen-activated T cells without subsequent
apoptosis. The inactivated T cells can become
memory cells for reactivation in subsequent
immune responses to Candida sp. infections.
Not all T cells respond to TGF-β1 with the
same sensitivity (Kunzmann et al., 2003).

Antigens sampled from the intestinal
lumen may enter the lamina propria and are
presented to CD4+ cells residing there. Many
TR1 type (IL-10 secreting) regulatory T cells

in the lamina propria prevent inappropriate
inflammatory and autoimmune responses
occurring in the intestinal tract prompted by
microbial antigens from the intestinal lumen
(Cong et al., 2002). A CD4+ CD25+ subset of
regulatory T cells, appear to be reactive to
self-antigens and inhibit accumulation of
CD134L+ DC, suggesting that they are
involved in suppressing autoimmunity and
inflammatory processes (Singh et al., 2001).
Responses of TR1 cells to Candida sp. anti-
gens need to be evaluated for their role in
maintaining the commensal state.

Whether the mucosal immune system
responds to Candida antigens with a protec-
tive response or with anergy appears to be a
function of the APC involved. Human duo-
denal epithelial cells express MHC Class II
antigens that are capable of presenting anti-
gen to lymphocytes; however, they do not
express the important costimulatory mole-
cules CD40, CD80, or CD86 (Byrne et al.,
2002). The result of this type of antigen pres-
entation develops into a suppressive response
with the development of a TH3-type of regu-
latory response, characterized by CD4+ cells
that express TGF-β (Mowat, 2003).

7.2. Regulation of
Tissue Repair

After a Candida sp. has invaded tissue, ini-
tiated an immune response, and the infection
has been eliminated, the damaged intestinal
tissue must be repaired. Part of the repair
process is the normal rapid turnover of
epithelial cells in the intestines, and part of
the process requires specific tissue regenera-
tion mechanisms. One of the ways that
homeostasis of intestinal monolayer integrity
is maintained is by the constant movement of
new enterocytes along the extracellular
matrix from the crypts to the villus tips.
This process involves a coordination of
integrin molecules on the cell surfaces and
E-cadherin–actin cytoskeletal complexes
(Schreider et al., 2002). For tissue repair,
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enterocytes must detach from each other
and the basement membrane. This is
accomplished in part by release of β-catenin
from α-catenin and E-cadherin molecules
after tyrosine phosphorylation (Guo et al.,
2002).

Macrophages direct the repair process in
response to tissue damage. They phagocytose
damaged, necrotic, and apoptotic IEC and
secrete cytokines and chemokines to attract
the necessary support systems (Wilson,
1997). Macrophage migration inhibitory fac-
tor (MIF), involved in delayed-type hypersen-
sitivity (DTH) reactions and macrophage
activation, is also involved in chemotaxis of
keratinocytes and fibroblasts for wound heal-
ing (Nishihira, 2000).

An inflammatory process must occur
before tissue damage can be repaired.
Studies with IL-6 knockout mice show that
the secretion of IL-6 in the vicinity of the
wound is necessary in the early initiation of
the repair process (Gallucci et al., 2000).
Surgical anastomosis of bowel sections has
been a useful model to study the role of
immune effectors in the healing process. The
presence of activated macrophages improves
the tensile strength of the anastomoses, indi-
cating that they influence the quality of
intestinal tissue healing (Compton et al.,
1996). In the latter study, improved healing
was observed in the presence of macrophages
with suppressed expression of TGF-β and
platelet-derived growth factor (PDGF)
cytokines, indicating that some cytokines are
not conducive to the healing process.

In keratinized tissues, such as the gastric
antrum of the mouse, keratinocytes at a site
of tissue damage by Candida sp. infection
produce macrophage chemoattractant pro-
tein-1 (MCP-1) and later, macrophage
inflammatory protein-1 (MIP-1) that attract
macrophages to the damaged tissue
(Jackman et al., 2000). Keratinocytes also
secrete IL-18, which attracts PMN to a
wound site (Kämpfer et al., 2000). The
PMN secrete TNF-α that inhibits further
IL-18 production by the keratinocytes.

Restitution of the epithelial monolayer
after damage in an infection is enhanced
by IL-2 and IFN-γ secreted by PMN that
migrate into the damaged tissue (Cario et al.,
1999). These latter cells also secrete TGF-β
and TNF-α, neither of which appears to
enhance restitution of the epithelium.

Activated lymphocytes are primed with a
time bomb of apoptosis, so that they will
expire when their services are no longer
needed following an immune response. This
mechanism prevents autoimmunity and
chronic inflammatory problems. An activated
T cell requires constant stimulation by
cytokines that signal through the IL-2Rγ
chain (Crowston et al., 1997). In the presence
of fibroblasts, a 30 kDa soluble factor
inhibits T cell death to maintain an immune
response during tissue repair and healing
(Crowston et al., 1997). An example of the
ability of fibroblasts to overcome the normal
tendency of activated T cells to succumb to
apoptosis is revealed in rheumatoid arthritis,
where synovial fibroblasts can prevent apop-
tosis of T cells, even though the T cells have
low intracellular Bcl-2 and high Bcl-XL
expression, which is a proapoptotic pheno-
type (Crowston et al., 1997). Many compo-
nents of the immune system are involved in
the secondary role of tissue restitution after a
Candida sp. infection. These secondary func-
tions of immunity are vital to recovery of
health, but they have not been adequately
considered as part of host defense. Future
therapeutic approaches to mucosal candidia-
sis should consider the enhancement of
repair processes as a valid objective.

8. Conclusions

Although Candida spp. are rarely impli-
cated as etiological agents of enteritis, the
high frequency of colonization in the
human population suggests that Candida
spp. in the GI tract interact frequently with
the indigenous microflora and the defense
systems of the host. Infection of the human
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GI tract by Candida spp. is rare, because
these factors maintain a balance that favors
commensalism. Antimicrobial drug pertur-
bation of colonization resistance or severe
immunodeficiency can result in intestinal
candidiasis. Innate and acquired immune
systems function uniquely in the gut-associ-
ated lymphoid tissue (GALT), which
includes the Peyer’s patches, IEL, and lam-
ina propria compartments, to maintain a
balance between immunity and tolerance of
Candida cells present in the GI tract. Recent
studies reveal the importance of DC and
regulatory T cells for control of the host
response to the presence of Candida spp. in
the GI tract, adding them to the list of
immunological assets involved in anti-
Candida host defense. As more is learned
about the functions of these components
(DC, regulatory T cells, the intestinal
microflora) of the host response to Candida
spp., the contradictory reports regarding
immune regulation will be clarified. Further
study of the immune regulatory systems will
also clarify the long-standing debate over
the role of humoral immunity in antifungal
defense. Future studies of the interactions of
Candida spp., the indigenous microflora,
and the host in animal models will increase
our understanding of mucosal immunity
and how it maintains the balance between
activation of immune responses and toler-
ance toward Candida spp.
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1. Introduction

Vulvovaginal candidiasis (VVC) is a com-
mon mucosal infection caused by Candida
species that affects a significant number of
women predominantly in their reproductive
years (Kent, 1991; Sobel, 1992, 2002). In fact,
up to 75% of all women will experience at
least one lifetime episode of acute VVC
(Sobel, 1992, 2002). In 2002 alone women in
the US spent US$500 million in medications
to treat VVC, half of which was over the

counter medications (Consumer Health Care
Products Association, 2003). Candida albi-
cans is the causative agent in approximately
85% to 90% of VVC cases, followed by
C. glabrata and C. tropicalis as a distant third.
A host of other Candida species cause VVC
even less frequently (Sobel, 1992, 2002).

Acute VVC has several known predispos-
ing factors including antibiotic and high
estrogen oral contraceptive usage, hormone
replacement therapy, pregnancy, and uncon-
trolled diabetes mellitus (Sobel, 1988, 1992).



Recurrent VVC (RVVC) occurs in a small
subset of women (5–10%) and is defined as
having three or more episodes annually.
There are two forms of RVVC. Primary
RVVC is idiopathic with no known predis-
posing factors such as those identified for
acute VVC (Sobel, 1992). Secondary RVVC
is simply frequent episodes of acute VVC
because certain women cannot avoid certain
predisposing factors (i.e., diabetes mellitus,
hormone replacement therapy) (Vanden-
Bossche et al., 1992). Women with RVVC
generally respond to antifungal regimens
adequately with no resistance, but these reg-
imens do not prevent recurrence (Sobel,
1992). A summary of the epidemiology of
VVC and RVVC is shown in Table 16.1.
There is little evidence that antifungal resist-
ance plays a role in the pathogenesis of pri-
mary RVVC (Lynch et al., 1996). Instead,
susceptibility to primary RVVC is postu-
lated to be immune-based that until recently
embraced the concept that these women
experience repeated symptomatic episodes
as a result of some immunological defi-
ciency. However, host defense mechanisms

functioning at the vaginal mucosa are
poorly understood, not to mention those
specifically acting against C. albicans.
Accordingly, animal models of experimental
vaginal candidiasis have been employed to
investigate vaginal host defense mechanisms
against C. albicans. To date, much of these
data have come from both a mouse and rat
model, although recently a nonhuman pri-
mate model has also been explored.
Interestingly, the most recent data is begin-
ning to challenge some of the previous con-
cepts for susceptibility to infection.

Protective immunity against pathogenic
organisms may occur in the form of adap-
tive or acquired immunity. The protection
can be long-lived from as little as one expo-
sure to antigen or short-lived requiring
repeated antigen exposures, depending on
the strength of the memory response, and
can be induced by vaccination or in response
to the live organism. Protective immunity
may also only be partial, allowing the organ-
ism to colonize mucosal surfaces, but not
invade or cause disease. This graded protec-
tion can be in the form of innate or adaptive
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Table 16.1. Epidemiology and Factors Affecting Candida albicans Infection
at the Vaginal Mucosa

Percent of healthy individuals asymptomatically colonized by yeast species 
in the vagina 5–20%

Lifetime occurrence of at least one episode of vaginal candidiasis in 
healthy women 50–75%

Candida albicans as causative agent 85–90%
Predisposing factors for infection (acute VVC, secondary RVVC)

Antibiotics +++
High estrogen contraceptive therapy +
Steroids +
Chronic mucocutaneous candidiasis +/−
Chemotherapy
Lymphoma/hematologic malignancy +/−
Transplantation (allogeneic) +/−
AIDS +

Prevalence of recurrent infection in healthy women (HIV-negative)—
primary RVVC (idiopathic) 5%

Antifungal resistance Rare



immunity. Innate responses must be acti-
vated at each exposure since memory does
not exist. The adaptive response must be
tightly controlled by positive immunity and
tolerance or immunoregulation to allow for
asymptomatic colonization. If either of
these immune mechanisms (which may not
be mutually exclusive) is overwhelmed or
even dysfunctional, symptomatic infection
will ensue. Yet another mechanism is a
hyperresponse to the organism that over-
whelms the normal protection resulting in
symptoms. In such cases the infection is
actually host-mediated (synonomous with
autoimmunity) rather than organism medi-
ated. Protection against, or susceptibility to,
C. albicans vaginal infection falls into these
latter categories. This chapter will review the
innate and adaptive cell-mediated host
defense mechanisms acting at the vaginal
mucosa against C. albicans, including both
systemic and local mechanisms generated
from animal models as well as clinical stud-
ies. The chapter will conclude by exploring
interesting new hypotheses regarding mech-
anisms of resistance and susceptibility to
vaginitis from a recently established live
challenge model in humans.

2. Cell-Mediated Host
Defense against Vaginal
Candidiasis

Mucosal candidiasis includes oropharyn-
geal, esophageal, gastrointestinal, and vagi-
nal infections. Prior to the AIDS epidemic,
all mucosal sites were grouped together and
as such considered equally susceptible to
infection. Thus, early hypotheses for studies
involving susceptibility to primary RVVC
were borne from this broad definition.
Accordingly, since mucosal candidiasis
occurred most frequently in those with T
cell immunosuppression (Clift, 1984; Klein
et al., 1984; Samaranayake, 1992) and exper-
imental models also showed a strong role for
T cells against candidal infections (Romani

et al., 1996; Mathews and Witek-Janusek,
2002; Sohnle et al., 2002), cell-mediated
immunity (CMI) became the center of all
hypotheses to explain RVVC. The following
is a history of the evolution of the studies to
uncover the innate and adaptive cell-
mediated host defenses against vaginitis
and the proposed immune deficiencies/
dysfunctions in those with primary RVVC.

2.1. Role of Adaptive CMI

2.1.1. Early Clinical Studies

The majority of early clinical studies
tested women with primary RVVC and nor-
mal healthy women for systemic Candida-
specific CMI, but these studies have not
been without controversy. In a comprehen-
sive study from our laboratory, we showed
that although some primary RVVC patients
may experience a loss in Candida-specific
cutaneous skin test reactivity, the majority
of RVVC patients, both during symptomatic
infections and infection-free periods of
remission, had normal levels of Candida-
specific systemic CMI detected by both
peripheral blood lymphocyte (PBL) prolif-
eration and cytokine expression (Fidel et al.,
1993a). Interestingly, not only was the sys-
temic CMI response present in RVVC
patients, the cytokine expression was identi-
fied as the CD4+ Th1-type (IL-2, IFN-γ,
and IL-12) known to be associated with
resistance to candidiasis (Romani et al.,
1991, 1993; Cenci et al., 1995). We con-
cluded from these results that the immune
dysfunction/deficiency, if present in RVVC
patients, was at the local rather than sys-
temic level and that the loss of Candida-spe-
cific skin test reactivity was the result rather
than a cause of infection (Fidel et al., 1993a).
However, studies previous to this examined
solely delayed cutaneous skin test responses
and/or PBL proliferative responses showed
that women with RVVC had some form of
impairment of systemic CMI (Hobbs et al.,
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1977; Witkin, 1986; Witkin et al., 1986;
Fong et al., 1992) either at the T cell or
macrophage level, or had no detectable
defect (Syverson et al., 1979; Fong et al.,
1992; Mendling and Koldovsky, 1996). The
controversy continues into the present with
a limited number of additional studies that
examined Candida-specific CMI (lympho-
cyte proliferation, cytokine production).
One described a dysfunction in proliferation
and interferon gamma (IFN-γ) and tumor
necrosis factor alpha (TNF-α) production
during acute episodes of RVVC that was
restored in remission (Nawrot et al., 2000).
A second reported reduced responsiveness
in RVVC patients during the follicular phase
of the menstrual cycle (least influence of
hormones) (Corrigan et al., 1998). While it
is unclear what significance the latter study
carries since most women with RVVC do
not show a pattern of episodic recurrences
during the follicular stage of the menstrual
cycle, it does emphasize that stage of the
menstrual cycle should be taken into
account when examining local or systemic
immune reactivity to C. albicans. These data
also confirm the systemic cytokine profile in
response to Candida antigen, that in all stud-
ies to date show that control women and
RVVC patients have some level of Th1-type
responses in the virtual absence of Th2-
type responses (Fidel et al., 1993a, 1997a;
Corrigan et al., 1998). Our results specifi-
cally showing that most episodes of RVVC
occur in the presence of normal levels of
Candida-specific Th1-type CMI correlate
with two relevant clinical observations;
women with RVVC are generally not suscep-
tible to oral, esophageal, or other forms of
cutaneous candidiasis (Sobel, 1988), and
women with CMC are rarely susceptible to
RVVC (Odds, 1988). Based on this informa-
tion, we postulated that the proposed
immune deficiency in RVVC patients is pri-
marily localized to the vaginal mucosa and
does not involve systemic CMI.

The lack of effects of systemic CMI at
the vaginal mucosa appears to extend as well

to the HIV patient although again the stud-
ies are not without controversy. Some
reports have suggested both that vaginitis is
more common in the HIV patient and the
incidence of infection increases as the CD4
cell counts decrease (Spinillo et al., 1994;
Burns et al., 1997; Duerr et al., 1997). In
contrast, other reports have suggested that
vaginitis is not more common in the HIV+ or
AIDS patients than in HIV− women (Clark
et al., 1995; White, 1996; Schuman et al.,
1998; Leigh et al., 2001), or at least does not
correlate with decreased CD4 cell counts if
present (Rhoads et al., 1987; Imam et al.,
1990). These discordant results likely stem
from the lack of appropriate control groups.
For example, comparing parameters
between HIV+ and HIV− individuals require
several matched groups, including age and
associated behavioral risk factors. However,
the design of too many studies failed to also
include an unmatched control group that
can be used to identify true baseline levels.
Additionally, the lack of knowledge of host
defense mechanisms important for protec-
tion against vaginal candidiasis has ham-
pered our ability to adequately interpret
data from the clinical studies. Nevertheless,
the controversy itself indicated that the
effects of HIV and systemic immunocom-
promising conditions on the vaginal mucosa
is different from that observed at the oral
mucosa where it is quite clear that reduced
blood CD4 cell counts correlate with
increased incidence of oropharyngeal and
esophageal candidiasis (Knight and
Fletcher, 1971; Klein et al., 1984; Imam
et al., 1990; Samaranayake, 1992). A study
conducted in our laboratory that examined
Candida-specific systemic CMI in HIV+

women with or without VVC showed that
although delayed cutaneous skin test reac-
tivity to Candida antigen was reduced in
HIV+ women with <200 CD4 cells/µl, there
was no correlation of reduced skin test reac-
tivity to VVC. Furthermore, PBL prolifera-
tion and Th1/Th2 cytokine production in
response to Candida antigens was relatively
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similar in HIV+ women with or without
symptomatic VVC with the exception of one
cytokine, IFN-γ, that was reduced in
HIV+VVC+ women compared to HIV−

women (Leigh et al., 2001). This provides
yet another example for the virtual lack of
any role for Candida-specific systemic CMI
against vaginal C. albicans infections.

2.1.2. Early Studies in Animal
Models

The majority of studies to date have
employed rodent models of experimental
vaginitis. These models require that the ani-
mals be in a state of pseudoestrus to obtain
a persistent infection that can be studied for
immunological or therapeutic purposes
(Ryley and McGregor, 1986; Fidel et al.,
1993b; Valentin et al., 1993). Estrogen con-
verts vaginal columnar epithelium to thick
stratified squamous epithelium and
increases glycogen content and growth sub-
strates, all of which increase the avidity of
the yeast for the tissue and enhances growth
of the yeast (Kinsman and Collard, 1986).
Animals are usually treated subcutaneously
with estradiol (0.2–0.5 mg/rodent) 48–72 h
before vaginal inoculation although a simi-
lar infection can be achieved if estrogen is
administered several days postinoculation
(Fidel et al., 2000). The inoculum consists of
a stationary phase C. albicans culture given
intravaginally in a small volume of phos-
phate-buffered saline (PBS). The vaginal
infection resulting from this pseudoestrus
state is usually persistent in mice (>104

CFU) lasting for weeks as long as the hor-
monal condition is maintained (Fidel et al.,
2000). In rats, however, the infection sponta-
neously resolves (<103 CFU) in 3 to 4
despite the maintenance of pseudoestrus
(De Bernardis et al., 2000). The experimen-
tal infection is usually monitored by quanti-
tative vaginal lavage culture or micropipet
culture (Fidel et al., 1993b; Cassone et al.,
1995). The vaginal fungal burden in colony-
forming units (CFU) is then used as a meas-

ure of the level of infectivity. Animals can be
sampled independently over time or longitu-
dinally. One interesting caveat of the rodents
is their general resistance to yeast coloniza-
tion and subsequent lack of C. albicans-
derived immune sensitization (delayed-type
hypersensitivity (DTH), lymphocyte
responses) to C. albicans antigen in the naïve
state. Additionally, the vaginal pH of
rodents is significantly higher (7–9) com-
pared to that of the human vagina (4–4.5).

Because of the apparent limitations of
the rodent model, nonhuman primates have
been considered as an alternative model to
study pathogenesis of human C. albicans
vaginal infection. As in humans, both rhesus
and pigtailed macaques were found to have
detectable yeast colonization at mucosal
sites and evidence of positive immune
sensitization at both the local mucosal and
systemic levels (Candida-specific PBL
responses, Candida-specific vaginal anti-
body expression, and vaginal-associated
cytokine expression) (Steele et al., 1999b).
However, only the rhesus macaques were
susceptible to an experimental C. albicans
vaginal infection, either untreated, after
antibiotic-mediated reduction of normal
vaginal flora, or following the induction of a
state of estrus. In each case, although the
experimental vaginal infection resolved
spontaneously in some animals, most had to
be treated with topical antifungal agents.
Figure 16.1 shows a typical progression of
an experimental C. albicans vaginal infec-
tion in mice, rats, and macaques.

Animal studies were initially designed
and conducted to evaluate the role of sys-
temic CMI against vaginal candidiasis. In
our laboratory, recognizing that a systemic
Th1-type response was generated in mice as
a result of a vaginal C. albicans infection
and that this response had also been
reported to be associated with protection
against systemic and mucosal C. albicans
infection (Romani et al., 1991, 1993; Cenci
et al., 1995), preinduced Candida-specific
systemic CMI was evaluated with regard to
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impact on vaginal Candida burden during
experimental Candida vaginitis. Results
showed, however, that in this model system,
neither CD4+ Th1-type CMI nor the pres-
ence of Candida-specific suppressor T cells
that suppressed the infection-induced DTH
reactivity had any effect on vaginal fungal
titers (Fidel et al., 1994). These results were

the first experimental evidence that systemic
CMI expressed in the peripheral circulation
may not represent a dominant host defense
mechanism at the vaginal mucosa. Partial
protection against vaginitis was, however,
achieved in animals given a second inocula-
tion of C. albicans following the sponta-
neous resolution of a primary infection in
the absence of estrogen (Fidel et al., 1995b).
Interestingly, although anamnestic DTH
occurred during the secondary infection,
suppression of this systemic Th1-type reac-
tivity, either by Candida-specific suppressor
T cells or depletion of all systemic CD4+

cells, had no effect on the protection against
vaginitis (Fidel et al., 1995b), providing
additional evidence that systemic CMI had
a limited role in protection against vaginal
candidiasis. Also in support of this, we
showed that mice either resistant or suscep-
tible to systemic C. albicans infection
(Hector et al., 1982) were equally susceptible
to vaginitis and could equally be partially
protected against a second vaginal infection
(Fidel et al., 1995a). This was supported fur-
ther by another study that employed six dif-
ferent strains of mice representing four
haplotypes (Black et al., 1999a). We con-
cluded from these studies that some form of
locally acquired mucosal immunity, T cell
and/or antibody-mediated, was responsible
for protecting mice against vaginal C. albi-
cans infection and that the vaginal mucosa
had some level of immunological independ-
ence or immune compartmentalization. In
support of the concept of immune compart-
mentalization, complement-fixing antibod-
ies specific for T cells given intravenously to
mice-depleted T cells in the periphery, but
not in the vagina, whereas intravaginal
administration of the same antibodies
depleted T cells in both the vagina and the
periphery (Fidel et al., 1997b). Additionally,
adoptive transfer of Candida-sensitized T
cells into T cell-deficient (nude) mice had no
effect on vaginitis (Black et al., 1999b).
Despite this overwhelming evidence for a
lack of effects of systemic responses against
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Figure 16.1. Experimental C. albicans vaginitis
in mice (A), rats (B), and primates (C). Mice,
oophorectomized rats, and rhesus macaques were
inoculated intravaginally with C. albicans blasto-
conidia with or without exogenous estrogen treat-
ment. Quantitative vaginal lavages were used to
quantify the vaginal fungal burden over time. Rats
and primates were tested longitudinally, while
separate mice were tested at each time interval.
Reproduced with the permission of ASM Press.



a vaginal C. albicans infection, a group has
recently described T cell-mediated protection
against vaginitis by systemic immunization in
a particular strain of mice (Mulero-
Marchese et al., 1998, 1999). Although it is
unclear what type of immunity was gener-
ated (Th1/Th2), this suggests that under
some circumstances (i.e., genetic back-
ground, antigen), systemic responses may
have some effect on the vaginal mucosa.
These studies, however, reflect a minority
view of the protective role of systemic CMI.

In light of little evidence suggesting a
role for systemic CMI against C. albicans
vaginal infection, subsequent studies
focused on the presence of T cell subpopu-
lations at the vaginal mucosa and the role of
local CMI against vaginal C. albicans infec-
tion. The murine vaginal mucosa, while not
containing organized lymphoid areas as that
in the gastrointestinal (GI) tract (i.e., Peyer’s
patches, tonsils), nevertheless has all the
necessary components for competent adap-
tive immune responses. This includes
immunoglobulin expression, T cells, and
major histocompatibility complex (MHC)
class II+ cells (i.e., Langerhan’s cells,
macrophages, epithelial cells) to serve as
antigen-presenting cells (Parr and Parr,
1990; Parr et al., 1991). Of critical impor-
tance, several investigators report that vagi-
nal lymphocytes in mice are phenotypically
distinct from those in the periphery (Itohara
et al., 1990; Nandi and Allison, 1991;
Ibraghimov et al., 1995; Fidel et al., 1996).
Similar observations have been made in
humans (Inghirami et al., 1990; Hladik
et al., 1999; Johansson et al., 2000). In mice,
flow cytometric data showed that although
CD4+, α/β TCR+ cells predominate the T
cell repertoire at the vaginal mucosa in a
manner similar to lymph node cells or PBLs,
there exists a 5- to 40-fold higher percentage
of γ/δ TCR+ cells (15–50%) (Itohara et al.,
1990; Nandi and Allison, 1991; Ibraghimov
et al., 1995; Fidel et al., 1996) and very few
if any CD8+ cells (normally 20% in blood)
(Fidel et al., 1996). In humans, the ratio of

α/β and γ/δ T cells are similar to mice
(Inghirami et al., 1990; Hladik et al., 1999),
but there are abundant CD8+ T cells (Hladik
et al., 1999) that have cytotoxic T lympho-
cytes (CTL) function (White et al., 1997).
Similar findings have been reported in
nonhuman primates (Miller et al., 1992;
Lohman et al., 1995). These observations
further support the concept of immunologi-
cal independence or compartmentalization
of vaginal T cells.

Through several independent studies
(i.e., flow cytometry, immunohistochem-
istry, and RT-PCR), our laboratory has evi-
dence suggesting that murine vaginal CD4+

T cells atypically express the CD4 protein
compared to their systemic counterparts in
peripheral blood or lymph nodes. This was
first observed by the differential recognition
of epitope-distinct anti-CD4 antibodies
under nondenatured conditions (Fidel et al.,
1996). A similar atypical expression of the
CD4 protein on the vaginal cells was
observed in situ using the intravaginal
administration of complement-fixing anti-
bodies (Fidel et al., 1996). Evidence for the
masking of the N-terminus epitope of
the CD4 protein, or rather the absence
of the epitope, came from positive and neg-
ative immunohistochemical staining of
collagenase-treated vaginal cells under dena-
tured and nondenatured conditions, respec-
tively, using anti-CD4 antibodies directed to
the N-terminus (Wormley et al., 2000). The
uniqueness of the murine vaginal CD4 pro-
tein was also found to extend to the level of
transcription (Wormley et al., 2000). The
inability to amplify CD4 mRNA from a
purified population of the unique CD4+

vaginal lymphocytes confirmed the absence
of CD4 mRNA in the cells. Possibilities for
the presence of the atypical CD4 protein on
vaginal CD4+ T cells include differential
splicing or a passive acquisition from a
source or soluble CD4 in the tissue.

The ultimate question then became
whether this unique CD4 protein was specific
to the vagina as opposed to other mucosal
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tissues, and whether or not a similar unique
CD4 protein is present in human vaginal tis-
sue. Unfortunately, the expression was found
to be unique to the murine vagina and possi-
bly to mice alone as the unique expression
of CD4 has not been observed on human
vaginal CD4+ T cells (Fidel et al., 2001).

During the same time interesting proper-
ties were being uncovered for vaginal γ/δ T
cells. In contrast to γ/δ T cells at other
mucosal sites, the γ/δ T cells in the vaginal
mucosa of mice express a homogenous
Vγ4/Vδ1 TCR lacking N-region junctional
diversity (Nandi and Allison, 1991; Rakasz
et al., 1997). Although all γ/δ T cells share a
limited repertoire of antigenic recognition,
the site-specific phenotype of the vaginal
γ/δ T cells implies compartmentalization
and the potential for unique function(s).
Furthermore, the murine vaginal γ/δ T cells
lack both CD2 and CD28, two potent cos-
timulatory signals, but show an effector phe-
notype with the expression of CD44,
CD45RB, and LFA-1 (Rakasz et al., 1996,
1997). These cells too can be expanded by
the intravenous injection of pan anti-γδ
TCR antibodies (Rakasz et al., 1996). Taken
together, it appears that both types of T cells
in the murine vaginal mucosa are phenotyp-
ically and potentially functionally distinct
from their peripheral and other mucosal tis-
sue counterparts.

2.1.3. Later Animal Studies

In light of the vaginal mucosal of mice
and humans showing significant independ-
ence and compartmentalization, the next
series of studies were designed to evaluate
potential changes in vaginal T cells during a
C. albicans experimental infection. Previous
to this, the only studies that examined the
role of local T cells during vaginitis were by
Balish and coworkers. In these studies,
immunodeficient mice were used to study
the natural history of Candida vaginal infec-
tions (Cantorna et al., 1990). The nude
strain of mice deficient in T cells (nu/nu)

showed no increase in susceptibility to
vaginitis compared to the immunocompe-
tent controls. However, since the animals
were not maintained in a state of pseu-
doestrus and vaginal T cells were not evalu-
ated, it is difficult to interpret these findings.
Recently, however, these studies were repeated
under pseudoestrus conditions with similar
findings (Black et al., 1999b; Wormley et al.,
2003). With regard to the role of γ/δ T cells,
a study showed that mice depleted of γ/δ T
cells had an increased susceptibility to
vaginitis, suggesting a potential role for
these cells as a first-line defense mechanism
(Jones-Carson et al., 1995). In stark contrast
to this, however, δ-chain TCR knockout
mice are more resistant to vaginitis suggest-
ing a tolerance role for vaginal γ/δ T cells
(Wormley et al., 2001b). Clearly more
investigation is required to fully understand
the role of these vaginal T cells against
Candida.

Studies to examine changes in vaginal T
cells using flow cytometry, immunohisto-
chemistry, and RT-PCR, all showed little
evidence for modulation of α/β or γ/δ vagi-
nal T cells during either primary or second-
ary experimental vaginal C. albicans
infections, and no evidence for systemic T
cell infiltration during a vaginal Candida
infection (Fidel et al., 1999). These results
are consistent with those from the immun-
odeficient or knockout mice (Cantorna
et al., 1990; Black et al., 1999b) as well as the
systemic immune studies in immunocompe-
tent mice (Fidel et al., 1994, 1995a–c). This
lack of responsiveness to Candida infection
is in direct contrast to comprehensive stud-
ies conducted in a murine model of a genital
Chlamydia trachomatis or herpes simplex
virus (HSV)-2 infection where significant
activity by CD4+ T cells has been reported
(Kelly and Rank, 1997; Parr and Parr, 1997,
1998). Interestingly, a study examining a
dual infection with Candida and Chlamydia
showed a complete independence of
“responsiveness” in the upper genital tract
(Chlamydia) and “lack of responsiveness” in
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the lower tract (Candida) (Kelly et al., 2001),
revealing the complexity of genital tract
immunity.

Experimental studies that followed focused
on local cytokines and chemokines during
infection to better understand the lack of
vaginal responsiveness to C. albicans.
Examination of chemokines showed that
MCP-1 (chemotactic for macrophages and T
cells) was increased in the vaginal mucosa dur-
ing infection and MIP-2 (chemotactic for neu-
trophils) was constitutively expressed at high
levels in the vagina (Saavedra et al., 1999).
Furthermore, in vivo neutralization of MCP-
1 with anti-MCP-1 antibodies resulted in
increased vaginal fungal burden suggesting
some role for the chemokine in the host
response. However, elevated levels of MCP-1
did not result in any demonstrable increases in
T cells or macrophages in vaginal lavage fluid
(previously well shown in vaginal tissue (Fidel
et al., 1999)). Thus, either MCP-1 was playing
a role independent of chemotaxis or it was
being regulated such that a stronger function
was prohibited. When local Th1/Th2
cytokines were evaluated, high constitutive
levels of transforming growth factor-beta
(TGF-β) were found whereas other Th1/Th2
cytokines (i.e., IL-2, IFN-γ, IL-12, IL-4, IL-
10) were low or undetectable (Taylor et al.,
2000). During pseudoestrus and/or infection,
TGF-β, but not the other cytokines, was tran-
siently increased. Furthermore, TGF-β was
significantly higher in the lower genital tract
than in the upper genital tract. These results
suggested a possible Th3-type condition
where TGF-β contributes to immunoregula-
tion or tolerance in the tissue. This repre-
sented a possible explanation for the lack of
responsiveness in the vagina during a Candida
infection. Furthermore, since TGF-β inhibits
chemokine receptors (Sallusto et al., 1998), its
presence may also explain the lack of stronger
effects by MCP-1 during infection (Saavedra
et al., 1999).

A final series of studies in mice evaluated
adhesion molecules on the vaginal epithelium
and T cells in the draining lymph nodes.

Results showed that while the appropri-
ate adhesion molecules (mucosal addressin
cell adhesion molecule (MAdCAM), vascular
adhesion molecule (VCAM-1)) were upregu-
lated as expected on the surface on the vagi-
nal epithelium following infection, the T cells
with the reciprocal homing receptors (α4β1,
α4β7) were being decreased in the lymph
nodes, possibly by circulating out or apopto-
sis (Wormley et al., 2001a). This served as an
explanation for the lack of any T cell infiltra-
tion into the vagina during infection.
Interestingly, the draining lymph nodes of
infected mice contained a considerable num-
ber of CD4+CD25+ T cells, that although
once considered activated T cells, are now
considered to be regulatory T (Treg) cells with
profound suppressive capabilities (Baecher-
Allan et al., 2001; Ermann et al., 2001;
Jonuleit and Schmitt, 2003), potentially
involving TGF-β (Yamagiwa et al., 2000;
Nakamura et al., 2001). Thus, the over-
whelming conclusion from the animal model
studies is that CMI is not protective against
C. albicans at the vaginal mucosa due to local
and systemic immunoregulation.

In contrast to these results in mice, a recent
study in the rat model revealed quite different
findings. Although the rat model has been
used predominantly to study the role of
humoral immunity against vaginal C. albicans
infection, the same model was most recently
used to examine the role of T cells during an
infection (De Bernardis et al., 2000; Santoni
et al., 2002). As mentioned earlier, an impor-
tant difference between the rat and mouse
model is the fact that under a state of pseu-
doestrus, the infection in rats resolves sponta-
neously over a 2 to 3-week period (De
Bernardis et al., 2000), while the infection in
mice remains persistent for several weeks
(Fidel et al., 1993b,c) (Fig. 16.1). With this
fact in mind, although the relative percentages
of vaginal-associated T cells was similar in
rats and mice (infected or uninfected), signifi-
cant numbers of CD8+ T cells were identified
in the rat vagina similar to humans (Hladik
et al., 1999). During successive infections, the
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protection was enhanced indicative of a sec-
ondary response together with a change in the
ratio of CD4:CD8 cells with increases in
CD4+ α/β T cells. Additionally, Th1-type
cytokines (IL-12, IL-2, and IFN-γ) in vaginal
lavage fluid increased as well during the infec-
tions and vaginal lymphocytes, but not
draining lymph nodes, from infected rats pro-
liferated in vitro to Candida antigen (De
Bernardis et al., 2000). Finally, vaginal CD4+

and to a lesser extent CD8+ T cells, but not
lymph node cells, transferred protection to
naïve animals (Santoni et al., 2002) indicating
an extremely restricted local response com-
pared to the predominant systemic respon-
siveness with little evidence for a local CMI
response in mice (Fidel et al., 1999; Saavedra
et al., 1999; Taylor et al., 2000). These results
are consistent with the relative outcomes for
each. Furthermore, based on these results it
would not appear that the immunoregulation
or tolerance predicted in mice and humans is
operative in the rat.

In uninfected nonhuman primates, a Th2-
type cytokine profile was observed in vaginal
secretions (cervicovaginal lavage fluid) pre-
dominated by IL-4 and IL-10 (Steele et al.,
1999b). Under estrogen and infected condi-
tions (rhesus) the vaginal-associated
cytokines declined, suggesting a potential
protective role of Th2-type cytokines.
However, a similar profile was observed in
pigtailed macaques that were resistant to
infection (Steele et al., 1999b). Clearly, these
models are quite distinct with respect to local
immunity during an infection. Although dis-
parate, each may serve in their own right to
elucidate aspects of the host response(s) to
vaginal C. albicans infection.

2.1.4. Later Clinical Studies

Subsequent clinical studies evaluated the
presence of cytokines/chemokines in vaginal
secretions. In keeping with the general view
that CD4+ Th1- and Th2-type cellular reac-
tivity was associated with resistance and sus-
ceptibility, respectively, to Candida infection

at other mucosal sites (i.e., oral, gastrointesti-
nal) (Romani et al., 1991, 1993; Cenci et al.,
1995), we evaluated Th1-(IL-2, IL-12, IFN-γ)
and Th2-type (IL-4, IL-5, IL-10) cytokines
in vaginal lavage fluid from women with
primary RVVC (Fidel et al., 1997a).
Interestingly, we found a constitutive pres-
ence of Th1-type, but not Th2-type,
cytokines in cervicovaginal lavage fluid of
normal healthy control women that might
reflect a natural immune homeostasis, possi-
bly in response to normal flora, including
C. albicans. With respect to patients in the
study, although some differences in cytokine
expression were detected between fluids col-
lected from control women and RVVC
patients with or without a symptomatic infec-
tion, we did not detect any characteristic pat-
tern of cytokine changes that would reflect a
major deviation or shift from the profile in
control women. There is some recent evidence
for the presence of heat shock proteins in
vaginal secretions and/or sera of women with
RVVC that are postulated to downregulate
local Th1-type CMI, creating susceptibility to
primary RVVC (Giraldo et al., 1999a,b).
However, there is little evidence, based on
data in the above study, that vaginal cytokines
are vastly affected in RVVC if such proteins
are present. In a more recent study many of
these same cytokines were evaluated over the
menstrual cycle in normal control women
(Fidel et al., 2003). Results showed that the
Th2-type cytokines tended to increase under
more hormonal influence during the men-
strual cycle. This included TGF-β, which
while constitutively present, increased during
the ovulatory and luteal phases of the
menstrual cycle and was equally present in
the homogenates of vaginal cuff tissue
from nondiseased hysterectomy surgeries.
Interestingly, although not yet identified in
vaginal secretions, a T cell-derived antigen-
binding molecule (TABM) has been identi-
fied in serum of RVVC patients, and to a
lesser extent in control women that can
become associated with TGF-β and inhibit
Candida-specific PBL proliferation and
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cytokine production (Little et al., 2000).
Taken together, clinical studies evaluating
local immunity in women with or without
RVVC show evidence for immunoregulatory
mechanisms against more profound adaptive
CMI similar to the mouse model.

2.2. Role of Innate Cellular
Immunity

Innate cellular immunity may also play a
significant role in protection against vagini-
tis. This was initially predicted based on a
leukocytic infiltrate of predominantly poly-
morphonuclear neutrophils (PMNs) that is
often observed in vaginal lavage fluid of
infected animals. These leukocytic cells are
usually associated with or attached to the
hyphae and/or sheets of epithelial cells. On
the other hand, when this infiltrate is present
during infection it does not correlate with
lower vaginal fungal titers (Fidel et al., 1999;
Saavedra et al., 1999). Although PMNs and
macrophages (two types of leukocytes with
considerable effector function against C.
albicans) (Odds, 1988; Candida and
Candidiasis, 2002) are potential candidates
for anti-Candida innate resistance and are
present at or near the vaginal mucosa,
Balish and coworkers showed that animals
with the beige mutation and immunodefi-
cient in phagocytic cells (bg/bg) were not
more susceptible to a natural C. albicans
infection under nonestrogenized conditions
(Cantorna et al., 1990). Several additional
studies have been conducted since. Although
one early study showed increased suscepti-
bility to infection in the absence of PMNs
(Fulurija et al., 1996), more recently two
studies showed no effect of neutropenia
(Black et al., 1998; Fidel et al., 1999). In one
study depletion of PMNs under pseu-
doestrus conditions had no effect on vaginal
fungal burden, although microabscesses
within the tissue were significantly reduced
(Black et al., 1998). Although no differences
in fungal titers were observed, the authors

nevertheless speculated that PMNs may in
fact play a significant role against C. albi-
cans in the vagina, but they cannot consis-
tently be deployed in high enough numbers
during pseudoestrus to be effective. We
tested this hypothesis by examining the
effects of PMN depletion both in estrogen
and nonestrogen-treated mice. Results simi-
larly showed that depletion of PMNs had
no effect on vaginal fungal burden under
either hormonal condition (Fidel et al.,
1999), suggesting that PMNs do not in fact
appear to play a significant role against C.
albicans in the vagina despite their presence
in the vaginal lumen during some experi-
mental infections. Perhaps this reflects their
inability to function against C. albicans in
the vaginal microenvironment compared to
blood or tissue culture as a result of putative
immunoregulatory mechanisms or other
environmental conditions in the vagina. In
support of this, Calderone and coworkers
recently showed that a mutant strain of
Candida that was killed more readily by
PMNs in vitro and was avirulent in a sys-
temic model of candidiasis, was as virulent
as the wild-type strain in the vaginal can-
didiasis model (Torosantucci et al., 2002).

Natural killer (NK) cells may represent
another potential innate resistance mecha-
nism against C. albicans at the vaginal
mucosa. However, most studies have shown
little or no role for NK cells against C. albi-
cans (Djeu and Blanchard, 1987; Arancia
et al., 1995). Furthermore, NK cells do not
appear to be resident cells in the vaginal
mucosa (Parr and Parr, 1991). Thus, although
NK cells may have the potential to be
recruited into the vaginal mucosa in response
to C. albicans, it is unlikely that NK cells play
a major role in innate resistance against
C. albicans at the vaginal mucosa.

Epithelial cells now appear to represent
another form of innate cellular immunity.
Our laboratory found that vaginal epithelial
cells from mice, humans, and macaques have
the ability to inhibit the growth of C. albicans
in vitro, potentially representing an innate
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host defense mechanism localized to the vagi-
nal mucosa (Steele et al., 1999a,b; Barousse
et al., 2001). This seemed reasonable since
epithelial cells are the primary cells that
Candida interacts with at mucosal sites.
Subsequent studies on the physical properties
showed that the activity involves a strict
requirement for cell contact with no known
role for any soluble factor, no phagocytosis,
and no role for microtubules or microfila-
ments (Steele et al., 1999a; Nomanbhoy et al.,
2002; Yano et al., 2004). Studies on the mech-
anism showed no oxidative or nonoxidative
killing (Nomanbhoy et al., 2002). In fact, the
activity is static rather than cidal and nonin-
flammatory (Nomanbhoy et al., 2002). We
postulate that this may represent a nonin-
flammatory means to control C. albicans on
the tissue surface as a commensal. Studies to
identify the effector moiety showed that the
activity was resistant to inhibitors of surface
proteins (proteinase K) and phospholipids
(phospholipase A2), but sensitive to an
inhibitor of carbohydrates (periodic acid).
However, a putative carbohydrate moiety was

not identified with inhibitors of specific car-
bohydrates (Nomanbhoy et al., 2002). The
most recent studies show that the effector
moiety cannot be regenerated or reattached
and cannot competitively inhibit the activity
of fresh epithelial cells (Yano et al., 2004).
Furthermore, the antifungal activity is not
dependent on the amount of carbohydrate
released (Yano et al., 2004) and can be abro-
gated in the presence of several other acids
(Yano et al., 2004). Together these results sug-
gest that the activity is acid-labile rather than
dependent on an effector carbohydrate.
Finally, the partial or full resistance of the
activity by epithelial cell fixation or irradia-
tion together with viability evaluation with
trypan blue and propidium iodide/fluorescein
diacetate revealed that the activity is depend-
ent on intact (trypan blue impermeable), but
not necessarily live epithelial cells (Yano
et al., 2005). Interestingly, oral epithelial cells
function similarly but with greater inhibition
(Steele et al., 2000, 2001). Figure 16.2 shows
the comparison between vaginal epithelial
cell antifungal activity in various species and
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human oral epithelial cell antifungal activity.
In a study comparing vaginal epithelial cell
antifungal activity between women with pri-
mary RVVC and normal healthy women,
while there was no difference in activity by
control women at different stages of the men-
strual cycle, a significant reduction of vaginal
epithelial cell antifungal activity was detected
in those with RVVC at low effector to target
ratios (10:1, 1:1) (Barousse et al., 2001). We
contend, however, that while this may repre-
sent a contributing factor to RVVC, the level
of activity where these differences were
observed was modest (<10%). Thus, we
believe there are other innate factors that are
important for protection against vaginitis.

3. Development of a Human
Live Challenge Model

The clinical studies and animal models to
date strongly suggest that adaptive immu-
nity is not likely involved in protection
against infection and innate resistance is
moderate at best. A summary is illustrated
in Table 16.2. Although informative, these
studies failed to reveal any cellular protec-
tive mechanisms or primary immune factors
associated with susceptibility to VVC.
Accordingly, either one assumes there are
little to no active cellular protective mecha-
nisms (possibly due to immunoregulatory
mechanisms), or alternatively, that the mod-
els and clinical studies have not been able to
reveal them adequately. Support for the lat-
ter came from a recent study evaluating ado-
lescents for vaginal yeast colonization and
local and systemic immune sensitization
(Barousse et al., 2003). Interestingly, adoles-
cents were found to be asymptomatically
colonized with yeast in the vagina at a rate
of 26%, which is at the high end of the nor-
mal range for adults (Table 16.1). These
adolescents had the same species distribu-
tion of Candida in the vagina (90% C. albi-
cans), and were sensitized to Candida
systemically (peripheral blood responses

and antibodies) similar to adults. However,
what set the adolescents apart from the
adults was an extremely high vaginal fungal
burden in those asymptomatically colonized
(50% had between 200 and 1000 CFUs com-
pared to 95% of adults having <200 CFUs).
Probably most intriguing was that the attack
rate of acute VVC in this population (in a
longitudinal study over 3 years) was <3%.
Thus, the adolescents could maintain large
numbers of Candida vaginally without
symptomatic infection, suggesting strong
protective activity/responsiveness.

In light of all the findings to date, we rea-
soned that the design that was likely to pro-
vide valuable information on putative
vaginal protective host defenses against
C. albicans was a controlled challenge
with Candida that offers the ability to prop-
erly monitor the responses. The initial
design involved the intravaginal administra-
tion of Candida antigen with immune reac-
tivity detected in vaginal lavages collected
pre- and post-intravaginal antigen challenge.
A pilot study using commercial soluble skin
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Table 16.2. Protective Host Defenses
against Vaginal Candidiasisa

Local Systemic

T cell
CD4 –b –b

CD8 –c –c

Antibody +/−d –c

Innate
PMN N/A –c

NK –c –c

Macrophage ?e ?
DC/LCb ? ?
Epithelial + N/A

aAbbreviations: PMN, polymorphonuclear neutrophil;
NK, natural killer cell, DC/LC, dendritic
cells/Langerhans cells; N/A, not applicable.

bPossible immunoregulation precludes immune
responsiveness.

cNo known role.
dControversial.
eUnknown.



test antigen in a small number of women
revealed a Th1-type cytokine response
(Fidel et al., 1997a). However, results from a
formal study with large numbers of women
tested during each of the three stages of the
menstrual cycle did not reproduce those
original observations (Fidel et al., 2003). We
next embarked on an intravaginal challenge
with live C. albicans. Live challenge models
in humans are not new. Currently there are
live challenge models for Haemophilus
ducreyi, Neissaria gonorrhoeae, and
Norwalk virus (Cohen et al., 1994; Al-
Tawfig et al., 1999; Lindesmith et al., 2003).
The primary rationale for these models is
the inability of the organism to colonize or
easily infect animals. There is consider-
able risk with these models since the
organisms/virus have pathogenic potential.
Nevertheless, the ability to treat the infec-
tions successfully provided confidence that a
well-constructed experimental design would
have minimal risk to the subject. Vaginal
C. albicans infections are similarly treated
with a high level of success, providing a high
level of confidence for use of Candida
organisms in a live challenge. Furthermore,
the fact that C. albicans is a commensal
organism of the vaginal mucosa with no
known migration to extravaginal sites make
C. albicans an excellent organism for a live
challenge model with minimal risk.

The results of these studies to date evalu-
ating the natural history following intravagi-
nal inoculation of live C. albicans into
healthy women have completely reshaped
our hypotheses relative to host defense
against vaginitis and susceptibility to infec-
tion. In a very conservative initial approach
testing women with no history of vaginitis
and inoculating small numbers (yet bolus)
of Candida, few women became sympto-
matic with vaginitis (~15%). Broadening the
inoculating condition to include higher
numbers of Candida, inoculating women at
different stages of the menstrual cycle, and
inclusion of growth promoting supplements
in the inoculum vehicle (growth media, glu-

cose, estrogen) had very little effect as well.
In fact, a high percentage of women did not
even become asymptomatically colonized.
In contrast, inclusion of women with docu-
mented infrequent episodes of VVC (antibi-
otic usage, oral contraceptive usage,
pregnancy, etc.) had higher rates of sympto-
matic infection (~55%) with the majority of
the remaining women becoming asympto-
matically colonized (Fidel et al., 2004).
Interestingly, in either design, protection
occurred in the absence of any evidence of
inflammation or an inflammatory response,
whereas those with symptomatic infection
had a heavy vaginal cellular infiltrate con-
sisting almost entirely of PMNs. Further-
more, a high PMN infiltration score in those
with symptomatic infection correlated with
higher fungal burdens. Although the more
pathogenic hyphal form of Candida was
present along with blastoconidia in those
with symptomatic infection, hyphae were
also detected in some of those asympto-
matically colonized.

Based on these data, we hypothesize that
VVC is associated with signals following
Candida–vaginal epithelial cell interactions
that promote a nonprotective inflammatory
PMN response and concomitant clinical
symptoms, while resistance to VVC is associ-
ated with a lack of signals and/or the presence
of the appropriate local milieu of innate medi-
ators that is noninflammatory. The association
of symptomatic infection with PMNs is fur-
ther supported by the fact that VVC is rare in
neutropenic women (J. Sobel, personal com-
munication). The resistance may also include
vaginal epithelial cell antifungal activity that
was found to be significantly increased in
those who would become colonized or not col-
onized compared to those that would become
infected (P.L. Fidel, unpublished observa-
tions). We also postulate that a threshold num-
ber of organisms in the vagina following
inoculation (not inocula itself) is crucial to the
signal(s) in the face of T cell immunoregula-
tion, and this threshold is different for differ-
ent groups of women. For example, women
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with primary RVVC inevitably acquire an
infection shortly after completing a regimen of
antifungal therapy. In these women, the
threshold of Candida required to signal the
PMN infiltration would be extremely low.
Women with an infrequent history of VVC or
secondary RVVC have a higher threshold of
Candida required to signal the PMNs. In these
women the threshold is usually met when the
population numbers of Candida increase fol-
lowing antibiotic therapy or hormone replace-
ment therapy (HRT), high estrogen oral
contraceptives, during pregnancy, or due to
diabetes mellitus. In women with no history of
VVC, the threshold number of Candida is
extremely high (levels rarely attainable). Thus,
although the population numbers of Candida
can increase with reduced bacterial flora dur-
ing antibiotic therapy or increased estrogen
from oral contraceptives, they never reach the
threshold numbers to signal the PMN migra-
tion and hence symptoms of vaginitis rarely
occur. We can extend this concept also to ado-
lescents whose threshold of Candida is

expected to be high (similar to adults with no
history of vaginitis). This would explain the
extremely high population numbers of
Candida in the vaginas of adolescents with few
symptomatic infections observed. A schematic
diagram of this hypothesis is shown in
Fig. 16.3. A study designed to identify ranges
of vaginal fungal burden in the different
groups of women under conditions of a symp-
tomatic infection with specific correlates to
PMN infiltration will be required to formally
test this hypothesis.

In considering this hypothesis, it is inter-
esting that the pathogenesis of VVC is now
being considered host-mediated rather than
organism-mediated that has been the long-
standing paradigm for VVC. However, this
newly found PMN hyperresponse is quite
distinct to the hyper-IgE syndrome that
appears to occur in a small population of
women with primary RVVC (Rigg et al.,
1990; Witkin, 1991; Fidel et al., 1997a). Yet
in either case, it would appear that most, if
not all, the symptomatology associated with
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VVC is indeed host-mediated. This concept is
supported by a limited number of reports sug-
gesting a genetic predisposition to VVC in
animals and humans (Chaim et al., 1997;
Mulero-Marchese et al., 1998; Calderon et al.,
2003), although there have been as many stud-
ies suggesting the contrary (Fidel et al., 1995a;
Black et al., 1999a). Another interesting point
to consider is that the vaginal presence of the
PMNs during the live challenge is consistent
with the presence of PMNs in the mouse
model of vaginitis (Fulurija et al., 1996; Black
et al., 1998; Fidel et al., 1999). While these
PMNs in most animal studies were not found
to have any demonstrable effects on vaginitis,
it is possible that the presence of PMNs in the
mouse vaginal cavity too is a sign of sympto-
matology. While PMNs are not a hallmark of
clinical cases of VVC, it is possible that they
are present and that they fail to be seen
because of their short halflife or that the tools
used to diagnose infections (i.e., KOH smears)
kill the PMNs. Finally, taking into account
the Candida threshold theory for the initiation
of PMN infiltration and concomitant symp-
toms it is interesting to postulate that women
with primary RVVC and VVC are distinct
populations only by virtue of their tolerability
to Candida and resulting frequency of infec-
tious episodes rather than by distinct predis-
posing factors (i.e., immune deficiency,
hormone imbalance).

4. Conclusions

From experimental studies using the ani-
mal model of vaginal candidiasis as well as
clinical studies and observations, it is clear that
the local immune response is more relevant
than the systemic response in protecting the
vaginal mucosa against C. albicans infection.
In addition, the mechanisms responsible for
protection against Candida vaginitis are differ-
ent than those that protect against candidal
infections at other mucosal surfaces (e.g., oral
mucosa) due to immunoregulation that inhibit
adaptive, and possibly innate, cell-mediated

immune mechanisms. This is probably an evo-
lutionary property of the commensal Candida
at a reproductive site where chronic inflamma-
tory responses are unwanted. A key then to
effective adaptive immune protection may be
to provide the necessary immunomodulators
(cytokines/chemokines) to overcome the
immunoregulatory mechanisms (i.e., upregu-
late adhesion molecules and initiate the sys-
temic infiltration of CMI) at a time when it is
needed the most. Clearly the rat appears to
have these factors based on the fairly rigorous
response observed during a vaginal infection.
Therefore, the rat model appears more valu-
able to understand what a protective adaptive
response against the vaginal infection should
be, while the value of the mouse model has
been in the ability to better understand the
apparent vaginal immunoregulation/tolerance
predicted in humans.

With the extensive history of studies to
understand the pathogenesis of VVC and
RVVC through clinical studies and animal
models, it has been the live challenge in
humans that has finally advanced our
understanding of the natural history of
infection with the potential of identifying
factors associated with protection and sus-
ceptibility to infection. This live challenge
appears safe with conditions identified (his-
tory of VVC) where symptomatic infection
can be predicted with some reliability. This
represents a unique situation in humans
where the pathogenesis of an infectious dis-
ease can be studied systemically and in real-
time. To this end, instead of susceptibility to
infection being associated with a deficient or
missing adaptive immune component and
protection associated with a T cell inflam-
matory response, it is now being suggested
that susceptibility to infection is associated
with an aggressive inflammatory response,
while resistance to infection is noninflam-
matory. Thus, both resistance and suscepti-
bility appears to be associated with innate
immunity recognizing the immunoregula-
tion against adaptive cellular immunity. And
finally, the symptoms associated with
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vaginitis appear to be caused by the neu-
trophil response (host) rather than the
organism. This effectively renews the possi-
ble role for a genetic predisposition to infec-
tion. In any event, the task now will be to
identify the mechanism(s) of the protection
and susceptibility to infection (i.e., signal
associated with PMN infiltration, nonin-
flammatory innate mediators associated
with protection (if any), role of epithelial
cells in protection against infection, and
genetic and/or environmental factors associ-
ated with resistance and susceptibility to
infection). Other interesting questions cen-
ter on the concept of the PMN infiltration
as a contributor to the symptoms. Once
these questions are answered definitive new
immunotherapeutic strategies can be devel-
oped that may reduce or prevent the inci-
dence of VVC and RVVC. But if indeed the
PMNs are the main instigator of the symp-
toms associated with vaginitis, immunother-
apy to eliminate the signals associated with
the PMN infiltration may be used to allevi-
ate the symptoms associated with vaginitis,
leaving the organism to exist as the harmless
commensal it began as.
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1. Introduction

Vulvovaginal candidiasis (VVC) is a
widespread mucosal infection caused by
Candida species that affects a significant
number of childbearing women and it is a
prime reason for physician consultation
(Sobel, 1989, 1992; Fidel and Sobel, 1996).
Acute VVC has several predisposing factors
including antibiotic and oral contraceptive
usage, pregnancy, uncontrolled diabetes
mellitus, immunosuppressive therapy, and
HIV infection (Sobel, 1992; Fidel and Sobel,
1996, 1998). Recurrent vulvovaginal can-

didiasis (RVVC) is usually defined as idio-
pathic with no known predisposing factors
and seems to affect around 5% of all women
(Sobel, 1989). Antifungal therapy is highly
effective for individual symptomatic attacks
but does not prevent subsequent recur-
rences; in fact there is little evidence that
antifungal resistance plays a role in the
pathogenesis of RVVC (Sobel, 1989).
Susceptibility to RVVC has been postulated
to be due to some immune dysfunction, and
some women experience repeated sympto-
matic episodes as a result of immunological
deficiencies. However, the pathogenesis of



RVVC remains unknown. Fidel and collab-
orators have suggested that local rather than
systemic cell-mediated immunity (CMI) is
an important host defense mechanism of
the vaginal mucosa (1993a,b, 1994, 1995a–c;
1996), and this is clearly strengthened by
some of our recent observations in the rat
vaginitis model (De Bernardis et al. 2000,
Santoni et al. 2002). Clinical studies con-
ducted by Fidel and collaborators (1997a,b)
in women with RVVC showed that the
majority of patients had normal levels of
Candida-specific systemic CMI. The authors
suggest that if women with RVVC have
immune defects, they are local rather than
systemic. This is supported by the evidence
that women with idiopathic RVVC rarely
experience oral, esophageal, or cutaneous
candidiasis (Sobel, 1992; Fidel and Sobel,
1996).

The nature of host defense mechanisms
functioning at the vaginal mucosa are unde-
fined particularly those specifically acting
against C. albicans. Therefore, understanding
the components of the host–fungus interac-
tion at the mucosal level can lead to a better
understanding of the pathogenesis of mucosal
candidiasis and result in the optimization of
preventive and therapeutic antifungal strate-
gies. Both humoral and cellular factors have
been suggested to confer protection.

This chapter summarizes the salient fea-
tures of the humoral immune responses
to Candida at the vaginal level with emphasis
on the role of antibodies (Abs) and molecular
interaction involved in their secretion.
It also focuses on the humoral response
mechanisms characterized in several animal
models of candidiasis. In fact, animal models
have provided an important contribution
to the study of various aspects of the host’s
immune response against C. albicans at the
vaginal level. Finally, we also discuss
experimental approaches, which could have
potential therapeutic effects on human vagi-
nal candidiasis such as the use of Abs
against cell surface mannoprotein or
enzymes, the idiotypic vaccination, and the

production of therapeutic vaccines and
immunomodulators.

2. Immune Response to
Candida in the Vaginal
Mucosa

The female reproductive tract mucosa
has been shown to comprise all the cell pop-
ulations required for initiating an immune
response. HLA-DR+ Langerhans cells with
elevated antigen presentation capability
have been identified in the vaginal and cervi-
cal epithelia, being most abundant in the
vulval epithelium (Czerkinnsky et al., 1999).
Intraepithelial T cells have been found at all
sites and comprise a majority of CD8+ cells
(Czerkinnsky et al. 1999). A significant pro-
portion of these cells express perforin and
TIA-1, suggestive of cytolytic capacity. In
contrast, CD4+ T cells are rarely found in
these epithelia but predominate in the sub-
mucosal vaginal, cervix, and fallopian tube
tissues (Czerkinnsky et al., 1999).
Remarkably, the proportion of CD4+ and
CD8+ T cells may vary much substantially in
the tissue districts. Although all components
of the mucosal immune system are present
in the female reproductive tract, the precise
sites of induction of secretory immune
responses in this organ are largely unknown.
Moreover, even large differences in the cellu-
lar composition and distinct phenotypes
have been reported in the same genital dis-
trict of the different mammals. An example
is the very different proportion of CD4+ and
CD8+ T lymphocytes in the subepithelial
layers of mouse and rat vagina (Fidel et al.,
1999, De Bernardis et al., 2000).
Interestingly, such an immunologically
essential parameter as the CD4+/CD8+ T cell
ratio in healthy women is much more similar
to the rat than to the mouse (Elitsur et al.,
1998).

Colonization of vaginal mucosa by
C. albicans induces both antibody (Ab) and
CMI. C. albicans can persist on the vaginal
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mucosal of healthy women despite demon-
strable adaptive anti-Candida immunity.
After antigen stimulation, locally induced
specific secretory IgA+ B cells and T cells
migrate to mucosal effector tissues in the
lamina propria regions of the genitourinary
tract via a common mucosal immune path-
way (Scicchitano et al., 1988). T cells in the
intestinal lamina propria represent 30% to
40% of the total lymphocytes with a
CD4+/CD8+ ratio of about 2 to 3. Both CD4+

T helper cells (Th1 and Th2) are present in
the lamina propria. In response to antigen
stimulation, Th cells secrete a number of
cytokines capable of activating B cells. Th2
cells produce interleukin (IL-4, IL-5,
IL-6), and TGF-β that act directly on secre-
tory IgA+ B cells and induce them to differ-
entiate into IgA– producing cells (McGhee
et al., 1989). Thus, an adequate number of
functioning T cells is essential for the devel-
opment of a normal secretory immune
response to Candida. The mucosal tissues of
humans and animals reveal a remarkable
preponderance of IgA-producing plasma
cells, which are generated by precursors in
the organized gut-associated lymphoid tis-
sues (GALT) and bronchus-associated lym-
phoid tissues (BALT) as demonstrated in
animal models (Czerkinnsky et al., 1999).

Patients with disorders of the sIgA
immune system (deficiency of the secretory
component or decreased production of
sIgA) are prone to develop recurrent
mucosal candidiasis without an increased
susceptibility to disseminated candidiasis
(Marodi, 1997).

The transition of C. albicans from com-
mensal to invasive pathogen is primarily the
consequence of a defective host cellular
immune response, but the virulence of
C. albicans strains may also be relevant (De
Bernardis et al., 1990, 1995; Cutler, 1991;
Greenfield, 1992). The virulence factors of
Candida that play a role in vaginal candidia-
sis and can induce the immune system to gen-
erate a neutralizing, protective response are
adherence, morphogenesis, antigenic varia-

tion, enzyme production, especially pro-
teinase secretion, and cell surface composi-
tion (Ghannoum and Abu-Elteen, 1990;
Cutler, 1991, Calderone and Fonzi 2001). In
particular, the ability of this fungus in vivo to
grow in different forms (yeast, hyphae, and
pseudohyphae), is associated with its evasion
to the host clearance mechanisms either by
mechanical obstacles imposed on phagocytes
or by more subtle mechanisms of immune
evasion, such as antigenic variations, secre-
tion of immunoinhibitory factors, and other
factors (Cassone and Torosantucci, 1991;
Cassone et al., 1998). In such cases, C. albi-
cans is able to modify the nature of some cell
wall constituents under the selective pressure
of the host and to adapt its growth to inva-
sion in different tissues, each with its own
environmental triggers. An example of
C. albicans adaptation is the expression of
pH-regulated proteins, in relation to the envi-
ronment of the vaginal canal (low pH) versus
the pH of the bloodstream and tissues (De
Bernardis et al., 1998).

3. Role of Humoral Immunity in
Vaginal Candidiasis

Vaginal colonization with C. albicans
induces humoral responses. A positive effect
of Abs against candidiasis was first sug-
gested in the 1960s by Mourad and
Friedman (1961, 1968). In subsequent stud-
ies conducted in the 1970s and 1980s the
importance of anti-Candida-specific Abs
was largely dismissed. Clinical and experi-
mental data led to conclusion that Abs do
not protect against various forms of can-
didiasis. Two important features supporting
this conclusion are that Candida vaginitis is
not frequent in subjects with immunoglobu-
lin disorders and that subjects with candidi-
asis often have high titers of anti-Candida
Abs. Additionally, there are no reports
showing that patients with congenital or
acquired B cell deficiencies are susceptible to
mucosal or systemic Candida infections
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(Rogers and Balish, 1980). In fact, the pres-
ence of Abs do not preclude development of
disseminated or mucosal candidiasis
(Kirkpatrick et al., 1971; Aronson and
Soltani, 1976; GarciaRuiz et al., 1997). CMI
as the primary host defense against candidia-
sis was much more supported, and the major-
ity of the authors tended to be dismissive
about the role of Abs. However, literature
contains many observations about the possi-
ble role of anti-Candida Abs having a protec-
tive role at the mucosal level. For instance,
Roger and Balish (1980) showed that serum
Ab and complement can kill C. albicans
in vitro. Walker and Urbaniak (1980)
reported that Abs specific for C. albicans
inhibit in vitro phagocytosis of the fungus.

The controversial role of humoral immu-
nity has been reviewed by Casadevall and
colleagues (Casadevall, 1995, Casadevall
et al., 1998), who postulated that protec-
tive, nonprotective, and immunologically
indifferent Abs exist in the repertoire of Abs
present during an infection. A plethora of
irrelevant Abs raised against irrelevant fun-
gal constituents could obscure protective
epitopes.

In the studies which suggested anti-
Candida Abs were not protective, the speci-
ficity and isotype of the elicited Ab have not
been established. Now, it is quite clear that
the above qualifications are essential factors
for a protective Ab response. As reviewed by
Cutler et al. (2002) the cell wall of Candida
cells contains an enormous number of epi-
topes and only Abs elicited to specific
epitopes can be protective. People who are
exposed to C. albicans do not necessarily
respond by producing protective Abs con-
trasting the development of candidiasis, but
this hypothesis does not exclude a possible
role of Abs in host defense against various
forms of candidiasis. It is important that Ab
responses are being analyzed with respect to
predominant antigenic specificities, iso-
types, and titers. Regarding the specificity, it
has been shown that Ab response against
Candida elicits protective, nonprotective,
and also disease-enhancing Abs similar to

that for anti-cryptococcal Abs (Cassone
et al., 1995, Han et al., 1997; Bromuro et al,.
1998). Ig isotype may also be critical for the
protective role of Abs, where IgM IgG1 and
IgG3 are generally most protective (Han
et al. 1997, 2000). Finally, if Candida colo-
nization induces the secretion of Abs with
the correct specificity and Ig isotype, the
titer of these Abs is also important for pro-
tective activity.

3.1. Experimental Vaginal
Candidiasis

Animal models have been employed to
study various aspects of the immune response
in Candida vaginitis under conditions possi-
bly mimicking human infection. In these
models Candida infections may be established
under controlled and reproducible condi-
tions. Experimental Candida vaginitis has
been reproduced especially in mice and rats,
and more recently a primate model has also
been explored (Steele et al., 1999).

In the mouse model of Candida vaginitis
Fidel and collaborators (1994, 1995a,b)
were the first to show that local rather than
systemic CMI is an important host defense
mechanism of the vaginal mucosa. They
have also suggested some level of immuno-
logical independence or immune compart-
mentalization.

Jones-Carson et al. (1995) observed an
enhanced susceptibility to Candida vaginitis
in mice depleted of γ/δ T cells and suggested
a potential role of γ/δ T cells in the protec-
tive response in the vaginal mucosa. In the
studies of Mulero-Marchese et al. (1998)
protection from vaginal candidiasis was
transferred to BALB/c mice by adoptive
transfer of C. albicans immune splenic T
cells. Depletion of CD3+ or CD4+, but not
CD8+ T cells before transfer, completely
abrogated protection. These results demon-
strate a significant role for CD4+ T lympho-
cytes in the resistance to vaginal candidiasis.

Little information exists on the role of
Abs in resistance to mucosal vaginal candidi-
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asis, and the results are somewhat controver-
sial. We investigated the efficacy of Abs in
the protection against C. albicans vaginal
infection using a rat vaginitis model. The
induction and the maintenance of “pseu-
doestrus” in rats requires oophorectomy and
estrogen administration (Kinsman and
Collard, 1986; Kinsman et al., 1986). Under
estrogen administration, the vaginal epithe-
lium is fully keratinized and C. albicans colo-
nization is greatly facilitated. Germ-tube
(hyphal) formation, adherence, and secretion
of aspartyl proteinase activity are also
induced by the production of the keratin
layer. In addition, the estrogens reduce
leukocyte infiltration, which helps fungal
growth and the establishment of infection.
After clearing the primary C. albicans infec-
tion, rats were highly resistant to a second
vaginal challenge with the fungus (Cassone
et al. 1995). We assumed that if adherence,
germ tube formation, and secretion of
aspartyl proteinase play a role in vaginal
infection, it is conceivable that specific Abs

against these factors could be protective.
Thus, we investigated the potential protective
effect of specific Abs against a well-defined
immunogenic cell-wall antigen (mannopro-
tein) and against a well-established virulence
factor of Candida such as aspartyl pro-
teinase (Sap). Animals receiving vaginal flu-
ids from C. albicans-infected rats and
containing anti-mannan (MP) and anti-
aspartyl proteinase (Sap) Abs were signifi-
cantly protected against vaginitis compared
to animals given Ab-free vaginal fluid from
noninfected rats (De Bernardis et al., 1997).
Preabsorption of the Ab-containing fluids
with either one or both proteins MP and
Sap sequentially reduced or abolished,
respectively, the amount of protection. A
degree of protection from a vaginal infec-
tion with C. albicans was also conferred
by postinfectious administration of anti-Sap
and anti-Mp monoclonal Abs and by
intravaginal or intranasal immunization with
MP or Sap preparations (De Bernardis et al.,
1997, 2002). As shown in Fig. 17.1 immu-
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nization with a preparation of Sap2 resulted
in statistically significant acceleration of fun-
gal clearance from the vagina within the first
week of infection and more significantly
when a mucosal adjuvant, cholera toxin
(CT) was coadministered with Sap 2 com-
pared with controls (nonimmunized animals
or only CT-treated rats). The immunized ani-
mals elicited anti-Sap Abs in the vaginal flu-
ids. In order to investigate whether the
protection conferred by Ab response was 
T-dependent, we reproduced Candida vagini-
tis in congenitally athymic nude rats. The
animals showed a primary infection not dis-
similar in extent and duration to that
observed in euthymic rats but they were not
protected against a secondary fungal chal-
lenge. No anti-Mp or anti-Sap Abs was
elicited in the vaginal fluids of athymic rats
during both the first and the second Candida
infections (De Bernardis et al. 1997). These
results demonstrated that the induction of
Ab response was T cell-dependent and also
evidenced a link between cell-mediated and
humoral immunity in vaginal infection with
C. albicans. (De Bernardis et al. 1997, 2000,
2002, 2004). Overall, the results of our stud-
ies evidenced the protective role in Candida
vaginitis of specific Abs against mannopro-
tein or proteinase of C. albicans. The recom-
binant forms of these antigens (65 kDa
mannoprotein and Sap 2) have been investi-
gated as active immunogens in vaginal can-
didiasis. (De Bernardis et al., manuscript in
preparation).

The mechanisms by which anti-mannan
and anti-proteinase Abs protect against can-
didiasis are unclear. The hypotheses are that
anti-Sap Abs act by neutralizing the pro-
teinase activity of C. albicans and inhibiting
adherence to the vaginal mucosa and conse-
quent colonization. In addition the binding
of Abs to cell wall may facilitate phagocytosis
of the fungus. More investigations are
required for a clear undestanding of how Abs
can help the host resolve vaginal candidiasis.

Cutler and coworkers (Han et al., 1998),
in a murine model of vaginitis, demon-

strated that immunization with a mannan
liposome preparation (L-mann) enhanced
resistance against Candida vaginal infection.
The same authors (Han et al., 1997) purified
two monoclonal Abs from splenocytes of
L-mann immunized mice. Both Abs were
IgM, agglutinated C. albicans yeast cells,
and were specific for cell wall mannan.
However, MAb B6 is specific for an epitope
located in the acid stable part of phospho-
mannan and MAb B61 is specific for a B-1,2
mannotriose, which is acid-labile compo-
nent of phosphomannan. Intravaginal
administration of MAb 6.1 resulted in a
highly effective reduction of vaginal colo-
nization by C. albicans compared to the
same treatment with MAb B6. These results
indicated that there are indeed cell surface-
located epitopes on C. albicans that lead to
production of protective and nonprotective
Abs. Interestingly, the protective MAb used
in these studies had the same specificity of
the protective anti-B-mannan MAb (MAb
AF1) used in our studies (De Bernardis
et al., 1997), indicating the relevance of
mannan epitopes.

Further investigations conducted by
Cutler and collaborators (Caesar-TonThat
and Cutler, 1997) on the mechanisms by
which Abs protect against candidiasis sug-
gested that the protection seems to be
dependent on complement activation. In fact,
mouse neutrophils were able to kill more
C. albicans yeast cells in the presence of MAb
B6.1 and complement addition than without
complement in vitro. On the basis of these
results the authors hypothesized that MAb
B6.1 induce a deposition of complement on
the Candida surface, which favor Candida
phagocytosis by neutrophils. A direct effect
of Abs on C. albicans cells was previously
reported by Casanova et al. (1990). In this
study, Fab fragments of a MAb specific for a
hyphal cell wall moiety inhibited germ tube
formation. San Millan et al. (1996) demon-
strated the inhibition of C. albicans adher-
ence to polystyrene by two MAbs directed
against cell wall antigens of C. albicans.

350 Flavia De Bernardis et al.



Undoubtedly, the use of animal models
has been invaluable to investigate and
understand the humoral host defense mech-
anisms that protect against C. albicans at
the vaginal mucosal surface. Overall, sev-
eral studies have evidenced the protective
role of Abs directed against a specific
immunogenic antigen of the Candida cell
wall (mannan) or against specific virulence
factors of C. albicans (adhesins, proteinase,
germ tube). Although the mechanisms by
which these Abs exert protection during
vaginal infection is not completely under-
stood (inhibition of adhesion or germ tube
formation, opsonization and neutralization
of proteolytic enzymes are the mechanisms
hypothesized), these observations provide a
valuable approach to the potential thera-
peutic use of some Abs or their engineered
derivatives in the treatment of Candida
vaginal infections refractory to antimycotic
therapy.

3.2. The Role of Killer-Toxin
Antiidiotypic Abs in
Protection against Vaginal
Candidiasis

Killer toxins (KTs) are proteins secreted
by yeasts, which are able to kill other
microorganisms presenting specific cell wall
receptors (KTR) (Tipper and Bostian, 1984,
Magliani et al. 1997). Killer factors have
been described to be produced by
Saccharomyces sp. (Bevan et al. 1973),
Ustilago sp., Kluveromyces sp., Pichia sp.,
Hansenula sp., Candida sp., (Polonelli and
Morace, 1986, Polonelli et al., 1997).
Polonelli et al. (1986, 1993) have suggested
the potential use of a KT produced by
Pichia anomala in the treatment of fungal
disease. Subsequently, because KT was of
no practical use for its instability, antigenic-
ity, and toxicity, a KT-neutralizing mono-
clonal Ab MAb (MAb KT4) was used to
produce antiidiotypic (anti-Id) Abs possess-

ing the internal image of KT-active domain
(KT-IdAb), a functional mimick. These anti-
idiotypic Abs were able to exert a direct can-
didacidal activity in vitro like the KT by
interacting with a specific KT cell wall recep-
tor (Polonelli and Morace, 1987; Polonelli
et al., 1991). The KTR has recently been iden-
tified as a B-glucan (Guyard et al., 2002).

In collaboration with Polonelli and
coworkers we have evidenced the KT antiid-
iotypic monoclonal Ab (MAb KT4) and its
recombinant single-chain fragment (KT-
scFV) exert a therapeutic activity in Candida
vaginal infection (Polonelli et al., 1994, 1997;
Cassone et al., 1997; Magliani et al., 2002).
Oophorectomized and estradiol-treated rats
were vaccinated by the intravaginal adminis-
tration (day 0–7 to 14–21) of MAb KT4 or
KT-scFV before C. albicans vaginal chal-
lenge. The Id-vaccinated animals showed a
highly significant decrease of vaginal Candida
colony-forming unit (CFU) compared with
controls (nonimmunized or irrelevant MAb-
immunized animals). The protection was
associated with rising vaginal titres of antiid-
iotypic Abs, predominantly of the IgA iso-
type. The Id-Ab containing vaginal fluids
taken from MAb KT4-immunized animals
were able to passively transfer the anti-
Candida protection to nonimmunized rats
and to kill Candida in vitro. The killing was
neutralized by the MAb KT4. Thus, secretory
Id-Abs, elicited by intravaginal Id vaccination
with MAb KT4, protected the rats from the
infectious challenge with C. albicans by
molecular mimicking KT activity as its inter-
nal image (Polonelli et al., 1994). KT-Id-Abs
were also found in significant titres in the
vaginal fluids of women with Candida vagini-
tis. These Abs were candidacidal in vitro and
were also able to confer protection to naïve
rats as those raised in the rat vagina by Id-
vaccination (Polonelli et al. 1996). These
results suggested that KT-Abs represent part
of the immune response elicited against
microorganisms bearing a KT-receptor.
Whether they have a role in natural Candida
infections is still unclear.
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The KT-sc-FV was cloned and expressed
in the human commensal Streptococcus gor-
donii as a secreted or surface-displayed mole-
cule. Engineered S. gordonii strain was able to
colonize the mucosal surfaces and when
intravaginally injected in rats exerted a strong
therapeutic effect on Candida vaginal infection
(Beninati et al., 2000; Oggioni et al., 2001).

Thus, to obtain standardizable, active
fragments for therapeutic use we have
sequenced KT-sc-FV and synthesized a
decapeptide derived from the sequence of the
variable region and containing part of KT-
scFv light chain. We demonstrated that this
peptide exerts a potent anti-Candida activity
in vitro and in vivo in vaginal infection
(Polonelli et al., 2003; Oggioni et al., 2001).

Overall, the mimicry of the yeast killer
phenomenon through the Id-Abs has led to
the development of the Id-vaccination and
anti-Id therapy, which could represent new
approaches to the control of mucosal can-
didiasis.

4. Conclusions

Candida is essentially an extracellular
organism and, as such, Abs against critical
antigens for virulence are expected to play a
role. This has been dismissed in the light of
evidence that cell-mediated immune dysfunc-
tions favor candidiasis. However, this does
not exclude any additional or even replacing
role of Abs in defined settings. There is now
clear experimental evidence that some Abs
may indeed be therapeutic; the experiments
also suggest that under natural conditions,
protective Abs may be obscured by the
plethora of irrelevant if not disease-enhanc-
ing Abs. The time has now come that not only
have Abs been shown to play more than a
likely protective role against vaginitis, more
importantly, these Abs or their engineered
fragments should be used therapeutically.
Our findings with protective Abs at the vagi-
nal level may constitute the basis for such a
clinical development.
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1. Introduction

The complement system is a component
of host resistance where innate and adaptive
immunity intersect. Innate resistance is
invoked when a microbe activates the alter-

native pathway or when mannan-binding
lectin binds to a microbe and activates the
classical pathway. The adaptive immune sys-
tem utilizes the complement system when an
IgG or IgM antibody binds to a microbial
surface and activates the classical pathway.



Regardless of the manner of activation, the
consequences of activation of the comple-
ment system include deposition of opsonic
serum proteins on a microbial surface that
facilitate phagocytosis by macrophages and
neutrophils, attraction of inflammatory cells
to the site of infection through the release of
chemotactic peptides, and activation of a
cascade of proteins that comprise the mem-
brane attack complex that may produce
damage to membranes on the surface of
cells on which complement activation
occurs. Fungi are surrounded by thick car-
bohydrate cell walls, which likely restrict
complement-mediated killing, but opsoniza-
tion and promotion of an inflammatory
response are critical components of host
resistance to fungal infection.

Fungi have served as model targets for the
study of complement activation for over 100
years. von Dungern reported in 1900 that
treatment of serum with yeast cells inacti-
vates a heat-sensitive component of serum
that is normally destructive to bacteria (von
Dungern, 1900). This report was confirmed
in 1902 in a study by Ehrlich and Sachs
(1902). Zymosan, a cell wall product of
Saccharomyces cerevisiae, which is rich in glu-
can content, has been a prototype for study of
the alternative complement pathway and
mechanisms of opsonization (Pillemer and
Ecker, 1941; Fizpatrick and DiCarlo, 1964).
Indeed, zymosan led to the discovery of the
alternative pathway (Pillemer et al., 1954).
Studies of complement activation by patho-
genic fungi have built on this legacy of prior
work.

Production of many disseminated fungal
infections requires that the fungus, usually a
yeast cell, spend a portion of its time in the
bloodstream. Since serum is rich in proteins
of the complement cascade, there is a high
probability that the consequences of inter-
action between a yeast cell and the comple-
ment system will have a major impact on the
course of disease. This chapter focuses pri-
marily on complement activation by
Cryptococcus neoformans and Candida albi-

cans, two fungi that rely on hematogenous
dissemination for spread from sites of initial
infection to target organs.

2. Activation of the
Complement System by
Pathogenic Fungi

2.1. Experimental Systems for
Study of Complement
Activation

Several experimental approaches have
been used to study complement activation
by pathogenic fungi. In the first approach,
microbes are incubated in serum and the
biological consequences of complement
activation are assessed. As discussed in a
later section, the two most commonly stud-
ied biological consequences of complement
activation are opsonization and release
of inflammatory mediators. The second
approach is measurement of the depletion
of complement proteins as a consequence of
complement activation. The standard com-
plement fixation assay is an example of a
complement depletion assay. The third
approach is immunochemical evaluation of
the release of cleavage products of comple-
ment proteins via complement activation.
Typically, supernatant fluids are examined
for fragments of C3 or factor B following
incubation of fungi in serum. Finally, com-
plement activation can be assessed by meas-
urement of the deposition of cleavage
fragments of C3 onto the fungal surface.
Two methods for measurement of C3 depo-
sition are: use of radiolabeled C3 and
immunofluorescence. Radiolabeled C3 is
advantageous because it allows for a quanti-
tative assessment of C3 binding. Staining
for C3 binding by immunofluorescence is
valuable because it identifies the sites of C3
binding. Given the critical role of C3 frag-
ments in opsonization, both quantitative
and qualitative examination of C3 binding
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are needed to fully assess the manner of
interaction of fungi with the complement
system.

Activation of the complement system
can occur via three pathways. Binding of
antibody to the fungal surface can activate
the classical pathway. Binding of mannan-
binding lectin (MBL) to the cell can also
activate the classical pathway. Finally, fungi
can activate the alternative pathway. The
reader is referred to a standard immunology
text for a more detailed discussion of the
pathways for complement activation.

There are several experimental tools that
can be used to identify mechanisms of com-
plement activation. Some complement pro-
teins are heat labile. As a consequence, one
of the most common methods to identify a
role for the complement system in a biologi-
cal process is heating of serum for 30 min at
56°C. An alternative approach is treatment
of serum with EDTA. Such treatment
chelates the Ca2+ needed for activation of
the classical pathway and the Mg2+ that is
critical to both the classical and alternative
pathways. Since the classical pathway is acti-
vated by the presence of antibody or MBL
in serum, the classical pathway can be
blocked by absorption of serum to remove
such initiators. Addition of antibody or
MBL back to the absorbed serum confirms
the role of these proteins in complement
activation. It should be noted that antibody
also contributes to activation of the alterna-
tive pathway, so interpretation of results
from experiments using absorbed serum
requires rigorous controls and should be
interpreted with caution. Another approach
to identification of pathways of activation is
treatment of serum with EGTA. Ca2+ is
required for the classical pathway but not
the alternative pathway. The high affinity of
EGTA for Ca2+ and its relatively low affinity
for Mg2+ allows for selective blockade of the
classical pathway while leaving the alterna-
tive pathway intact (Fine et al., 1972; Platts-
Mills and Ishizaka, 1974). Finally, the
complement system can be studied by exper-

imental reconstitution of the complement
system from isolated proteins.

2.2. C. albicans

Evidence for activation of the comple-
ment system by C. albicans is based on sev-
eral lines of study. First, treatment of yeast
cells with serum leads to enhanced phagocy-
tosis (Ferrante and Thong, 1979; Morrison
and Cutler, 1981). Second, chemotactic pep-
tides are produced by incubation of yeast
cells with serum (Ray and Wuepper, 1976;
Thong and Ferrante, 1978). Finally, incuba-
tion of Candida spp. in human serum results
in conversion of C3 and factor B as meas-
ured by immunoelectrophoresis (Ray and
Wuepper, 1976).

There are multiple mechanisms by which
C. albicans activates the complement sys-
tem. Activation of the classical pathway is
the primary mechanism for deposition of
C3 when the yeast is incubated in serum
from normal adult donors. The classical
pathway is initiated by an antimannan IgG
that is found in the serum of most adults
(Jones, 1980; Lehmann and Reiss, 1980).
Antimannan IgM is also found in sera from
adult donors, but the levels of antibody are
much lower than levels of antimannan IgG
(Lehmann and Reiss, 1980; Kozel et al.,
2004). Normal serum also contains the
lectin MBL. MBL binds to C. albicans
(Neth et al., 2000) and MBL deficiencies
have been associated with yeast infection
(Summerfield et al., 1995). MBL is a potent
activator of the classical pathway (Lu et al.,
1990; Ohta et al., 1990) and likely
contributes to complement activation by
C. albicans. However, the relative contribu-
tions of antimannan IgG and MBL to acti-
vation of the classical pathway have not
been rigorously studied.

There are several characteristic features of
C3 deposition on C. albicans via the classical
pathway (Kozel et al., 1996). Some of
these features are illustrated in Fig. 18.1.
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Deposition of C3 is very rapid. C3 is readily
detectable on the yeast by either immunoflu-
orescence or by the use of radiolabeled C3
after 2 min incubation in normal serum. The
process is largely complete after 4 min. In
contrast to yeast cells, the rate of C3 deposi-
tion is somewhat slower on germ tubes. C3
that is deposited via the classical pathway is
uniformly distributed over the surface of
both yeast cells and germ tubes.

The antibody in normal human serum
that is responsible for activation of the clas-
sical pathway by C. albicans is specific for
Candida mannan (Kozel et al., 1996; Zhang
et al., 1997). Absorption of serum to remove
antimannan antibody markedly delays the
kinetics for early deposition of C3 that
characterizes the classical pathway. This
antibody is removed by absorption with
C. albicans yeast cells, but not by absorption
with S. cerevisiae, encapsulated C. neofor-
mans or acapsular C. neoformans. The anti-
body is removed by absorption with purified
Candida mannan, and antimannan IgG that
is affinity purified from normal human

serum restores early C3 deposition kinetics
to absorbed serum.

Monoclonal antibodies specific for
Candida mannan also activate the classical
pathway (Han et al., 2001). Such activation
is dependent on antibody concentration;
suboptimal activation and binding of C3
fragments occurs if too little or too much
antibody is present. Importantly, a func-
tional complement system is needed if pas-
sive immunization with mannan mAb is to
be protective. Monoclonal antibodies that
are protective in complement-normal mice
fail to protect in C3-deficient mice.

C. albicans yeast cells and germ tubes
also activate the alternative pathway leading
to deposition of C3 on the yeast surface.
Activation of the alternative pathway is
complex, occurring via antibody-dependent
and antibody-independent pathways (Kozel
et al., 1996; Zhang et al., 1997; Zhang and
Kozel, 1998). Antibody-dependent activa-
tion of the alternative pathway is shown by
C3 binding in the presence of EGTA to
chelate the Ca2+ required to activate the clas-
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Figure 18.1. Sites and kinetics for deposition of C3 on C. albicans. C. albicans blastoconidia were
incubated for the indicated times in (i) normal human serum (NHS), (ii) NHS that had been absorbed
with C. albicans to remove antibody (NHS-absorbed), or (iii) NHS that had been treated with Mg-
EGTA to block the alternative pathway (NHS-EGTA). Sites of C3 binding were identified by use of
FITC-labeled antibody specific for human C3. Photomicrographs courtesy of Marcellene Gates.



sical pathway (see Fig. 18.1 for an example).
Antibody-independent activation is demon-
strated by binding of C3 in serum that has
been absorbed with mannan to remove anti-
mannan antibody and MBL.

The pattern and kinetics for deposition of
C3 onto C. albicans in the presence of EGTA
differ markedly from what is observed with
an intact classical pathway (Kozel et al., 1996;
Zhang et al., 1997). There is a delay of 2–4
min before readily measurable deposition of
C3 occurs (Fig. 18.1). In addition, the pattern
of C3 binding is asynchronous and focal, in
contrast to the relatively uniform early depo-
sition that occurs when the classical pathway
is intact. C3 deposition appears to be a nucle-
ation event in which a small focal site of early
C3 binding spreads in a centripetal fashion.
The sites of early C3 foci appear to be ran-
domly distributed over the yeast surface. As
foci of bound C3 expand, they eventually
coalesce to cover the yeast surface.

Antibody-independent activation of the
alternative pathway is observed when yeast
cells are incubated in serum that has been
absorbed to remove antimannan antibody or
MBL (Zhang and Kozel, 1998). Antibody-
independent activation of the alternative
pathway follows the asynchronous, focal pat-
tern of deposition observed with antibody-
dependent activation of the alternative
pathway; however, the kinetics for deposition
via antibody-independent activation are dra-
matically delayed (Fig. 18.1). Focal binding
sites are observed after 16 min incubation,
and incubation times of greater than 30 min
are required to coat the cells with C3. Even
with extended incubation times, the amount
of C3 bound via antibody-independent acti-
vation is markedly less than the amounts that
accumulate via the classical pathway or the
antibody-dependent alternative pathway.

2.3. C. neoformans

The encapsulated yeast C. neoformans is a
potent activator of the complement system.

Incubation of encapsulated cryptococci in
human serum leads to the binding of 107−108

C3 molecules per yeast cell (Young and
Kozel, 1993). The numbers of C3 molecules
binding to encapsulated cryptococci are
much greater than that are observed with
other fungi, e.g., 2×106 per C. albicans cell
(Kozel et al., 1996), 4×106 per zymosan parti-
cle (Kozel et al., 1991), or 2×106 per acapsular
C. neoformans yeast cell (Kozel et al., 1991).
The binding capacity of C. neoformans for C3
likely reflects the large capsular volume that is
presented by the three-dimensional capsular
matrix. Remarkably, the yeast is such a pow-
erful activator of the complement system that
some patients with disseminated cryptococ-
cosis exhibit depletion of the complement
system (Macher et al., 1978).

2.3.1. Activation of the
Alternative Pathway

Incubation of encapsulated cryptococci
in human serum leads to activation of the
complement system entirely via the alterna-
tive pathway. Unlike antimannan antibodies
and C. albicans, normal human serum typi-
cally lacks the amounts of anticapsular anti-
body needed for activation of the classical
pathway. Evidence for activation of the alter-
native pathway is derived from three lines of
study. First, treatment of serum with EGTA
to chelate the Ca2+ needed for activation of
the classical pathway does not block the abil-
ity of the yeast to activate the complement
system (Kozel et al., 1991). Second, the abil-
ity of the yeast to activate the complement
system is lost if serum is heated at 50°C
(Diamond et al., 1974). Factor B of the alter-
native pathway is quite heat labile; conse-
quently, heating of serum at 50°C is a means
to selectively block the action of the alterna-
tive pathway (Götze and Müller-Eberhard,
1971). Finally, activation and binding of C3
occurs when the yeast is incubated in an
alternative pathway that is reconstituted
from the six purified proteins of the alterna-
tive pathway (Kozel et al., 1989b). Both the
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kinetics and sites of C3 binding are identical
when cryptococci are treated with normal
human serum or an experimentally con-
structed alternative pathway.

Activation of the alternative pathway by
encapsulated cryptococci resembles the
kinetics and cellular pattern of C3 deposi-
tion found with antibody-dependent activa-
tion of the alternative pathway by
C. albicans (Kozel et al., 1991). Little binding
of C3 is apparent after 2–4 min incubation
(Fig. 18.2). This lag is followed by a phase of
rapid accumulation of C3 on the cell. This
rapid accumulation terminates abruptly after
16 min incubation. Presumably the termina-
tion of accumulation occurs because avail-
able sites for C3 binding have been filled
and/or because the bound C3b has been
completely converted to iC3b, which cannot
support further amplification.

The patterns of C3 binding shown by
immunofluorescence resemble the asynchro-
nous focal nature of initiation and amplifi-
cation found with antibody-dependent
activation of the alternative pathway by
C. albicans. The critical difference between

the nucleation events that occur on C. albi-
cans and C. neoformans is that the expansion
phase likely occurs in two dimensions on the
surface of C. albicans, whereas expansion
occurs in three dimensions within the cryp-
tococcal capsule. A kinetic analysis of C3
accumulation during the amplification
phase with encapsulated cryptococci found
that accumulation of C3 follows the kinetics
predicted by an expanding sphere (Kozel et
al., 1992).

2.3.2. Sites of C3 Binding

The capsule itself is the site for binding
of C3 fragments to encapsulated crypto-
cocci. An examination of the sites for
C3 binding by transmission electron
microscopy (TEM) found C3 to be bound
throughout the capsule (Kozel et al., 1989b).
The early studies of C3 binding to encapsu-
lated cryptococci utilized cells that were
grown under standard laboratory culture
conditions. Two recent reports of crypto-
cocci that were grown under conditions that
lead to induction of large capsules similar to
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Figure 18.2. Sites and kinetics for deposition of C3 on encapsulated C. neoformans. Yeast cells were
incubated for the indicated times in (i) normal human serum (NHS), (ii) NHS that had been absorbed
with encapsulated cryptococci to remove antibody (NHS-absorbed), or (iii) NHS that had been treated
with Mg-EGTA to block the alternative pathway (NHS-EGTA). Sites of C3 binding were identified by
use of FITC-labeled antibody specific for human C3. Photomicrographs courtesy of Marcellene Gates.



capsules produced in vivo suggest that fac-
tors determining the sites of C3 binding are
more complex than were found with cells
grown in the absence of capsule induction
conditions. Zaragoza et al. (2004) found that
the location of C3 binding in the capsule
was a function of capsule diameter.
Incubation of small-capsule cryptococci in
normal mouse serum led to C3 binding to
the capsule edge. In contrast, large-capsule
cryptococci bound C3 beneath the capsule
surface but not at the capsule edge. These
results led to the conclusion that large-cap-
sule cryptococci avoid surveillance by the
complement system by directing C3 deposi-
tion to a site where the C3 fragments would
not be available for interaction with phago-
cyte complement receptors.

Capsule size also influences the extent to
which complement activation penetrates to
the capsule interior (Gates et al., 2004).
Incubation of small-capsule cryptococci in
serum leads to deposition of C3 throughout
the capsule. In contrast, C3 binding does not
occur in the deep capsule interior of crypto-
cocci grown in vitro for production of large
capsules or of cryptococci harvested from
infected brain tissue. The failure of C3 to
bind to the deep capsule interior is due to
molecular sieving that prevents penetration
of high molecular weight complement pro-
teins to the capsule interior.

2.3.3. Mechanism for Binding
of C3 to the Capsule

C3b can bind to target cells via ester or
amide linkages. Studies of model com-
pounds found that ester bonds formed
between C3b and hydroxyl groups are sensi-
tive to hydrolysis with hydroxylamine,
whereas amide bonds are resistant to hydrol-
ysis (Law and Levine, 1977; Law et al., 1979;
Hostetter et al., 1982). The capsule is rich in
hydroxyl groups that would be available for
formation of ester bonds. C3 fragments
bound to the cryptococcal capsule are resist-
ant to elution with detergents or chaotropes,

but bound C3 is completely removed by
treatment with hydroxylamine, indicating
that C3 is bound to the capsule via ester
linkages (Kozel and Pfrommer, 1986).

2.3.4. Molecular forms of
Bound C3

C3 that is bound to the cryptococcal cap-
sule is almost entirely in the form of iC3b
(Kozel and Pfrommer, 1986). iC3b is a
highly opsonic protein that is formed by the
cleavage of C3b by factor I with the assis-
tance of factor H as a cofactor. C3b bound
to the cryptococcal capsule has a uniformly
high susceptibility to conversion to iC3b by
factors H and I (Pfrommer et al., 1993).
Rapid conversion of C3b to iC3b suggests
that the expanding sphere of bound C3 in
the capsule consists of C3b on the surface of
the sphere that supports amplification, but
the C3b in the interior of the sphere is rap-
idly converted to iC3b as the sphere
expands. The fact that most of the C3
bound to the cryptococcal capsule is in the
form of iC3b suggests that receptors with a
high affinity for iC3b, such as CR3 and
CR4, will be the primary phagocyte recep-
tors involved in phagocytosis of cryptococci
that are opsonized by incubation in normal
serum.

2.3.5. Effects of Anticapsular
mAbs on Complement
Activation

The lag in activation of the complement
system by encapsulated cryptococci is greatly
reduced if anticapsular antibody is present
for activation of the classical pathway.
However, the ability of an anticapsular anti-
body to activate the classical pathway is dra-
matically influenced by the epitope specificity
of the antibody. For example, mAbs that are
reactive with a capsular epitope found on
cryptococci of serotypes A, B, C, and D acti-
vate the classical pathway with cells of
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serotype A (Kozel et al., 1998). In contrast,
mAbs reactive with an epitope found only on
cryptococcal serotypes A and D fails to acti-
vate the classical pathway. This differential
interaction with the complement system has
been demonstrated with two distinct mAbs of
each specificity class. The molecular mecha-
nism that allows for one antibody to activate
the classical pathway whereas another anti-
body with a different epitope specificity fails
to activate is not known.

Unlike C. albicans, anticapsular antibod-
ies do not appear to contribute to activation
of the alternative pathway. However, studies
of anticapsular mAbs found an unexpected
result. In an epitope-specific manner, some
mAbs have no effect on activation of the
alternative pathway that would normally
occur on incubation of encapsulated crypto-
cocci with normal serum (Kozel et al.,
1998). Other anticapsular mAbs suppress
the overall rate and amount of C3 binding
via the alternative pathway. Those mAbs
that suppress overall rates of C3 accumula-
tion are the same mAbs that support activa-
tion of the classical pathway. Those mAbs
that have no effect on alternative pathway
activation are the antibodies that fail to acti-
vate the classical pathway. A critical differ-
ence between antibodies that suppress rates
of overall C3 accumulation and antibodies
that have no effect is the ability of the for-
mer class of mAbs to cross-link the capsular
surface (MacGill et al., 2000). Such cross-
linking likely blocks penetration of comple-
ment proteins to the capsular interior, thus
accounting for suppression of overall rates
and amounts of C3 binding.

2.3.6. Molecular Basis for
Regulation of
Complement Activation
by Encapsulated
Cryptococci

Limited information is available regard-
ing the molecular nature of the cryptococcal

capsule that accounts for either its ability to
activate the alternative pathway or to regu-
late rapid conversion of capsule-bound C3b
to iC3b. The primary constituent of the
cryptococcal capsule is glucuronoxyloman-
nan (GXM). GXM consists of a (163)-
linked linear α-D-mannopyran with single
β-D-xylopyranosyl, β-D-glucuronopyra-
nosyl, and 6-O-acetyl substituents. The
polysaccharide occurs as four primary
serotypes, which differ in the degrees of sub-
stitution with xylopyranosyl and O-acetyl
groups. Production of GXM is critical to
the patterns of complement activation
described above. Acapsular mutants pro-
duce a markedly different pattern of com-
plement activation (see below). Notably,
complementation of the capsular mutation
in an acapsular strain restores the pattern of
complement activation to the pattern
observed with encapsulated strains (Chang
et al., 1997).

Paradoxically, purified GXM shows little
ability to activate the complement system,
even when used in high concentrations
(Laxalt and Kozel, 1979). Any explanation
for the complement-activating properties of
the cryptococcal capsule must account for
this dichotomous behavior in which GXM
assembled in the form of a capsule is a
potent activator, whereas soluble GXM fails
to activate. One possible explanation is the
random and infrequent formation of activa-
tion foci, e.g., Fig. 18.2. The massive activa-
tion and binding of C3 to the capsule
appears to be highly dependent on amplifi-
cation of bound C3 from a limited number
of foci. The lifetime of the reactive site of
metastable C3b that is formed during com-
plement activation has been estimated at 60
µs, during which time it could diffuse approx-
imately 40 nm (Hughes-Jones, 1986). If the
metastable C3b fails to bind to a reactive
site, it is inactivated and can no longer sup-
port amplification. In the case of capsular
GXM, a limited number of initiation sites
can easily expand to fill the capsule through
amplification to adjacent capsular sites. In
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the case of soluble GXM, the molecular dis-
tances between soluble molecules may be
too great to allow for amplification. As a
consequence, initiation could occur on a
limited number of soluble molecules, but
there would be a failure to amplify.

Xylose residues that decorate the mannan
backbone appear to play a complex role in
activation of the alternative pathway.
A study of the attachment efficiency for C3b
binding to a variety of model compounds
found a high degree of attachment efficiency
to xylose (Sahu et al., 1994). This same study
found a hierarchy for efficiency of binding of
C3b to cryptococci of different serotypes
that paralleled the xylose content of each
serotype: serotype C > serotype B > serotype
A > serotype D. This result suggests that
xylosylation should favor activation.

In contrast to the high efficiency of bind-
ing of C3b to cryptococcal strains having a
high xylose content, xylose-negative strains
exhibit an accelerated kinetics for C3 depo-
sition compared to wild-type parents (Kozel
et al., 2003). This latter result indicates that
factors other than efficiency in binding of
C3b are the dominant force in determining
kinetics of complement activation when
xylose-positive and xylose-negative cells are
compared. One explanation is the possibility
that the presence or absence of xylose influ-
ences the affinity of factor B or factor H for
capsule-bound C3b. Particles that favor
binding of factor B and discourage binding
of factor H are activators of the alternative
pathway, whereas particles that encourage
binding of factor H are nonactivators
(Horstmann et al., 1985). It is quite possible
that xylose residues in the cryptococcal cap-
sule increase the efficiency with which factor
H can function as a cofactor for factor I
thus leading to a reduction in alternative
pathway activation. Accelerated kinetics for
activation and binding of C3 to xylose-neg-
ative mutants is consistent with the relative
kinetics observed with cells of different
serotypes (Young and Kozel, 1993). There is
a greater rate of accumulation of C3 on cells

of serotypes A and D (low xylose content)
than serotypes B and C (high xylose con-
tent). Taken together, studies of the contri-
bution of the xylosyl residue to complement
activation suggest that xylosylation may
have multiple and independent effects on
initiation, amplification, and regulation.

O-acetylation is another structural fea-
ture of the cryptococcal capsule that
impacts activation and binding of C3 to
encapsulated cryptococci. O-acetylation is
not necessary for activation of the alterna-
tive pathway (Young and Kozel, 1993; Kozel
et al., 2003), but de-O-acetylation of encap-
sulated cells leads to a significant increase in
the amount of C3 binding to encapsulated
cryptococci. One explanation for this
increased binding is the possibility that 
O-acetyl groups occupy or sterically block
potential sites on GXM for binding of
metastable C3b.

2.3.7. Acapsular C. neoformans

Acapsular cryptococci activate the com-
plement system leading to deposition of C3
on the cell surface and opsonization for
phagocytosis. However, the features of acti-
vation closely resemble activation produced
by C. albicans and differ markedly from pat-
terns found with encapsulated cryptococci
(Fig. 18.3). Incubation of acapsular crypto-
cocci in normal human serum leads to a
rapid and largely synchronous deposition of
C3 similar to classical pathway activation by
C. albicans (Kozel et al., 1991). Chelation of
serum with EGTA to block the classical
pathway produces a delay in activation, and
accumulation of C3 follows the asynchro-
nous, focal pattern observed with encapsu-
lated cryptococci, or C. albicans incubated
in EGTA-treated serum.

Rapid, synchronous accumulation of C3
and susceptibility of rapid binding to acap-
sular cryptococci to inhibition by EGTA
indicate that antibody-mediated activation
of the classical pathway is the primary mech-
anism for activation of the complement
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system when acapsular cryptococci are incu-
bated in normal serum. A potential role for
antibody in normal serum in initiating the
classical pathway was confirmed by absorp-
tion of antibody from normal serum (Wilson
and Kozel, 1992). Absorbed serum showed
the delayed, asynchronous, focal pattern of
binding that was found in EGTA-treated
serum. The fact that early activation kinetics
can be restored to absorbed serum by addi-
tion of purified IgG indicates that normal
sera contain antibodies reactive with the
cell wall of acapsular cryptococci. Unlike
C. albicans, there is no evidence of a role for
antibody in activation of the alternative
pathway by acapsular cryptococci.

Further study of antibodies to acapsular
cryptococci in normal human serum found
that the antibodies are of the IgG2 class
(Keller et al., 1994), a result that is in agree-
ment with numerous reports that human anti-
bodies to microbial polysaccharides are
predominantly IgG2. Antibodies reactive
with acapsular cryptococci are blocked by
treatment with isolated yeast glucan but not
mannan or chitin. The antibodies are

removed by absorption with zymosan but not
C. albicans or S. cerevisiae. Zymosan consists
of ghosts of S. cerevisiae that have been
treated in a manner that likely exposes inter-
nal glucan (DiCarlo and Fiore, 1958). Taken
together, comparative studies of initiation of
the classical pathway by C. albicans and acap-
sular cryptococci indicate that the pathways
to activation are similar, but activation by C.
albicans utilizes antimannan IgG found in
normal human serum, whereas acapsular
cryptococci utilize antiglucan IgG.

Complement activation by acapsular
cryptococci differs in several additional
respects from activation by encapsulated
cryptococci. First, C3b on encapsulated
cryptococci is much more susceptible to
conversion to iC3b by factors H and I than
C3b found to acapsular cells (Pfrommer et
al., 1993). Second, the ratio of iC3b:C3b on
encapsulated cryptococci is much higher
than on acapsular cryptococci. Finally, the
rate of accumulation of C3 fragments on
encapsulated cryptococci is much higher
than the rate of accumulation on acapsular
cells (Kozel et al., 1992).
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Figure 18.3. Sites and kinetics for deposition of C3 on acapsular C. neoformans. Yeast cells were incu-
bated for the indicated times in (i) normal human serum (NHS), (ii) NHS that had been absorbed with
acapsular cryptococci to remove antibody (NHS-absorbed), or (iii) NHS that had been treated with
Mg-EGTA to block the alternative pathway (NHS-EGTA). Sites of C3 binding were identified by use
of FITC-labeled antibody specific for human C3. Photomicrographs courtesy of Marcellene Gates.



2.4. Blastomyces dermatitidis
and Aspergillus fumigatus

Activation of the complement system by
Blastomyces dermatitidis yeast cells follows
the paradigms described above for C. albicans
and acapsular cryptococci. Incubation of
B. dermatitidis in serum from normal adults
leads to rapid binding of C3 via the classical
pathway (Zhang and Klein, 1997; Zhang et
al., 2001). The antibody in normal serum that
mediates classical pathway activation is spe-
cific for β-glucan. The classical pathway can
also be activated by antibodies specific for
BAD1, an immunodominant antigen of
B. dermatitidis. If the classical pathway is
blocked by treatment of serum with EGTA
or by removal of antibody, delayed activation
occurs via the alternative pathway. Most, but
not all, C3 fragments are bound via ester
bonds, and the molecular forms of the C3
fragments are a mixture of C3b and iC3b.

Optimal phagocytosis of A. fumigatus
conidia is dependent on opsonization by
complement proteins (Sturtevant et al.,
1992). A comparative study of activation
and binding of C3 to resting conidia,
swollen conidia, and hyphae showed that
complement activation by resting conidia is
mediated by the alternative pathway; how-
ever, there is a progressive dependence on
the classical pathway as the fungal particles
mature into swollen conidia and then
hyphae (Kozel et al., 1989a). Despite the use
of different activation pathways, the three
particles are similar in utilizing ester bonds
for linkage of C3 fragments. The C3 frag-
ments bound to the three particles are a mix-
ture of C3b and iC3b indicating that
opsonized cells have the potential for inter-
action with receptors for both fragments.

3. Direct Binding of
Complement Proteins
to Fungi

In addition to covalent binding of C3
fragments to fungi as a consequence of com-

plement activation, several laboratories have
reported direct binding of complement pro-
teins to putative receptors on the fungal sur-
face. The best studied of the complement
receptors are those for iC3b and C3d. These
receptors were discovered serendipidously in
two separate laboratories where, in one
instance, yeast cells contaminating a lym-
phoblastoid culture reacted with comple-
ment-coated sheep erythrocytes (Heidenreich
and Dierich, 1985). In the second instance, an
experiment was done to induce expression of
complement receptors on endothelial cells by
infecting the cells in vitro with C. albicans.
When complement-coated erythrocytes were
added as a measure of receptor expression,
the erythrocytes bound to the yeast cells
rather than to the endothelial cells (Edwards
et al., 1986). Further studies found that C.
albicans and its closely related species C. stel-
latoidea, but not other yeast species, bound
erythrocytes that were coated with C3d and
iC3b. Binding of complement-coated ery-
throcytes was prominent with germ tubes and
pseudohyphae, whereas there was little bind-
ing to blastoconidia.

A great deal has been learned about the
candidal receptor for iC3b since its original
discovery, and the receptor has been shown to
have functional and structural homology to
the α-subunit of the leukocyte adhesion gly-
coproteins CD11b/CD18 and CD11c/CD18.
Murine monoclonal antibodies that recog-
nize CD11b and CD11c cross-react with sur-
face proteins of C. albicans (Edwards, et al.,
1986; Bendel and Hostetter, 1993; Bendel et
al., 1995). Binding of iC3b to C. albicans is
specific, saturable, and reversible, indicating
the presence of a true receptor (Gilmore et
al., 1988). The integrin-like protein of
Candida spp. has been proposed as a means
for evasion of innate immunity by the use of
molecular mimicry to avoid phagocytosis
(Gilmore et al., 1988), but a more important
function may be that of adhesion. Candidal
cells bind to HeLa cells that express iC3b and
fibronectin in a process that is inhibited by
RGD peptides encompassing the RGD site
and surrounding amino acids in iC3b (Bendel
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and Hostetter, 1993). The gene encoding the
candidal integrin, INT1, has been cloned and
sequenced (Gale et al., 1996). Expression of
Int1p in S. cerevisiae allows for adhesion of
this normally nonadherent yeast to human
cervical epithelial cells, whereas disruption of
INT1 in C. albicans reduces epithelial cell
adhesion (Gale et al., 1998). Finally, disrup-
tion of both alleles markedly reduces viru-
lence in an intravenous murine model of
candidiasis (Gale et al., 1998; Bendel et al.,
1999).

Many microbes bind complement regula-
tory proteins in a process of immune evasion
and downregulation of complement activa-
tion. Streptococcus pyogenes, Streptococcus
pneumoniae, Neisseria gonorrhoeae, Borrelia
burgdorferi, and human immunodeficiency
virus bind factor H and/or FHL-1. These
proteins act as cofactors for factor I in cleav-
age of C3b and compete with factor B in
binding to cell-bound C3b. As a consequence,
binding of factor H or FHL-1 may attenuate
or terminate activation of the complement
cascade. A recent study by Meri et al. (2002)
found that factor H and FHL-1 also bind to
C. albicans. Factor H and FHL-1 that bind
to the candidal surface retain their regulatory
activities and facilitate factor I-mediated
cleavage of C3b.

4. Functional Consequences of
Complement Activation

The complement system can contribute
to host resistance through a number of
effector systems. Activation of the comple-
ment system can also contribute to a diverse
array of disease processes by production
and amplification of inflammation. The pri-
mary means by which the complement sys-
tem contributes to host resistance include
opsonization, stimulation of inflammation,
and cytolysis.

Opsonization occurs when activation of
the complement cascade leads to deposition
of potentially opsonic fragments of C3 onto

the fungal surface. The primary opsonic
fragments of C3 are C3b and iC3b. The pri-
mary cellular receptor for C3b is comple-
ment receptor type 1 (CR1; CD35). CR1 is
present on erythrocytes, macrophages,
monocytes neutrophils, and B cells. The pri-
mary receptors for iC3b are complement
receptor type 3 (CR3; CD11b/18) and com-
plement receptor type 4 (CR4; CD11c/18).
CR3 and CR4 are found on phagocytic cells
such as macrophages, monocytes and neu-
trophils, and mediate phagocytosis of target
cells coated with iC3b.

Several studies have identified the frag-
ments of C3 found on fungal surfaces after
incubation with human serum. C3 frag-
ments bound to zymosan particles are pri-
marily in the form of C3b (Law and Levine,
1977). Similarly, C3 fragments bound to the
surface of C. albicans yeast cells are almost
entirely C3b (Kozel et al., 1987). The molec-
ular form of C3 binding to A. fumigatus
varies with the target cell (Kozel et al.,
1989a). C3 fragments bound to resting coni-
dia are primarily iC3b, whereas C3 bound to
swollen conidia or hyphae are a mixture of
C3b and iC3b. The presence of high propor-
tions of C3b on the surface of many fungi
after incubation in human serum suggests a
role for CR1 in phagocytosis of these cells
when opsonized with normal serum.

The presence of large amounts of iC3b
on encapsulated cryptococci suggests a key
role for CR3 and CR4 in phagocytosis of
cryptococci opsonized by incubation in
human serum. Levitz and Tabuni (1991)
found that mAbs directed against CR1,
CR3, and CR4 profoundly inhibited phago-
cytosis of normal-serum-opsonized crypto-
cocci by monocyte-derived macrophages.
Similarly, serum-opsonized cryptococci
bound to CHO cells that were transfected
with human CR1, CR3, or CR4 (Levitz et
al., 1997). The substantial roles for CR3 and
CR4 in phagocytosis are not surprising
given the massive presence of iC3b in the
cryptococcal capsule. The contribution of
CR1 could be due to the limited C3b found
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in the capsule that has not been converted
to iC3b.

The second mechanism by which the
complement system can contribute to host
resistance is the release of mediators of
inflammation. Activation of the comple-
ment system leads to the release of C4a,
C3a, and C5a. These peptides have proper-
ties that include chemotaxis and chemokine-
sis for neutrophils, stimulation of the
respiratory burst, and targeting of vascular
endothelial cells to increase vascular perme-
ability. Generation of chemotactic peptides
following incubation of various fungi in
serum has been demonstrated for C. neofor-
mans (Laxalt and Kozel, 1979; Diamond
and Erickson, 1982), C. albicans (Ray and
Wuepper, 1976; Thong and Ferrante, 1978),
A. fumigatus (Budzko and Negroni, 1975),
Trichophyton spp. (Dahl and Carpenter,
1986), and C. immitis (Galgiani et al., 1978).
Finally, C5a contributes to killing by neu-
trophils. Lovchik and Lipscomb (1993)
found that killing of encapsulated crypto-
cocci by neutrophils was largely absent if
done in the presence of C5-deficient serum.
This deficiency was restored by the addition
of recombinant C5a.

An important biological activity of the
complement system is the ability to assemble
a membrane attack complex (MAC) leading
to cytolysis of the target cell. Microbes hav-
ing thick external cell walls such as gram-
positive bacteria are generally regarded as
resistant to complement-mediated bacteriol-
ysis (Joiner et al., 1983; Brown, 1985).
Moreover, there has not been convincing
evidence of complement-mediated lysis or
killing of fungi. However, these paradigms
have recently been called into question by a
report of antibody-dependent bacteriolysis
of the gram-positive Bacillus anthracis (Rhie
et al., 2003). Lukasser-Vogl et al. (2000)
recently reported that incubation of C. albi-
cans in normal serum leads to the binding of
terminal complement proteins on the yeast
surface. Such deposition did not occur if the
serum was treated with EDTA or preacti-

vated with zymosan, indicating that deposi-
tion of the MAC was not due to nonspecific
binding of proteins. Binding of terminal
complement proteins to C. albicans has
functional consequences for the yeast
because treatment with normal serum pro-
duces decreased fungal growth and an alter-
ation in fungal mitochondrial activities
(Triebel et al., 2003). The effects of terminal
complement proteins and the complement
MAC on fungal cell surface signaling,
metabolism, and viability are areas that
merit further study.

5. Role of the Complement
System In Vivo

The in vitro studies described above
clearly demonstrate that exposure of patho-
genic fungi to the complement system has
functional consequences that are likely to
influence the course of fungal infection
in vivo. As a complement to these in vitro
studies, there are numerous reports of
the effects of complement deficiency on the
course of fungal infection in vivo.
The model system that has received the
greatest amount of study is the C5-deficient
mouse. C5-deficient mice have decreased
resistance to disseminated cryptococcosis
(Rhodes, 1985; Lovchik and Lipscomb,
1993), disseminated candidiasis (Morelli
and Rosenberg, 1971; Lyon et al., 1986;
Hector et al., 1990; Ashman et al., 2003),
cutaneous candidiasis (Wilson and Sohnle,
1988), and aspergillosis (Hector et al., 1990).

The critical role of C5 in host resistance
to disseminated fungal infection is illus-
trated by the course of infection following
intravenous administration of S. cerevisiae.
This weakly pathogenic yeast is not lethal in
immunocompetent mice (Clemons et al.,
1994), but produces a lethal infection in C5-
deficient mice (Byron et al., 1995). Tissue
census studies following intravenous admin-
istration of yeast cells showed higher num-
bers of yeast cells in spleen, liver, kidney,
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and lung of C5-deficient mice than in con-
genic C5-normal mice. The greatest differ-
ences were found in lung and kidney.

A seminal report by Lovchik and
Lipscomb provides a potential explanation
for the role of C5a in hematogenously dis-
seminated fungal infection. Mice were
infected intravenously with encapsulated
cryptococci and clearance of the yeast in the
lung was assessed. The results showed rapid
accumulation of yeast cells in the lungs of
C5-sufficient mice 30 min after infection,
but the lungs were largely free of crypto-
cocci after 24 h. Histopathological and
TEM examination of lung tissue showed a
marked accumulation of polymorphonu-
clear neutrophil leukocytes (PMN) in the
vicinity of cryptococci within the lumina of
capillaries or venules, and there was consid-
erable phagocytosis of the yeast. In con-
trast, the number of PMN in the lungs of
C5-deficient mice was not increased over
normal levels, and there was no evidence of
phagocytosis of cryptococci 30 min after
inoculation. However, by 24 h after infec-
tion, cryptococci had replicated within the
pulmonary vessels, but there was still no
accumulation of PMN. These results
indicate that C5 facilitates removal of cryp-
tococci from the bloodstream within pul-
monary vessels. The authors suggested that
this mechanism could prevent development
of foci of lung infection during extrapul-
monary dissemination and reduce the num-
ber of yeasts that disseminate to other
organs. Importantly, there was no difference
between C5-sufficient and C5-deficient mice
in clearance of encapsulated cryptococci
inoculated via the intratracheal route.

A second approach to study the role of
the complement system in vivo is adminis-
tration of cobra venom factor (CVF) to
experimental animals. Treatment with CVF
leads to temporary depletion of C3 and C5
(Van den Berg et al., 1991). Studies of path-
ogenic fungi have shown increased suscepti-
bility of CVF-treated experimental animals
to disseminated cryptococcosis (Diamond et

al., 1973; Graybill and Ahrens, 1981) and
candidiasis (Gelfand et al., 1978).

Finally, the increasing availability of
transgenic mice and mice with targeted gene
disruptions offer powerful new means to
study the role of the complement system in
fungal infections. Although only a limited
number of studies have been done, the
promise of this approach has been clearly
established. In one example, the acute phase
production of MBL in response to systemic
challenge with C. albicans was studied in
transgenic mice bearing the human MBL
gene (Tabona et al., 1995). The results
showed an initial reduction in serum MBL
levels that was followed by a slow recovery
of MBL levels. In another example, the sus-
ceptibility of MBL-A−/− mice to dissemi-
nated candidiasis was examined (Lee et al.,
2002). The results showed no differences in
the survival rates and fungal burdens of
wild-type and MBL-A−/− mice. This negative
result should be interpreted with caution
because MBL in mice is encoded by two
genes, the MBL-A and the MBL-C genes,
whose gene products are found in serum in
comparable amounts and have similar com-
plement activating activities (Hansen et al.,
2000). Finally, as noted above, Han et al.
(2001) found that antimannan IgM and
IgG3 mAbs that are protective in comple-
ment-normal mice fail to protect C3−/− mice
from a hematogenous challenge. In contrast,
murine IgG1, IgG2a, and IgG2b mAbs that
are reactive with the capsular polysaccha-
ride of C. neoformans are protective in a
murine model of disseminated cryptococco-
sis in C3−/− mice (Shapiro et al., 2002).
Surprisingly, a IgG3 anticapsular mAb that
was not protective in complement-normal
mice was protective against intravenous
challenge in C3−/− mice. This latter result
suggests a previously unrecognized com-
plexity for the role of the complement sys-
tem in acquired immunity. The use of
genetically modified mice to study the con-
tribution of individual complement proteins
to host resistance will likely increase dra-
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matically as mice become more readily avail-
able and as new strains are generated.

6. Conclusions

Disseminated infection exposes fungi to
proteins of the complement system. Every
pathogenic fungus that has been studied to
date has been shown to activate the comple-
ment system using a combination of the clas-
sical and alternative complement pathways.
Studies of fungal infections in animals with a
variety of induced or genetic complement
deficiencies have shown that the complement
system contributes greatly to host defense.
The biological activities of the complement
system that likely contribute to host defense
include opsonization and generation of an
inflammatory response. Serum from most
normal adults contains variable and often
high levels of antibodies directed against glu-
cans and mannans found on fungal surfaces.
As a consequence, incubation of fungi that
display surface glucan and/or mannan, e.g.,
C. albicans, B. dermatitidis, or acapsular
C. neoformans, in human serum leads to
rapid activation of the classical pathway and
deposition of opsonic fragments of C3 on the
fungal surface. If sera lack antibodies or sur-
face glucan or mannan is occluded, e.g.,
encapsulated C. neoformans, activation of the
complement system proceeds via the alterna-
tive pathway, however, the kinetics for such
alternative pathway activation are much
slower than occurs via the classical pathway.
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1. Introduction

Candida albicans is associated with a wide
spectrum of diseases in humans, including
systemic forms of infection that may arise as
localized primary diseases of deep organs or

as hematogenously disseminated infection
(Calderone, 2002). Candidal infections are a
significant clinical problem for a variety of
immunocompetent and immunocompro-
mised patients (Calderone, 2002). Candida
spp. now rank fourth on the list of microbes



most frequently isolated from blood cultures
(Jarvis, 1995) and mortality rates from sys-
temic candidiasis can be as high as 50%. Not
only are bloodstream infections with C. albi-
cans and non-C. albicans spp. occurring more
frequently, but the relative proportion of
these infections due to non-C. albicans spp.
is increasing, including species such as
C. glabrata, C. tropicalis, C. parapsilosis,
C. krusei, and C. lusitaniae. Common risk
factors for bloodstream candidiasis include
extremes of age (low-birth-weight infants and
the elderly), immunosuppression, malignancy
with leucopenia, major abdominal surgery, or
trauma, as well as exposure to multiple anti-
bacterial agents, central venous catheteriza-
tion, prolonged length of stay in intensive
care units, and parenteral nutrition (Jarvis,
1995).

Since early diagnosis of invasive infec-
tion is difficult, strategies for prevention
would seem to be more attractive.
Antifungal prophylaxis has been effective in
reducing Candida infection in neutropenic
patients with hematologic malignancies,
however, there has been no proven benefit
regarding the reduction in the overall mor-
tality (Bohme et al., 1999). The beneficial
effect of immunomodulators in clinical and
preclinical models of the infection (Kullberg
et al., 1994; Kullberg and Anaissie, 1998;
Rodriguez-Adrian et al., 1998) suggests that
maneuvers aimed at restoring the host
defective antifungal immune responsiveness
can be exploited in adjunctive antifungal
therapies (Georgopapadakou and Walsh,
1996; Rodriguez-Adrian et al., 1998; Stevens
et al., 1998; Stevens, 1998; Polonelli and
Cassone, 1999). Therefore, understanding
the components of this host response at a
basic level is likely to lead to a better under-
standing of the pathogenesis of C. albicans
infections and diseases in humans and result
in optimization of preventive and therapeu-
tic antifungal strategies. This chapter will
focus on innate and adaptive immune reac-
tivities to systemic C. albicans infection with
particular attention given to innate immu-

nity and its role in protection against infec-
tion, directing the adaptive immune
response, and serving as an immunothera-
peutic tool.

2. Candida albicans: A Unique
Fungus

The complexity of interactions between
C. albicans and its human host suggests that
this fungus has numerous mechanisms to
adapt to a diversity of host sites and also, in
many cases, to occupy the host without
causing overt disease. A crucial feature of
this microorganism is its versatility that goes
beyond its duality, as a pathogen as well as a
commensal, to include the ability to survive
and infect several anatomically distinct sites,
each with its own specific set of environ-
mental pressures (Calderone, 2002). C. albi-
cans grows vegetatively in a variety of
morphogenic forms, as it can exist as simple
budding yeast or undergo morphogenesis
and produce filaments in the form of
pseudohyphae and/or hyphae. It is suggested
that the mechanisms for rapid adaptation lie
in the developmental programs of yeast-to-
hypha transition and the high frequency of
phenotypic switching (Nantel et al., 2002;
Soll, 2002). Although morphological flexi-
bility could be a key contributor to fungal
virulence, neither molecular data unambigu-
ously establish a role for fungal morphogen-
esis as a virulence factor for Candida albicans,
nor can specific forms of Candida be
regarded as absolutely indicative of sapro-
phytism or infection at a given site. Mutant
strains of C. albicans incapable of hyphal
formation are, in general, avirulent in
mouse models of disseminated candidiasis
(Romani et al., 2003). However, decreased
infectivity without changes in hyphal forma-
tion is also observed, and strains that are
unable to grow in the yeast form were also
less virulent (Romani et al., 2003).
Therefore, defects other than the inability to
form hyphae could be responsible for the
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reduced virulence of the mutant strains. In
phenotypic switching, the white-to-opaque
switch is a critical step in the mating process
(Miller and Johnson, 2002), yet the inherent
virulence of each phenotype is still contro-
versial. Moreover, the fungus uses a com-
mon set of conserved pathways to regulate
dimorphism, phenotypic switching, and vir-
ulence (Nantel et al., 2002) in addition to
mating (Miller and Johnson, 2002) and
metabolism (Lan et al., 2002). Therefore, as
virulence genes are co-regulated with cell
morphogenesis, the ability to switch from
yeast to hyphal growth in response to vari-
ous environmental signals is considered to
be inherent to Candida virulence, but proof
that links morphogenesis to virulence is still
lacking and the issue remains controversial
(Gow et al., 2002; Rooney and Klein, 2002;
Romani et al., 2002).

The fact that commensals show infectiv-
ity only in patients with a variety of
immunological defects indicates that a high
degree of coexistence has evolved between
C. albicans and its mammalian hosts which
deviates into overt disease only under cer-
tain circumstances. The need for C. albicans
is a stable host–parasite interaction that is
achieved upon the implicit agreement that
the elicited immune response be strong
enough to allow host survival without
pathogen elimination and to establish com-
mensalism without excessive proinflamma-
tory pathology. Therefore, the balance of
proinflammatory and anti-inflammatory
signaling is a prerequisite for successful
host–fungus interaction. In light of these
considerations, although developments in
fungal genomics may provide new insights
into mechanisms of pathogenicity (Lorenz
and Fink, 2001), the responsibility for viru-
lence, regardless of the mode of its genera-
tion and maintenance, is shared by the host
and the fungus at the pathogen–host inter-
face. Studies with C. albicans have provided
a paradigm that incorporates contributions
from both the fungus and the host to explain
the theme of the origin and maintenance of

virulence for commensals (Romani et al.,
2002). Through a high degree of flexibility,
the model accommodates the concept of vir-
ulence as an important component of fun-
gus fitness in vivo (that is, the reduction of
host survival—that equals virulence—
regarded as an unavoidable consequence of
parasite adaptation and reproduction within
the host) within the plasticity of the host
immune system. Transition to the different
fungal morphotypes is perceived by the host
immune system in a morphotype-specific
fashion (Gow et al., 2002; Rooney and
Klein, 2002; Romani et al., 2002; Geiger
et al., 2004). Dendritic cells (DCs) sense
changes in the microorganism and deter-
mine the full range of host’s immune rela-
tionships with Candida, from commensalism
to infection. The exploitation of distinct
recognition receptors on DCs is causally
linked to fungal virulence (Romani et al.,
2002, 2004). This may explain the interde-
pendency of immunological reactivity and
fungal infectivity, the relative importance of
each single factor being dependent on the
fungus and type of the infection.

3. Immunity to C. albicans

Host defense mechanisms against C. albi-
cans are numerous and range from relatively
primitive and constitutively expressed, non-
specific defenses to sophisticated adaptive
mechanisms that are specifically induced
during infection (Calderone, 2002). In the
past decade, a dramatic shift has occurred in
our mechanistic understanding of immunity
to C. albicans. Precisely, the appreciation
that activation of the innate immune system
initiates, amplifies, and drives antigen-spe-
cific immune responses together with the
identification of discrete cell types, specific
receptors, and the signaling pathways
involved in the activation of innate immu-
nity has provided a multitude of new targets
for exploitation by the developments of
adjuvants for vaccines (Romani, 2003,
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2004). Traditionally considered only as a
first line of defense, the innate immunity has
recently received considerable attention
because this form of immunity effectively
distinguishes self from nonself and activates
the adaptive immune systems by provision
of specific signals (Fearon and Locksley,
1996; Medzhitov and Janeway, 1997). Innate
defense strategies are designed to detect
broad and conserved patterns, which differ
between pathogenic organisms and their
multicellular hosts. This nonantigen-specific
detection strategy is mediated by diverse and
evolutionarily conserved families of pattern
recognition receptors (PRRs) and Toll-like
receptors (TLRs) that recognize and are
triggered by evolutionarily conserved mole-
cules essential to pathogen function
(PAMPs, pathogen-associated molecular
patterns) (Akira, 2003). By discriminating
between different pathogens, and by con-
tributing to discrimination between self
and pathogens at the level of the adaptive
T helper (Th) immunity, the innate immune
system fulfills two important goals of the
primary immune response: speed and
specificity.

Candida spp. are detected and destroyed
within hours by innate defense mechanisms
(Cotter et al., 2000). For C. albicans, how-
ever, the state of commensalism with its ver-
tebrate host is associated with the detection
of underlying acquired immunity to the fun-
gus, such as the occurrence of positive
delayed-type hypersensitivity (DTH) reac-
tivity and antigen-specific lymphoprolifera-
tion (Fidel and Sobel, 1994; Puccetti et al.,
1995). The recognition of the fungus at sites
of infection leads to the production of
chemokines and cytokines that not only
activate the innate cell population but also
drive the adaptive immune response down
different pathways of differentiation.
Therefore, cytokines and other mediators
play an essential role in the process and,
indeed, may ultimately determine the type of
effector response that is generated towards
the fungus. As the different Th cell subsets

are endowed with the ability to release a dis-
tinct panel of cytokines, capable of deliver-
ing activating and deactivating in feedback
signals to effector phagocytes, the activation
of an appropriate Th subset may be instru-
mental in the generation of a successful
immune response to the fungus (Romani,
1999). To limit the pathologic consequences
of an excessive inflammatory cell-mediated
immune reactions, the immune system
resorts to a number of protective mecha-
nisms, including the reciprocal cross-regula-
tory effects of Th1- and Th2-type effector
cytokines, such as interferon (IFN)-γ and
interleukin (IL)-4, and the generation of
regulatory T cells (Treg) (Montagnoli et al.,
2002). Thus, despite a degree of redundancy
of the anticandidal immune responses with
respect to protection, innate and adaptive
immune responses are intimately linked and
controlled by sets of molecules and recep-
tors that act to generate the most effective
form of immunity for protection (Fig. 19.1).

As emphasized throughout this chapter, it
has became apparent that understanding how
immune responses are activated will enable
the development of vaccine strategies that are
effective at maintaining or eliciting acquired
protective immunity to C. albicans in condi-
tions of immunosuppression. The model has
brought DCs to center stage as promising tar-
gets for intervention for immunotherapy and
vaccine development (Steinman and Pope,
2002) and has shifted the emphasis from the
“antigen” towards the “adjuvant” that best
stimulates the appropriate type of response in
immunosuppressed hosts.

4. The Innate Immune System

The constitutive innate mechanisms
include the barrier functions of the body sur-
faces and mucosal epithelial of the respira-
tory, gastrointestinal, and genito-urinary
tracts. Candida spp. possess a variety of com-
plementary structures through which they
adhere to cell surfaces and extracellular
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matrix (Calderone, 1994). When hematoge-
nous dissemination to visceral organs is an
important step in the pathogenesis of the
infection, adherence and penetration to the
endothelial lining of blood vessels to invade
the deep tissues may occur (Sanchez et al.,
2004) through a process that is actively

induced by the fungus (Belanger et al., 2002).
The susceptibility and outcome of invasive
candidiasis also depends on serum level of
iron, lipoproteins (Wanten et al., 2002), and
may involve platelets (Romani, 2002).

The innate antifungal defense mecha-
nisms against systemic C. albicans infection
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are built upon effector mechanisms mediated
by cells, cellular receptors, and a number of
humoral factors. The professional phagocytes
consisting of polymorphonuclear leukocytes
(PMNs, also known as neutrophils) play an
essential role. The observation that invasive
candidiasis occurs in concomitance with
defects in neutrophil number and functions
(Bodey et al., 1966), together with the detec-
tion of cells and mediators of the innate
immune system with antifungal effector
activities (Ashman, 1998), has led to one cen-
tral dogma of resistance to candidiasis, i.e.,
that resistance to invasive candidiasis is medi-
ated by the innate immune system. However,
the antigen-independent recognition of the
fungus by the innate immune system leads to
the immediate mobilization of immune effec-
tor and regulatory mechanisms that provide
the host with three crucial survival advan-
tages: establishment of a first line of defense,
which holds the pathogen in check during the
maturation of the adaptive response; rapid
initiation of the immune response (both
innate and adaptive) and creation of the
inflammatory and co-stimulatory context for
antigen recognition; and steering of the adap-
tive response towards the cellular or humoral
elements that are most appropriate for pro-
tection against the specific pathogen.
Therefore, while the effectiveness of the
innate system is undoubtedly acknowledged,
it is now clear that optimal antifungal
immune resistance results from the combined
and interdependent effort of innate and adap-
tive immune mechanisms and that this can be
achieved by targeting and manipulating cells
and pathways of the innate immune system.

4.1. The Discrimination: The
PAMP/TLR Recognition
System

Toll was originally defined as a
Drosophila gene important for ontogenesis
and antimicrobial resistance. The sequence
similarity of the cytoplasmic portion of

Drosophila Toll and mammalian IL-1 recep-
tor (IL-1R) intracellular domains suggested
similarities in Toll and IL-1R signaling and
illustrated the evolutionary conservation of
both cell signaling systems (Hoffmann and
Reichhart, 2002). A further piece of evi-
dence comes from studies with Galleria mel-
lonella, an insect capable of sensing the
pathogenicity of Candida spp. in a manner
similar to mammals (Cotter et al., 2000).
TLRs are type I transmembrane proteins
that are grouped into the same gene family
based on their sequence similarity. Ten
mammalian TLRs have been described so
far, and TLR ligands include PAMPs and
other ligands. Several putative endogenous
TLR ligands, including members of the heat
shock proteins (HSPs), have also been
described. Evidence suggests that stimula-
tion of TLRs by endogenous ligands could
result in the maturation of DCs presenting
host peptides and priming for autoimmunity
(Millar et al., 2003). In contrast, the ability
of PAMPs to induce costimulatory molecule
expression on DCs suggests a permissive
role of the PAMP/TLR system in the activa-
tion of T lymphocytes during antigen pres-
entation. All TLRs activate a core set of
stereotyped responses, including inflamma-
tion. However, individual TLRs can also
induce specific programs in cells of the
innate immune system that are tailored for a
particular pathogen. TLRs and IL-1R share
a similar signaling cascade, culminating in
the activation of nuclear factor κB (NF-κB)
and mitogen-activated protein kinases that
activate the transcription of the inflamma-
tory and adaptive immune responses. The
common signal pathways utilized by IL-1R
and TLRs involve the recruitment of the
adapter protein MyD88 (Drosophila
myeloid differentiation primary response
gene 88) through the homophilic interaction
of the TIR domain. MyD88, in turn, acti-
vates a series of IL-1R-associated kinases
that are crucially involved in innate immu-
nity, and signal is propagated via a specific
member of the TNF receptor-associated
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factor family. However, in the case of TLR3-
and TLR4-dependent lipopolysaccharide
signaling, other proteins may also serve as
adapter molecules with, or in place of,
MyD88 (Yamamoto et al., 2003). It is recog-
nized that the intricacies of how TLRs sig-
nal will ultimately provide an explanation

for the molecular basis of how cells involved
in innate immunity dictate the processes of
host defense specific to the provoking
pathogen (O’Neill et al., 2003). A number of
cell wall components of C. albicans may act
as PAMPs (Roeder et al., 2004) (Fig. 19.2).
TLR2 signaling leads to the prevalent
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production of inflammatory (TNF-α and
IL-1β) cytokines, although IL-10 is also pro-
duced occasionally (Netea et al., 2002b;
Brown et al., 2003; Gantner et al., 2003;
Jouault et al., 2003; Villamon et al., 2004).
Signaling through TLR2 by zymosan occurs
in collaboration with the β-glucan receptor
Dectin-1 (Gantner et al., 2003), a finding
that suggests the occurrence of collaborative
recognition of distinct microbial compo-
nents by different classes of innate immune
receptors. TLR4 and CD14 also mediate the
recognition of C. albicans-derived mannan
(Tada et al., 2002). Although TNF-α and
IL-1β production in response to Candida
may also occur in a TLR4-independent
manner, resistance to the systemic infection
is decreased in TLR4-deficient mice along
with the release of chemokines (Netea et al.,
2002b). Therefore, TLR2 and TLR4 are
both implicated in the elicitation of host
defense to the fungus in the systemic com-
partment, a finding exemplifying the recruit-
ment of different TLRs by one microbial
species. The MyD88-dependent pathway is
essential for the innate and acquired Th1-
mediated resistance to the disseminated
infection with the fungus. However, the con-
tribution of individual TLRs may vary
depending on fungal morphotypes. For
instance, signaling by C. albicans essentially
occurs through IL-1R, TLR2, and TLR4,
each being implicated in different ways in
the control of the disseminated infection
with yeasts or hyphae (Bellocchio et al.,
2004). Individual TLRs also activate spe-
cialized antifungal effector functions on
neutrophils that correlate with susceptibility
to the systemic infection. TLR expression
on PMNs exposed to C. albicans is induced
in a morphotype-specific manner. Although
not affecting phagocytosis, TLRs affect spe-
cific antifungal programs of PMNs, such as
respiratory burst and degranulation. TLR2
and TLR9 ligation by Candida yeasts prefer-
entially activates the respiratory burst, while
TLR4 engagement induces degranulation
along with a more efficient fungal killing

(Marr et al., 2003; Bellocchio et al., 2004).
This finding is consistent with the ability of
lipopolysaccharide (LPS) to restore antican-
didal activity of PMNs from immunosup-
pressed mice (Yamamoto et al., 1993). As the
quantity and specificity of delivery of toxic
neutrophil products ultimately determine the
relative efficiency of fungicidal activity ver-
sus inflammatory cytotoxicity to host cells,
this implicates that TLRs may govern pro-
tection and immunopathology at the level of
the innate immune response. The emerging
picture calls for: (i) an essential requirement
for the IL-1R1/MyD88-dependent pathway
in the innate and Th1-mediated resistance to
C. albicans; (ii) the occurrence of TLR sig-
naling in a morphotype-specific manner,
although the simultaneous engagement of
multiple TLRs, as well as TLR cooperativity
in vivo, make it difficult to gauge the relative
contributions of individual fungal morpho-
types in TLR activation and functioning,
and (iii) the ability of individual TLRs to
activate specialized antifungal effector func-
tions in PMNs and DCs.

4.2. The Instructive Role:
Chemokines and 
Cytokines

The instructive role of the innate immune
system may be operative at the levels of
expression of costimulatory molecules
(Romani, 2003) and chemokine and
cytokine production. Upon contact with
C. albicans, cells of the innate immune system
release a battery of chemokines (Herring
and Huffnagle, 2001; Geiger et al., 2004)
and cytokines that have profound effects on
the functional activity of the innate
response and on subsequent events. The
local release of these effector molecules
serve to regulate cell trafficking of various
types of leukocytes, thus initiating the
inflammatory response, to activate phago-
cytic cells to a microbicidal state and to
direct Th cell development.
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The inflammatory response to the fungus
may serve to limit the infection but may also
contribute to pathogenicity, as witnessed by
the occurrence of severe fungal infection in
patients with the immunorestitution disease
(Cheng et al., 2000). These patients may expe-
rience intractable fungal infections despite the
presence of innate and adaptive immune
responses. Recovery from infection may not
only depend on fungal growth restriction but
also on resolution of inflammatory pathology.
This imposes a new job to the immune system.
In addition to efficient control of pathogens,
tight regulatory mechanisms are required in
order to balance protective immunity and
immunopathology. In experimental systemic
candidiasis, the course and outcome of the
infection in different strains of mice correlate
with fungal load but also with immunopathol-
ogy (Ashman, 1998). To limit the pathologic
consequences of excessive inflammatory cell-
mediated immune reactions, the immune sys-
tem resorts to a number of protective
mechanisms, including the reciprocal cross-
regulatory effects of Th1- and Th2-type effec-
tor cytokines, such as IFN-γ and IL-4, the
generation of Treg and secretion of anti-
inflammatory cytokines that are key for main-
taining a healthy balance between protection
and immunopathology. Thus, innate and
adaptive immune responses are intimately
linked and controlled by sets of molecules and
receptors that act to generate the most effec-
tive form of immunity for protection against
fungal pathogens (Romani, 2004).

One of the most important cytokines
produced in the course of the infection is
IL-10. IL-10 is readily produced by PMNs,
macrophages, DCs, and Treg in response to
the fungus and plays a crucial role in deter-
mining susceptibility to the infection in mice
(Romani, 2003). High levels of IL-10 are
also detected in patients with hepatosplenic
candidiasis (Roilides et al., 1998). IL-10 acts
as one major cytokine discriminating
between virulent and less virulent forms of
the fungus, impairs the antifungal effector
functions of phagocytes, including secretion

of inflammatory cytokines and IL-12, and
the development of protective cell-mediated
immunity (Romani, 2003). Circumstantial
evidence suggests that IL-10 produced by
cells of the innate immune system is respon-
sible for prevention of an excessive activa-
tion of innate effector functions, whereas
IL-10 secreted by Treg is mainly responsible
for the establishment of commensalism
(Romani, 2004). Similar to IL-10, trans-
forming growth factor (TGF)-β is produced
in invasive candidiasis (Letterio et al., 2001)
and acts by inhibiting antifungal effector
functions of phagocytes but also the exces-
sive, Th1-dependent, inflammatory pathol-
ogy (Montagnoli et al., 2002). Thus, like
IL-10, TGF-β is a double-edged sword in
the fight against the fungus. In addition to
IL-10, IL-4 may act as one major discrimi-
native factor of susceptibility and resistance
in disseminated candidiasis (Romani, 1999).
Ablation of IL-4 renders susceptible mice
resistant to systemic candidiasis. IL-4 may
both deactivate and activate phagocytes and
DCs for certain specialized function. For
instance, it may inhibit the antifungal effec-
tor activities of phagocytes yet may promote
IL-12 production by DCs. Thus, the most
important mechanism underlying the
inhibitory activity of IL-4 in infection relies
on its ability to promote Th2 reactivity, thus
dampening protective Th1 responses.
However, susceptibility to candidal infec-
tions may not always be associated with an
overt production of IL-4. For instance,
although an association between chronic
disseminated candidiasis and genetic vari-
ants of IL-4 has been recently described
(Choi et al., 2003), IL-4 or IL-5 is not always
increased in patients with chronic mucocu-
taneous candidiasis (CMC), despite defec-
tive type 1 cytokine production (Lilic, 2002;
Lilic et al., 2003).

Proinflammatory cytokines that are inhib-
ited by IL-10 and are important to control the
fungus are tumor necrosis factor (TNF)-α,
IL-1β, IL-6, and IL-12, all of which are pro-
duced in response to the fungus (Romani,
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2003). In addition to regulating the recruit-
ment of inflammatory cells and triggering the
respiratory burst, these cytokines are impli-
cated, directly or indirectly, in the activation
of protective Th1 responses to the fungus and
in the occurrence of fungal-associated dis-
eases (Romani, 2003). Blocking the biological
activities of IL-18, IL-12, and IL-1β in
patients may result in increased susceptibility
to disseminated fungal infections (Netea
et al., 2002a).

One of the more consistent dysregulation
observed in response to the fungus is its abil-
ity to subvert the production of IL-12,
which—as the main physiological inducer of
IFN-γ and Th1 cell differentiation—is an
essential cytokine for the development of
acquired resistance to fungi (Romani, 2004).
IL-12 production by PMNs, monocytes and,
importantly DCs, occurs in a morphotype-
dependent manner, probably through the
exploitation of different recognition recep-
tors and is inversely correlated with fungal
virulence (Chiani et al., 2000; Liu et al.,
2001). IL-18 may have a supporting role in
the IL-12-dependent Th1 resistance to the
systemic infection with the fungus (Mencacci
et al., 2000; Stuyt et al., 2002, Netea et al.,
2003).

IFN-γ is a key cytokine in the innate con-
trol of the infection in mice and humans
(Romani, 2004). Defective IFN-γ produc-
tion is associated with reduced resistance to
candidiasis in humans (Lilic et al., 2003). A
recent study suggests that deficient IFN-γ-
receptor signaling may occur in neonatal
macrophages (Marodi, 2002). It is produced
by T and NK cells in response to both IL-12
and IL-18 released by cells of the innate
immune system exposed to the fungus.
IFN-γ, in turn, stimulates migration, phago-
cytosis, and oxidative killing of PMNs and
favors the occurrence of Th1 reactivity.
Experimental evidence indicates that IFN-γ
may not work in a Th2 setting, a finding
suggesting a degree of caution in evaluating
patterns of IFN-γ production in human set-
tings (Romani, 2002).

4.3. The Effector Activity

4.3.1. The Phagocytes

The antifungal effector functions of
phagocytes include mechanisms of killing
and growth inhibition of the fungus as well as
pathways to oppose fungal infectivity, includ-
ing effects on dimorphism and phenotypic
switching (Romani, 2002; Mansour and
Levitz, 2002). The restriction of fungal
growth occurs by both oxygen-dependent and
-independent mechanisms, the latter consist-
ing of intracellular or extracellular release of
effector molecules, defensins, neutrophil
cationic peptides, and iron sequestration.
Although phagocytes express intrinsic anti-
fungal activity, in general, this activity could
be increased by opsonins and T cell-derived
cytokines, a finding implicating that the
innate and adaptive immune systems do not
work independently but are reciprocally regu-
lated. Moreover, initiation of the oxidative
metabolic burst and hydrogen peroxide pro-
duction by neutrophils in response to
opsonized or unopsonized forms of the fun-
gus occurs through different modalities and
involve different intracellular events
(Romani, 2002; Mansour and Levitz, 2002).
This means that if different events mediate
phagocyte activation by opsonized and unop-
sonized fungal elements, candidacidal activ-
ity in vivo may vary under divergent
conditions with specific localized sites of
infection. As colony-stimulating factors,
IFN-γ and TNF-α have disparate effect on
the fungicidal activity of neutrophils. The
candidacidal activity in vivo also reflects the
local cytokine microenvironment (Romani,
2002; Mansour and Levitz, 2002). Enzymes
such as the nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase and
inducible nitric oxide (NO) synthase initiate
the oxidative pathways known as respiratory
burst. The respiratory burst produces toxic
reactive oxygen intermediates and nitrogen
oxidases the nature of which varies depend-
ing on the type of phagocytic cells. In retalia-
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tion, Candida has evolved strategies to selec-
tively inhibit the respiratory burst (Hamilton
and Holdon, 1999) or to adapt to oxidative
stress (Chaunhan et al., 2003). The activation
of NADPH-oxidase can be elicited by micro-
bial products (such as LPS), by IFN-γ, IL-8,
or by IgG-binding to FcR. The primary
product of the reaction catalyzed by the
NADPH-oxidase is superoxide (O2

–), which
can be converted to H2O2 by superoxide dis-
mutase, to hydroxyl radicals (●OH) and
hydroxyl anions (OH–) by the iron-catalyzed
Haber–Weiss reactions or, after dismutation
to H2O2, to hypochlorous acid (HOCl) and
chloramines either by myeloperoxidase-
dependent or -independent mechanisms.
Myeloperoxidase, a lysosomal hemoprotein
found in azurophilic granules of neutrophils
and monocytes, but not macrophages, is
also a mediator in the oxygen-dependent
killing. Not surprisingly, therefore, myeloper-
oxidase deficiency predisposes to pul-
monary candidiasis, although it is unable
to play a role in host defense in the absence
of the NADPH oxidase (Aratani et al.,
2002).

Additional toxic molecules produced by
phagocytes are the reactive nitrogen interme-
diates. Different NO synthases convert the
amino acid L-arginine and molecular oxygen
to L-citrulline and NO (Bogdan et al., 2000).
It is remarkable that the NO synthase of
macrophages is stimulated by LPS and oppo-
sitely regulated by Th1 and Th2 cytokines (it
is induced by IFN-γ and TNF-α and inhib-
ited by IL-4, IL-10, IL-13, and TGF-β)
(Raveh et al., 1998). Production but also inhi-
bition of NO occurs in response to the fungus
(Schroppel et al., 2001). The pleiotropic activ-
ity of NO, which may include a direct activity
on fungal growth and on transition through
different forms as well as a negative
immunomodulatory activity, precludes a gen-
eral conclusion on the significance of NO
production in candidiasis, although a positive
correlation has been found between NO pro-
duction and inhibition of fungal growth
(Jones-Carson et al., 1995).

PMNs are the most represented phago-
cyte population and generally the earliest to
be recruited at sites of infection. Not sur-
prisingly, therefore, quantitative (Bodey
et al., 1966) or qualitative (Walsh et al.,
1994) defects of PMNs are major predispos-
ing factors to disseminated candidiasis. In
general, their killing efficiency against
C. albicans is relatively low, unless PMNs
have been activated previously with activat-
ing cytokines. For instance, although phago-
cytosis and killing of blastospores by PMNs
are superior to that of germ tubes and
longer hyphae, only a fraction of engulfed
Candida yeasts are digested (Marquis et al.,
1991). Factors found to limit the intracellu-
lar killing of C. albicans by PMNs include,
among others, the ability of some ingested
cells to produce germ tube, a defective seal-
ing of phagolysosomes, inhibition of PMN
degranulation by fungal products, defective
opsonization, and entry through a mannose-
inhibitable receptor (Marquis, et al., 1991).
However, the functions of PMNs may well
go beyond microbicidal activity to include
an immunoregulatory action on Th lympho-
cytes. Accumulating evidence indicates that
cells of the myeloid lineage are capable of
positive and negative regulation of T cell
function (Bronte et al., 2003). Myeloid sup-
pressor cells are responsible for the immuno-
suppression observed in pathologies as
dissimilar as tumor growth, immunosup-
pression, overwhelming infections, graft vs.
host disease, and pregnancy. A population
of neutrophils suppressing Th1 cell activa-
tion is present in bone marrow-transplanted
mice with systemic candidiasis (Mencacci
et al., 2002), a finding suggesting that
myeloid suppressor cells may prevent func-
tional immunoreconstitution in transplanta-
tion. The reciprocal influence between
PMNs and T lymphocytes further implies
that the immune resistance to the fungus is a
highly coordinate and unitary process, in the
context of which the traditional dichotomy
between neutropenia and T cell-specific
defects may become inadequate. Further
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studies in mice have shown the ability of
fungal cells to subvert neutrophil pro-
grams in a morphotype-dependent manner
(Romani, 2002; Torosantucci et al., 2002;
Mullick et al., 2004).

Macrophages may also play a role in the
pathology of disseminated candidiasis
(Vasquez-Torres and Balish, 1997). The
extent to which these cells contribute to
Candida pathogenicity is yet to be eluci-
dated, although it is clear that they may
favor survival and virulence of the fungus
(Kapostza et al., 1999; Lorenz and Fink,
2001) also through altruistic suicidal apop-
tosis (Ibata-Ombetta et al., 2003).

4.3.2. The Receptors

Phagocytes bind and recognize opsonized
and unopsonized C. albicans through a vari-
ety of receptors, including the receptors for
different complement breakdown products
(CR), Fc portion of immunoglobulins (FcR),
mannosyl/fucosyl glycoconjugate ligands
(MR), β-glucan (CR3 and Dectin-1), and
TLRs (McKnight and Gordon, 2000). Both
processes may occur in the absence of serum
opsonins, but opsonins are required for opti-
mal activation of the intracellular killing
machinery. Each receptor on phagocytes not
only mediates distinct downstream intracellu-
lar events related to clearance, but also par-
ticipates in complex and disparate functions
related to immunomodulation and activation
of immunity, depending on cell types. The
different receptors are called upon to serve
early-warning systems and, not surprisingly,
their ability to activate, in isolation, various
effector functions is limited. Internalization
via constitutively competent MR does not
represent indeed an effective way of clearing
of the fungus in the absence of opsonins.
Unopsonized C. albicans yeasts can be inter-
nalized through the macrophage MR via a
peroxisome proliferator activator receptor-
gamma signaling (Coste et al., 2003), how-
ever, the highest killing activity is observed
against opsonized yeasts. Actually, the

enhancement of phagocytosis and killing of
C. albicans by macrophages correlated with a
decreased number of MR. The MR-mediated
uptake of unopsonized Candida yeasts may
lead to phagocyte abuse if not accompanied
by the coordinate activation of the cell cyto-
toxic machinery (Marodi et al., 1993).
Increased expression of the receptor with no
induced cytotoxicity is induced upon expo-
sure of macrophages to IL-4. In contrast,
IFN-γ downregulates the expression of
macrophage MR and nevertheless results in
effective killing, presumably via increased
coupling of the receptor to cytotoxic func-
tions (Marodi et al., 1993). Thus, cooperation
between Th1 and Th2 cytokines may be
required for optimal stimulation of MR-
mediated phagocytosis (Raveh et al., 1998).
However, MR on DCs activates specific pro-
grams that are relevant for the development
of antifungal immune responses (see below).
CR3 (also known as CD11b/CD18) engage-
ment is one most efficient uptake of
opsonized and unopsonized C. albicans (Han
et al., 2001) but it has the remarkable charac-
teristic of a broad capacity for the recognition
of diverse fungal ligands, such as iC3b, β-glu-
can, and zymosan. Stimulation of CR3-
dependent phagocytosis or degranulation
requires the simultaneous ligation of two dis-
tinct sites within CR3, one specific for iC3b
and a second site specific for the fungal cell
wall β-glucan. The multiplicity of binding
sites and the existence of different activation
states enables CR3 of disparate (both positive
and negative) effector activities against the
fungus (McKnight and Gordon, 2000). For
instance, CR3-mediated phagocytosis of
both serum-opsonized and unopsonized
yeasts is the most efficient uptake by
macrophages, a process inhibitable by cell
wall components of the fungus. However,
interaction with macrophage CR3 leads to
suppression of the immune response to the
microorganism. Thus, because signaling
through CR3 may not lead to phagocyte acti-
vation without the concomitant engagement
of FcR (van Spriel et al., 2001), the use of this
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receptor may contribute to the intracellular
fungal parasitism. It is of interest, indeed,
that Candida exploits entry through CR3 to
survive inside DCs (Romani et al., 2002). In
contrast, ligation of FcR, presumably FcγRI
or FcαRI (van Spriel et al., 1999), is usually
sufficient to trigger phagocytosis, a vigorous
oxidative burst and generation of proinflam-
matory signals. Ultimately, recognition of
antibody-opsonized particles represents a
high-level threat. It is of interest that FcR-
mediated phagocytosis may rescue the sup-
pression of the respiratory burst, a finding
explaining one possible mechanism through
which T and B cells enhance the antifungal
activity of effector phagocytes.

4.3.3. The Soluble Mediators

The complement system is a group of
proteins, activated in cascade fashion to pro-
vide a rapid humoral defense against
microorganisms. There are three pathways
of complement activation. The classical
pathway is triggered by the antibody (mainly
IgG and IgM), and is thus part of the adap-
tive humoral immune response; the alterna-
tive pathway initiates directly on pathogen
surfaces, does not depend on antibody, and
is thus an important natural defense in non-
immune host; the lectin pathway is activated
by the binding of MBLs to mannans.
Despite different activation mechanisms, all
three lead to the three main effector func-
tions of complement: opsonization of
microbes, through deposition of C3b and its
breakdown product iC3b on particles,
recruitment of inflammatory cells, and
direct killing of pathogens. The importance
of the complement system in host resistance
to C. albicans has been extensively described
elsewhere (Kozel, 1998). C. albicans yeasts
activate the complement cascade through
both the classical and alternative pathways
of initiation, eventually leading to deposi-
tion of C3 on the cell surface. Indeed, C3
deposition is greatly accelerated through
activation of the classical pathway by natu-

rally occurring anti-mannan IgG antibody
(Kozel et al., 2004). This finding, while sug-
gesting that the different pathways normally
operate together, also points to the impor-
tant role of antibodies directed against the
cell surface to serve as an amplification of
C3b deposition and opsonization once
either the classical or lectin pathway has
been activated (Kozel, 1998; Kozel et al.,
2004). The presence of complement recep-
tors on most pathogenic Candida spp. sug-
gests a role in pathogenesis. Indeed,
complement receptors act as fungal adhe-
sions play a role in iron acquisition by the
fungus, and C3b deposition on fungal sur-
faces signals the ultimate destruction of the
pathogen by phagocytic cells. This occurs by
the specific recognition of bound comple-
ment components by CRs on phagocytes
(Calderone, 1994). By targeting specific CRs
on phagocytic cells, the complement system
may not only fulfill the requirement of a
first-line defense against the fungus, but also
will contribute to the innate control of the
subsequent adaptive immunity.

4.4. Dendritic Cells as an
Interface between Host
and C. albicans

Since their original discovery in 1973,
DCs have assumed center stage as the key
initiatior of adaptive immunity (Steinman
and Pope, 2002). As DCs are equipped with
several PRRs and TLRs, they are the main
connectors of the innate and adaptive
immune systems. DCs are bone marrow-
derived cells of both lymphoid and myeloid
stem cell origins that populate all lymphoid
organs as well as nearly all nonlymphoid tis-
sues and organs. DCs are uniquely adept at
decoding the fungus-associated information
and translating it in qualitatively different
adaptive Th-cell immune responses (Fè
d’Ostiani et al., 2000; Claudia et al., 2002;
Buentke and Scheynius, 2003; Romani et al.,
2004; Bozza et al., 2004). PRRs and TLRs
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determine the functional plasticity of DCs
in response to C. albicans and contribute to
the discriminative recognition of the differ-
ent fungal morphotypes. Candida proved to
be a useful pathogen model to dissect events
occurring at the fungus–DC interface (Fè
d’Ostiani et al., 2000; Huang et al., 2001;
Newman and Holly, 2001; Romagnoli et al.,
2003; Romani et al., 2004; Torosantucci
et al., 2004). A unique feature of DCs is rep-
resented by their ability to internalize differ-
ent fungal morphotypes. For instance, DCs
internalize both Candida yeasts and hyphae.
Phagocytosis occurs through distinct mor-
phologies and involves different recognition
receptors. Recognition and internalization
of yeasts occurs predominantly by coiling
phagocytosis, through the engagement of
MR of different sugar specificity, DC-SIGN
(Cambi et al., 2003) and, partly, CR3. In
contrast, entry of hyphae occurs by a more
conventional, zipper-type phagocytosis, and
involves the cooperative action of FcγR and
CR3 (Romani et al., 2002). Phagocytosis of
either fungal form does not require TLR2,
TLR4, TLR9, or MyD88 (Bellocchio et al.,
2004).

The engagement of distinct receptors by
yeasts and hyphae translates into down-
stream signaling events, ultimately regulat-
ing cytokine production and costimulation,
an event greatly influenced by fungal
opsonins (Romani et al., 2002, 2004). Entry
through MR results in the production of
proinflammatory cytokines, including IL-
12, upregulation of costimulatory molecules
and histocompatibility class II antigens, and
activation of protective Th1-cell responses.
These events are suppressed upon entry
through CR3. In contrast, co-ligation of
CR3 with FcγR, as in the phagocytosis of
hyphae or opsonized yeasts, results in the
production of IL-4 and/or IL-10, upregula-
tion of costimulatory molecules and histo-
compatibility class II antigens, and
activation of Th2/Treg cells (Montagnoli
et al., 2003). A recent in vivo study con-
firmed that hyphal formation by C. albicans

induces Th2 or IL-10-dominant host
responses in tissues (Spellberg et al., 2003).
Signaling through the MyD88 pathway is
essentially required for IL-12 production by
DCs in response to Candida yeasts with the
implication of distinct TLRs, such as IL-
1RI; however, TLR2, but not MyD88, sig-
naling is required for IL-10 production
(Bellocchio et al., 2004).

Opsonins and antibodies greatly modify
receptor exploitation on DCs by the different
fungal morphotypes and qualitatively affect
DC activation. MBL opsonization, for
instance, increases the uptake of yeasts
through CR3 and prevents DC activation and
production of IL-12. It is of interest that col-
lectins appear to favor phagocytosis of the
fungus without implicating the production of
cytokine messengers to the immune system,
an activity compatible with a primitive mech-
anism of host defense and in line with their
ability to downregulate the inflammatory
response to fungi. Antibodies also may sub-
vert the portal of entry of yeasts and hyphae
(Montagnoli et al., 2003; Romani et al.,
2004). Thus, by subverting the morphotype-
specific program of activation of DCs,
opsonins may qualitatively affect DC func-
tioning and Th selection in vivo, ultimately
impacting on fungal virulence. Likewise, the
different ability of antibodies to opsonize
fungi for DC recognition could contribute to
the determination of protective and nonpro-
tective activity of antibodies in fungal infec-
tions. A remarkable and important feature
of Peyer’s patches DCs is the production of
IL-10 in response to Candida, an event occur-
ring by signaling through CR3 and requiring
the presence of opsonizing antibodies
(Montagnoli et al., 2002). These IL-10-pro-
ducing DCs activate CD4+CD25+ Treg cells
that negatively affect antifungal Th1 reactiv-
ity (see below). It is conceivable that tissue-
dependent factors and opsonins modulate
receptor usage by DCs at different body sites,
and may contribute to the functional plastic-
ity of DCs at the pathogen−immune system
interface.
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This scenario may offer new interpreta-
tive clues to fungal virulence. In fact, the
qualitative development of the Th response
to the fungus may not primarily depend on
the nature of the fungal form being phago-
cytosed and presented. Rather, the nature of
the cell response is strongly affected by the
type of cell signaling initiated by the lig-
and–receptor interaction in DCs. The para-
digm would predict that dimorphism per se
can neither be considered as the single
most important factor in determining com-
mensalism versus infection, nor can spe-
cific forms of the fungus be regarded as
absolutely indicative of saprophytism or
infection at a given site. The selective
exploitation of receptor-mediated entry into
DCs could explain the full range of host’s
immune relationships with the fungus,
including saprophytism and infection.
Usage of CR3, and the consequent attenua-
tion of IL-12 production, might favor com-
mensalism of the fungus at human mucosal
surfaces, including gut and vagina, where a
condition of immune tolerance is desirable
to the host. Averting cellular activation
through the interaction with CR3 may ulti-
mately represent an important evasive strat-
egy for fungi, a condition common to
different pathogens (McKnight and
Gordon, 2000). Interestingly, the entry of
heat-inactivated fungi may occur through
different pathways, as inactivated Candida
yeasts were internalized mainly through
CR3 (Claudia et al., 2002), a finding that
may have important implications in terms of
vaccination strategies against fungi.

Lastly, as both fungal morphotypes, but
particularly hyphae, activate gut DCs for the
local induction of Treg, and because the mor-
phogenesis of C. albicans is activated in vivo
by a wide range of signals (Brown, 2002), it
appears that the discriminative response
towards Treg is of potential teleological
meaning. It could indeed allow for fungal
persistence in the absence of pathological
consequences of an exaggerated immunity
and possible autoimmunity, which represents
the very essence of fungal commensalism.
Therefore, in addition to the induction of
phase-specific products enhancing fungal sur-
vival within the host, transition to the hyphal
phase of the fungus could implicate the
induction of immunoregulatory events that
will benefit the host.

Studies in vivo confirm that DCs sample
the fungus at mucosal surfaces and initiate
disparate Th responses to the different fun-
gal morphotypes (Montagnoli et al., 2003).
Furthermore, they suggest the utility of
DCs for fungal vaccines (Table 19.1). The
adoptive transfer of DCs pulsed with
Candida yeasts or transfected with fungal
RNA restores protective antifungal immu-
nity in a murine model of allogeneic bone
marrow transplantation (Bacci et al., 2002).
We have demonstrated that an imbalanced
production of Th1 and Th2 cytokines was
responsible for the susceptibility to candidi-
asis in our model. However, readdressing the
balance between Th1 and Th2 subsets, as by
treatment with Th2 cytokine antagonists,
accelerated the recovery of Th1-mediated
antifungal resistance (Mencacci et al., 2001).
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DC pulsed with Th priming Resistance to infection References

Candida yeasts Th1 Increased Fè d’Ostiani et al; 2000
Yeast RNA Th1+Treg Increased Bacci et al; 2002
Candida hyphae Th2 Decreased Fè d’Ostiani et al; 2000
Hyphal RNA Th2 Decreased Bacci et al; 2002



The recovery of functional Th1 cells pro-
ducing IFN-γ was also accelerated by the
infusion of fungus-pulsed or RNA-trans-
fected DCs, a finding suggesting that DCs
may contribute to the educational program
of T cells in transplantation (Bacci et al.,
2002).

5. Adaptive Immunity

5.1. Th1, Th2, and Treg Cells

The dichotomous Th-cell model has
proven to be a useful construct that sheds
light on the general principle that diverse
effector functions are required for eradication
of different fungal infections (Romani, 1999).
Although, perhaps, through the limitations of
a continued popularity and a “Procrustean”
usage under many different circumstances
(Gor et al., 2003), this paradigm has greatly
contributed to our current understanding of
the host response to the fungus from a regu-
latory perspective, and has been most helpful
in accommodating the clinical findings in a
conceptual framework amenable to strategies
of immunointerventions. There is extensive
plasticity in the T cell response to the fungus.
The heterogeneity of the CD4+ and CD8+ T
cell repertoire may account for the multiplic-
ity and redundancy of effector mechanisms
through which T lymphocytes participate in
the control of the infection. The flexible pro-
gram of T lymphocytes also implicates the
production of a number of mediators, includ-
ing cytokines. Due to their action on circulat-
ing leukocytes, the cytokines produced by
fungus-specific T cells are instrumental in
mobilizing and activating antifungal effec-
tors, thus providing prompt and effective con-
trol of infectivity once the fungus has
established itself in tissues or spread to inter-
nal organs. Therefore, host resistance to
Candida is dependent on the induction of cel-
lular immunity, driven by IL-12 and mediated
by Th1 lymphocytes, cytokines, and a num-
ber of effector phagocytes. Experimental data

have demonstrated the deleterious effects of
IL-12 or IFN-γ ablation on the course and
outcome of the disseminated infection
(Romani, 1999). Through the production of
the signature cytokine IFN-γ and help for
opsonizing antibodies, the activation of Th1
cells is instrumental in the optimal activation
of phagocytes at sites of infection. That
acquired immunity to C. albicans correlates
with the expression of local or peripheral Th1
reactivity has also been confirmed by studies
in adult healthy humans (Fidel and Sobel,
1994; Puccetti et al., 1995). Underlying
acquired immunity to the fungus, such as the
expression of a positive DTH, is demonstra-
ble in adult immunocompetent individuals,
and is presumed to prevent mucosal coloniza-
tion from progression to symptomatic infec-
tion (Fidel and Sobel, 1994; Puccetti et al.,
1995). Not surprisingly, DTH to Candida
antigens is a standard in in vivo assays for T
cell-mediated immunity in humans. DTH
reactivity is usually detectable in more than
80% of the normal adult population
(Calderone, 2002) and human lymphocytes
show strong proliferative responses after
stimulation with Candida antigens and pro-
duce a number of different cytokines (La Sala
et al., 1996, La Valle et al., 2000). The expres-
sion of this cutaneous reactivity is often
defective in neonates, in immunocompro-
mised individuals as well as in patients with
recurrent or persistent infection with the fun-
gus, or immunopathology associated with it
(Fidel and Sobel, 1994; Puccetti et al., 1995).
In contrast, ablation of IL-4 increases resist-
ance and enhances immunity in experimental
models of infections (Romani, 2003). IL-4
may both deactivate and activate phagocytes
and DCs for certain specialized functions; for
instance, it may inhibit the antifungal effector
activities of phagocytes, yet may promote IL-
12 production by DCs. Thus, the most impor-
tant mechanism underlying the inhibitory
activity of IL-4 in candidal infections relies
on its ability to act as the most potent proxi-
mal signal for commitment to Th2 reactivity
that dampens protective Th1 responses and
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favors fungal allergy. In atopic subjects, the
suppressed DTH response to the fungus is
associated with elevated levels of antifungal
IgE, IgA, and IgG (Puccetti et al., 1995).

However, susceptibility to infection may
not always be associated with an overt pro-
duction of IL-4. For instance, although an
association between chronic disseminated
candidiasis and genetic variants of IL-4 has
been recently described (Choi et al., 2003),
IL-4 or IL-5 is not always increased in
patients with CMC, despite a defective
type 1 cytokine production (Lilic, 2002).
More often, the defective type 1 cytokine
production in CMC occurs concomitantly
with the increase of IL-10 (Lilic et al., 2003).
A number of clinical observations suggest
an inverse relationship between IFN-γ and
IL-10 production in patients with fungal
infections. High levels of IL-10, negatively
affecting IFN-γ production, are detected in
chronic disseminated candidal diseases
(Lilic, 2002; Roilides et al., 1998). Fungal
polysaccharides are known to negatively
modulate cell-mediated immunity through
the production of IL-10, a finding suggest-
ing that IL-10 production may be a conse-
quence of infection. It has long been
presumed that the ability of C. albicans to
persist in host tissues might involve prima-
rily the immunosuppressive property of cell
wall glycoproteins. Mannan and oligosac-
charide fragments thereof could be potent
inhibitors of cell-mediated immunity and
appear to reproduce the immune deficiency
of patients with CMC (Ashman, 1998). As
already mentioned, tolerance to Candida
can be achieved through the induction of
Treg cells capable of fine-tuning antifungal
Th reactivity (Montagnoli et al., 2002).
Different types of Treg have been defined
that are implicated in the control of organ-
specific autoimmunity, transplantation tol-
erance, and inflammatory responses evoked
by enteric organisms (Read and Powrie,
2001). In candidiasis, although protective
immunity is mediated by antigen-specific
Th1 cells, paradoxically, some Th2 cytokines

are required for the maintenance of the anti-
fungal immune resistance (Romani, 1999).
Therefore, in addition to the Th1/Th2 bal-
ance, other mechanisms seem to be involved
in the regulation of Th1 immunity to the
fungus. CD4+CD25+ T cells negatively
regulating antifungal Th1 reactivity was
observed in mice with gastrointestinal
candidiasis (Montagnoli et al., 2002).
Activation of Treg required DCs expressing
costimulatory molecules and producing IL-
10, the last activity being strictly dependent
on local levels of opsonizing antibodies
(Montagnoli et al., 2003). Administration of
IL-10-producing, Candida-pulsed DCs or
CD4+CD25+ Treg prevented sterilization of
the fungus from the gastrointestinal tract
and allowed fungal persistence and the
occurrence of memory immunity. Therefore,
after over a decade of eclipse, suppressor
T cells have regained a reputation as key
controllers of antifungal immunity.

CMC, although encompassing a variety
of clinical entities, has been associated with
autoimmune polyendocrinopathy–candidia-
sis–ectodermal dystrophy, a condition in
which the mutated gene has been shown to
be involved in the ontogeny of CD25+ Treg
cells (Liston et al., 2003) In CMC, both
anergy and active lymphoproliferation and
variable DTH reactivity to the fungus are
observed. Similarly, both the recovery of the
fungus from the gastrointestinal tract and
the detection of underlying Th1 reactivity,
such as DTH and lymphoproliferation, may
fluctuate in healthy subjects (Calderone,
2002). It is tempting to speculate that spe-
cific, yet unknown, tissue-dependent factors
may modulate receptor usage by DCs at dif-
ferent body sites, thus shaping the local
immune antifungal reactivity. In CMC, the
pattern of cytokine production and T cell
activation would be consistent with the
hypothesis that an inherent alteration in
receptor-mediated signaling in response to
fungal polysaccharide (Lilic, 2002) may pre-
dispose patients to a dysfunctional induc-
tion of Treg, negatively affecting the
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capacity of the Th1-dependent clearance of
the fungus, without inducing nonprotective
Th2 cells. The engagement of distinct TLRs
on DCs and the ensuing production of IL-6
are crucial events mediating the inhibition of
Treg-cell functionality (Pasare and
Medzhitov, 2003). This is in agreement with
the failure of IL-6-deficient mice to activate
antifungal Th1 responses concomitantly
with a heightened IL-10 production
(Romani et al., 1996).

5.2. Antibodies

Although the elevated serum levels of
polyclonally activated and specific antibodies
frequently observed in mice and humans with
progressive infection suggest that the levels of
circulating antibodies may not correlate with
protection, the existence of protective and
nonprotective monoclonal antibodies to
C. albicans (Casadevall et al., 2002; Bromuro
et al., 2002) have greatly helped clarify the
controversial issue on the role of antibodies
in the systemic infection. It is now clear that
differences in the composition and propor-
tion of protective and nonprotective antibod-
ies produced in infection may underlie the
variable results obtained with polyclonal sera
in experimental systemic infections as well as
the lack of correlation of the presence of spe-
cific antibody with protection (Bromuro
et al., 2002). However, the presence of anti-
bodies to a 47-kDa breakdown product of
HSP90 is associated with recovery from
C. albicans infections and protection against
disseminated disease in patients with AIDS
(Matthews and Burnie, 2001). Sera from
patients who have recovered from dissemi-
nated candidiasis confer protection upon pas-
sive transfer into infected mice. Antibodies to
HSP90 also synergize with antifungal
chemotherapy (Matthews and Burnie, 2001).
Additional evidence points to the existence of
protective antibody. First, both polyclonal
sera and IgM monoclonal antibodies to a
mannan adhesin fraction are able to passively

transfer protection against disseminated and
vaginal candidiasis in mice (Cutler et al.,
2002). A crude extract of the phosphoman-
nan complex encapsulated into a liposome
and given to intact or immunocompromised
mice elicits protection, clearly attributable to
agglutinating antibodies. The sharing of the
same isotype, specificity, and agglutinating
function is not sufficient to confer protective
value to monoclonal antibodies. Second,
antibodies specific for the idiotype of anti-
bodies reactive with yeast killer toxin (anti-
idiotypic antibodies) are lethal to strains of
C. albicans expressing the receptor for toxin
(Magliani et al., 1997, 2001). Anti-idiotypic
antibody, single chain of it or synthetic killer
anti-idiotypic antibody fragment, displays
broad fungicidal activity and have therapeu-
tic efficacy in experimental infections
(Magliani et al., 1997; Polonelli et al., 2003;
Wellington et al., 2003). Third, antibodies
may have an influence over Th1/Th2 cytokine
balance and induction of Treg (Montagnoli
et al., 2003). Finally, indirect evidence for the
protective role of antibodies come from the
observation that C. albicans has evolved
strategies to evade antibody immunity, such
as the production of proteases which may
degrade immunoglobulins and antigenic vari-
ation (Romani, 2002). All together, these
results indicate that humoral immunity, either
independently or through augmentation of
complement activity or protective cell medi-
ated immunity, may contribute to host resist-
ance to C. albicans.

Research in the field is now in progress as
a pursuit to identify those antibodies that
are protective, the peptide mimetics that
specifically elicit them, and putative candi-
date vaccines eliciting the protective
humoral immunity (Magliani et al., 2001).

6. Conclusions and
Future Vision

The past decade has witnessed the rising
of a wide range of new approaches to eluci-
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date events occurring at the host–fungus
interface. Recognition of the importance of
activation of the innate immune system to
the eventual induction of antigen-specific
immunity has kindled enthusiasm to iden-
tify cytokines and ligands for these receptors
as potential new-generation immunomodu-
lators to be used for therapy and
immunotherapy or as adjuvants for fungal
vaccines. A variety of cytokines and growth
factors proved to be beneficial in experimen-
tal systemic candidiasis (Kullberg et al.,
1994; Georgopapadakou and Walsh, 1996;
Kullberg and Anaissie, 1998; Rodriguez-
Adrian et al., 1998; Poynton et al., 1998).
However, establishing the clinical utility of
cytokines as therapy for fungal infections in
patients has been difficult. The basic strate-
gies pursued include the increase of number,
function, and mobility of phagocytic effec-
tor cells, as it is now accepted that cytokines,
effector cells (Stevens, 1998), and antifun-
gals work synergistically to oppose the fun-
gal growth. Recently, however, the Th1/Th2
balance itself was found to be the target of
immunotherapy as well (Poynton, 1997;
Polonelli and Cassone, 1999; Stevens et al.,
1998; Roilides et al., 2002). The therapeutic
efficacy of antifungals in experimental can-
didiasis is significantly increased by the con-
comitant inhibition of Th2 cytokines, such
as IL-4 and IL-10, more than the addition of
Th1 cytokines, such as IL-12 (Cenci et al.,
1997; Mencacci et al., 2000). Interestingly,
the efficacy of combination therapy with the
antifungals and selected cytokines appears
to be largely dependent on the host immune
reactivity. Thus, the efficacy of the com-
bined treatment with amphotericin B and
IL-4 antagonists was superior in neu-
tropenic, as compared to nonneutropenic
mice. In contrast, the efficacy of combined
treatment with fluconazole and IL-12 was
superior in nonneutropenic, as compared to
neutropenic mice. It is clear that the dynam-
ics of the interaction of the fungus with cells
of the innate immune system may greatly
contribute to fungal survival and virulence

in the systemic compartment and may con-
dition the efficacy of and responsiveness to
antifungal therapy.
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1. Introduction

In the past, endothelial cells were
thought to be passive cells whose only func-
tion was to keep the various blood compo-
nents inside the vascular tree. However, it is

now clear that endothelial cells play an
important role in maintaining homeostasis
and regulating the host inflammatory
response. For example, endothelial cells gov-
ern vascular tone and permeability, and reg-
ulate the activity of the coagulation cascade.



In addition, they can influence the inflam-
matory response by secreting pro-inflamma-
tory cytokines and prostaglandins, and
expressing leukocyte adhesion molecules
and platelet-activating factor. Endothelial
cells can even express MHC class II mole-
cules and act as antigen-presenting cells.
Thus, the endothelial cell response to fungal
infection has the potential to significantly
influence the outcome of infection.

Fungi that cause invasive infections can
interact with either the luminal or abluminal
surface of vascular endothelial cells.
Organisms that disseminated hematoge-
nously must cross the endothelial cell lining
of the vasculature to invade the deep tissues.
These blood-borne organisms therefore
interact with the luminal surface of the
endothelial cells. Fungi that are known to
disseminate hematogenously include the
Candida species, Cryptococcus neoformans,
and Aspergillus species. Other fungi that dis-
seminate hematogenously relatively infre-
quently include Coccidioides immitis,
Histoplasma capsulatum, Blastomyces derma-
tiditis, and Sporothrix schenckii. A second
type of endothelial cell interaction occurs
during angioinvasion. In this process, fungi
elements growing at a focus of infection
extend to and invade blood vessels by pass-
ing from the external surface into the vascu-
lar lumen. Thus, these organisms interact
first with the abluminal surface of endothe-
lial cells. Once the organisms gain access to
the vascular lumen, they can disseminate
hematogenously. Angioinvasion is limited to
a few molds, such as Aspergillus species and
members of the Mucorales family.

2. Candida Species

The species of Candida that are the most
common cause of hematogenously dissemi-
nated candidiasis are Candida albicans,
Candida glabrata, Candida parapsilosis,
Candida tropicalis, and Candida krusei
(Hajjeh et al., 2004). Of these species, only
the interactions of C. albicans with vascular

endothelial cells have been studied in detail.
In fact, more is known about the interac-
tions of endothelial cells with this organism
than is known about the endothelial cell
interactions of any other fungus.

2.1. Adherence

The first step in fungal invasion across the
endothelial cell lining of the vasculature is
likely adherence to the luminal surface of
endothelial cells. The first experiments to
investigate candidal adherence to endothelial
cells were reported by Klotz et al. (1983). They
studied the adherence of Candida sp. to the
endothelial cell lining of porcine blood vessels
ex vivo and found that C. albicans adheres to
endothelial cells most avidly, whereas C. trop-
icalis, C. glabrata, C. parapsilosis, and C. kru-
sei are less adherent. This relative hierarchy of
adherence has been confirmed by other inves-
tigators using human umbilical vein endothe-
lial cell grown in tissue culture (Rotrosen et al.,
1985). Furthermore, the finding that C. albi-
cans is most adherent to endothelial cells sug-
gests that adherence is a significant virulence
factor, because C. albicans is most common
species of Candida to be isolated from the
blood.

The C. albicans proteins encoded by the
ALS gene family are the only adhesins that
are known to mediate binding to vascular
endothelial cells in vitro and have been char-
acterized at the molecular level. Hoyer and
colleagues discovered this gene family,
which has at least eight members (Hoyer
et al., 1995, 1998a,b; Hoyer and Hecht,
2000). Subsequently, other investigators
have determined that Als1p, Als3p, and
Als5p mediate adherence to endothelial cells
in vitro (Fu et al., 1998, 2002; Sheppard
et al., 2004b). The substrate-binding regions
of Als1p and Als5 p have been localized to
the N-terminal region of these proteins
(Loza et al., 2004; Sheppard et al., 2004b).
Interestingly, this region is characterized
by antiparallel β sheets, indicating that
the Als proteins are members of the
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immunoglobulin superfamily (Hoyer and
Hecht, 2001; Sheppard et al., 2004b). In
vitro, Als1p, Als3p, and Als5p mediate bind-
ing to multiple substrates in addition to
endothelial cells, including fibronectin,
laminin, collagen, and an oral epithelial cell
line (Gaur and Klotz, 1997; Fu et al., 1998;
Gauret al., 1999; Klotz et al., 2004;
Sheppard et al., 2004b).

Other, less well-characterized adhesins
also mediate the adherence of C. albicans to
endothelial cells. C. albicans yeast and germ
tubes express one or more molecules on their
surface that are antigenically and functionally
similar to human αVβ3 and αVβ5 integrins,
which bind to vitronectin (Spreghini et al.,
1999; Santoni et al., 2001). Antibodies to
these integrins can block the binding of
C. albicans to vitronectin and an endothelial
cell line in vitro. Endothelial cell adherence
can also be blocked with RGD peptides
(containing the amino acid sequence argi-
nine–glycine–aspartic acid), suggesting that
the C. albicans integrin-like molecules bind to
similar substrate motifs as do human inte-
grins. Klotz et al. (2001) screened a C. albi-
cans cDNA library that was expressed in
S. cerevisiae for clones that were recognized
by a polyclonal antiserum to the human
fibronectin receptor (the α5β1 integrin). They
discovered that the S. cerevisiae clones recog-
nized by this antiserum expressed C. albicans
alcohol dehydrogenase. These clones were
also recognized by antiserum against the
human αVβ3 integrin. Thus, it is possible that
alcohol dehydrogenase may function as an
integrin-like adhesin for endothelial cells.
However, it was not reported whether clones
of S. cerevisiae that expressed C. albicans
alcohol dehydrogenase had increased adher-
ence to endothelial cells. Also, the endothelial
cell adherence of C. albicans strains that lack
alcohol dehydrogenase has not been
described.

C. albicans also expresses on its surface a
molecule that is recognized by antibodies
against αMβ2 (also called CR3 or
CDllb/CD18). Both the human αMβ2 and
the candidal αMβ2-like molecule bind the

complement fragment iC3b (Alaei et al.,
1993; Edwards et al., 1986; Gilmoreet al.,
1988). Antibodies against this receptor
block the adherence of C. albicans to human
dermal microvascular endothelial cells
in vitro and improve the survival of mice
with experimental hematogenously dissemi-
nated candidiasis (Lee et al., 1997). The
identity of the candidal αMβ2-like adhesin is
controversial. Gale et al. (1996) reported
that this molecule was encoded by INT1.
There is limited expression of Int1p on the
surface of C. albicans cells and an int1/int1
null mutant has reduced adherence to
epithelial cells (Gale et al., 1998). However,
it has subsequently been determined that
Int1p has significant structural and func-
tional homology to Bud4p in S. cerevisiae,
which is involved in septin ring localization
and formation. Thus, it is likely that one or
more proteins other than Int1p constitute
the αMβ2-like molecule in C. albicans.

In mammalian cells, binding of an inte-
grin to its ligand activates signal transduction
pathways that result in cell-specific responses
such as changes in cell motility and induction
of gene expression. Focal adhesion kinase
(FAK) is a cytoskeletal-associated signaling
protein in mammalian cells that is tyrosine-
phosphorylated in response to integrin
binding. Phosphorylated FAK in turn phos-
phorylates other proteins and thereby acti-
vates the mitogen-activated protein kinase
pathway. Santoni et al. (2002) reported that
C. albicans possesses a protein that is recog-
nized by anti-FAK antibodies and is tyrosine-
phosphorylated when the organism adheres
to either an endothelial cell line or vit-
ronectin. Furthermore, treatment of C. albi-
cans with broad-spectrum tyrosine kinase
inhibitors blocks the phosphorylation of this
FAK-like protein and reduces C. albicans
adherence to host substrates. These results
suggest that adherence of C. albicans to
endothelial cells may induce a specific set of
responses in the organism. These responses
are currently unknown, but could include
upregulation of adhesins, stimulation of thig-
motropism, or induction of hyphal formation.
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The exact identity of the C. albicans FAK-
like protein remains to be determined, as
there are no obvious FAK orthologs in the
C. albicans genome.

Virtually all of the investigations of the
mechanisms by which C. albicans adheres to
endothelial cells have been performed under
static conditions. However, Glee et al. (2001)
studied the adherence of C. albicans blas-
tospores to endothelial cells grown in capil-
lary tubes under conditions that simulated
physiologic shear. They found that hydropho-
bic proteins on the fungal cell surface medi-
ated adherence to endothelial cells under
shear conditions. One of these proteins may
be Csh1p (Singleton et al., 2001; Singleton
and Hazen, 2004).

It was also discovered that C. albicans
adherence to endothelial cells under shear
conditions was increased when the endothe-
lial cells were stimulated with tumor necrosis
factor α (TNF-α) (Glee et al., 2001). These
results suggest that C. albicans binds to mole-
cules on the endothelial cell surface that are
upregulated when the endothelial cells are
stimulated. One such molecule is intercellular
adhesion molecule 1 (ICAM-1), which is a
known a ligand for the αMβ2 integrin. It
has been reported that antibodies against
ICAM-1 block adherence of C. albicans to
rat pulmonary artery endothelial cells
in vitro, and prolong survival in rats with can-
didemia (Yokomura et al., 2001). Although
these results suggest that C. albicans adher-
ence to ICAM-1 is an important virulence
factor, experiments with mice that are geneti-
cally deficient in ICAM-1 do not support this
conclusion. ICAM-1 knockout mice have
aberrant leukocyte recruitment, higher organ
fungal burden, and greater mortality during
candidemia (Davis et al., 1996). One possible
explanation for these disparate results is that
ICAM-1 may be more important for leuko-
cyte recruitment during candidemia in mice
than it is in rats. In support of this hypothe-
sis, we have found that ICAM-1 is expressed
by leukocytes at foci of disseminated candidi-
asis in mice (Cannom et al., 2002).

It virtually certain that C. albicans also
binds to molecules other than ICAM-1 on
the endothelial cells surface. These additional
ligands have not yet been characterized.

2.2. Invasion

Blood-borne fungi must penetrate
through the endothelial cell lining of the vas-
culature to invade from the lumen of
the blood vessels into the deep tissues. There
are at least three possible mechanisms by
which blood-borne organisms can escape
from the vasculature. First, they can pass
through the endothelial cell monolayer,
either by directly or via a paracellular path-
way. Second, they can be phagocytized by
circulating leukocytes and be carried across
the endothelial cell monolayer within the
leukocytes. This mechanism would be
unlikely to occur in profoundly leukopenic
patients. Third, they could penetrate through
gaps in the endothelial cell monolayer that
could form as a result of trauma or cytotoxic
chemotherapy. During their early studies of
the interactions of C. albicans with porcine
blood vessels ex vivo, Klotz et al. (1983)
observed that live blastospores could directly
traverse the endothelial cell lining. However,
an extremely high inoculum of C. albicans
was used in these experiments. Subsequently,
Rotrosen et al. (1985) examined the interac-
tions of C. albicans hyphae with human
umbilical vein endothelial cells by transmis-
sion electron microscopy. They observed that
endothelial cells responded to contact
with C. albicans hyphae by producing
pseudopods that surrounded the hyphae and
pulled them into the cells. Similar findings
have been observed with cultured human
brain microvascular endothelial cells (Jong
et al., 2001). These results suggest that C.
albicans invades endothelial cells in vitro by
inducing its own uptake.

The mechanisms by which C. albicans
induces its own uptake have been studied in
some detail. Endocytosis is induced maxi-
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mally by true hyphae (Filler et al., 1995; Phan
et al., 2000). Mutants of C. albicans that grow
as either blastospores or pseudohyphae on
human umbilical vein endothelial cells are
endocytosed poorly compared to their wild-
type parent strain that forms true hyphae on
these cells. However, it has been reported that
blastospores are endocytosed by porcine aor-
tic endothelial cells (Klotz et al., 1983), and
that a mixture of blastospores and pseudohy-
phae are endocytosed by human brain
microvascular endothelial cells (Jong et al.,
2001). Unfortunately, the endocytic capacity
of endothelial cells from different vascular
beds has not been compared directly.
Nevertheless, it is possible that some types of
endothelial cells may be able to endocytose
nonhyphal forms of C. albicans relatively
efficiently.

The endocytosis of C. albicans is passive
on the part of the organism because killed
hyphae are endocytosed as avidly as are
live hyphae (Phan et al., 2000). Recently,
we have discovered that S. cerevisiae express-
ing C. albicans Als3p are endocytosed by
endothelial cells, suggesting that Als3p func-
tions as an endothelial cell invasin-like
protein (Sheppard et al., 2004b). Als3p is
expressed most strongly on true hyphae
(Hoyer et al., 1998), providing an expla-
nation as to why hyphae are endocy-
tosed more efficiently than other forms of
C. albicans.

Jong et al. (2003) have reported that
C. albicans enolase binds plasminogen and
plasmin, and that C. albicans cells that are
coated with plasmin have an increased abil-
ity to transcytose across human brain
microvascular endothelial cells. However,
other investigators used a proteomics
approach to identify C. albicans surface pro-
teins that bound plasminogen. The eight
candidal surface proteins that were found to
bind plasminogen did not include enolase. It
was also discovered that C. albicans cells
coated with plasmin did not have increased
ability to invade and injure human umbilical
vein endothelial cells (Crowe et al., 2003).

Therefore, it is possible that plasmin acts as
a bridging molecule that induces the endo-
cytosis of C. albicans by microvascular brain
endothelial cells, but not human umbilical
vein endothelial cells.

Experiments with cytochalasin D, which
disrupts microfilaments, indicate that intact
endothelial cell microfilaments are required
for the endocytosis of C. albicans hyphae.
Additional studies with fluorescently labeled
phalloidin, which binds to filamentous
actin, demonstrate that during the process
of endocytosis, endothelial cell microfila-
ments surround the portion of the organism
that is being internalized. These microfila-
ments disappear after endocytosis is com-
plete (Filler et al., 1995).

Intact endothelial cell microtubules are
also necessary for the endocytosis of C. albi-
cans, because agents such as taxol and
colchicines that disrupt microtubules inhibit
endocytosis of the organism. However, con-
tact with the organism does not induce visi-
ble changes in endothelial cells microtubule
organization, unlike it does with microfila-
ments (Filler et al., 1995).

There is substantial evidence that the
endothelial cell endocytosis of C. albicans is
governed by the tyrosine phosphorylation of
endothelial cell proteins in vitro. Using indi-
rect immunofluorescence with an anti-
phosphotyrosine monoclonal antibody we
observed that tyrosine-phosphorylated
endothelial cell proteins surround organisms
that are being endocytosed. Immunoblotting
experiments with the antiphosphotyrosine
antibody demonstrate that endocytosis of
wild-type C. albicans is accompanied by the
tyrosine phosphorylation of two endothelial
cell proteins with molecular masses of 80 and
82 kDa. The phosphorylation of these pro-
teins is closely associated with the endocytosis
of C. albicans because these proteins are phos-
phorylated in response to the endocytosis of
both live and killed hyphae, but they are not
phosphorylated in endothelial cells infected
with a poorly endocytosed strain of C. albi-
cans. Furthermore, the broad-spectrum
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tyrosine kinase inhibitors genistein and tyr-
phostin 47 block the phosphorylation of the
two endothelial cell proteins and significantly
reduce endocytosis of C. albicans hyphae
(Filler et al., 1995). Collectively, these results
indicate that C. albicans induces its own
endocytosis by stimulating the tyrosine phos-
phorylation of two endothelial cell proteins.
The identity of these proteins is currently
unknown.

2.3. Endothelial Cell 
Stimulation

Edwards and colleagues infected
endothelial cells with C. albicans and then
added human neutrophils to the infected
monolayer. The interactions among the
three different cell types were monitored by
videomicroscopy. They observed that the
neutrophils were recruited to the foci of
infection, where they phagocytized and
eventually killed the hyphae. During this
process, the endothelial cells were protected
from injury, indicating that the neutrophils
were activated sufficiently to kill the organ-
isms, but not so much as to injure the
endothelial cells (Edwards et al., 1987).
These results suggested that there is an
exchange of signals between the endothelial
cells and neutrophils during their combined
response to C. albicans.

Subsequently, the response of endothe-
lial cells to C. albicans invasion has been
investigated, with a focus on responses that
have the potential to influence leukocyte
function during candidal infection.
Endothelial cells respond to C. albicans
infection in vitro by secreting prostacyclin
(Filler et al., 1991, 1994), interleukin-6
(IL-6), IL-8, and monocyte chemoattractant
protein 1 (MCP-1) (Filleret al., 1996). In
addition, C. albicans stimulates endothelial
cells to express the leukocyte adhesion mol-
ecules, E-selectin, ICAM-1, and vascular
cell adherence molecule 1 (VCAM-1) (Filler
et al., 1996). It is likely that the production

of these pro-inflammatory mediators in vivo
contributes to the recruitment of leukocytes
to foci of candidal infection.

We have also investigated the mecha-
nisms by which C. albicans stimulates a pro-
inflammatory response by endothelial cells.
Stimulation of endothelial cell IL-8 secre-
tion and leukocyte adhesion molecule
expression requires the endocytosis of viable
C. albicans (Filler et al., 1996). Analysis of
C. albicans mutants that lack different com-
ponents of the signal transduction pathways
that regulate the yeast-to-hyphal transition
have yielded insights into the candidal fac-
tors that are required to stimulate endothe-
lial cells. Both a cph1/cph1 null mutant and
an efg1/efg1 null mutant stimulate endothe-
lial cells to express E-selectin and ICAM-1,
whereas an efg1/efg1 cph1/cph1 double
mutant does not. The failure of the double
mutant to stimulate endothelial cells is not
due to its inability to form hyphae or invade
endothelial cells because the efg1/efg1 null
mutant also does not form hyphae on
endothelial cells and is endocytosed poorly
(Phan et al., 2000). Therefore, some candi-
dal factor under control of Efg1p and
Cph1p is required for C. albicans to stimu-
late expression of E-selectin and ICAM-1.
The identity of this factor remains to be
determined.

Interestingly, different pro-inflammatory
endothelial cell responses to C. albicans are
induced by distinct mechanisms in vitro. We
have found that C. albicans induces endothe-
lial cells to synthesize TNF-α, which in turn
stimulates the infected endothelial cells to
secrete IL-8 and express E-selectin.
Endothelial cell VCAM-1 expression is
induced by a similar autocrine mechanism
that involves the combination of TNF-α,
IL-1α, and IL-1β, all of which are synthe-
sized by the infected endothelial cells. All
three of these cytokines remain predomi-
nantly cell-associated. In contrast, induction
of ICAM-1 expression is independent of
TNF-α, IL-1α, and IL-1β (Orozco et al.,
2000). Whether other species of Candida are
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able to induce endothelial cells to synthesize
pro-inflammatory mediators via similar
mechanisms is currently unknown.

2.4. Endothelial Cell Injury

When human umbilical vein endothelial
cells are infected with C. albicans in vitro,
significant endothelial cell injury is
detectable within 2 to 4 h (Edwards et al.,
1987; Filler et al., 1991, 1995; Crowe
et al., 2003). In contrast, C. tropicalis and
C. glabrata do not cause detectable endothe-
lial cell injury, even after 6 h of incubation
(Filler et al., 1991). Two lines of evidence
suggest that C. albicans cells must be endo-
cytosed by endothelial cells to cause injury.
First, treating endothelial cells with
cytochalasin D, interferon-γ, or iron chela-
tors blocks endocytosis of C. albicans and
protects the cells from C. albicans-induced
injury (Filler et al., 1995; Fratti et al., 1996,
1998). Second, mutants of C. albicans that
are endocytosed poorly by endothelial cells
have reduced capacity to induce endothelial
cell injury (Phan et al., 2000).

Surprisingly, although human brain
microvascular endothelial cells endocytose
C. albicans cells, they do not appear to be
injured by this organism (Jong et al., 2001).
However, the investigations of the interac-
tions of C. albicans with brain microvascu-
lar endothelial cells were performed under
conditions in which the organisms grew only
as blastospores and pseudohyphae. These
forms of C. albicans also cause minimal
injury to human umbilical vein endothelial
cells (Phan et al., 2000). Therefore, it is not
clear whether human brain microvascular
endothelial cells are truly more resistant to
injury by C. albicans than are human umbil-
ical vein endothelial cells.

Endothelial cell injury also requires fungal
viability, as killed C. albicans cells are endo-
cytosed by human umbilical vein endothelial
cells but do not cause injury (Filler et al.,
1995). One explanation for these results is

that viable C. albicans cells must synthesize
factors that injure the endothelial cells.
C. albicans is known to produce a variety of
lytic enzymes including secreted aspartyl
proteinases (Saps) and phospholipases
(Magee et al., 1993; Monod et al., 1994;
Hoover et al., 1998; Sugiyama et al., 1999).
Most of these enzymes have greatest activity
at a low pH, which is likely present within the
endothelial cell endocytic vacuole. Consistent
with the hypothesis that enzymes secreted by
C. albicans are responsible for endothelial cell
injury, Ibrahim et al. (1998) found that a
sap2/sap2 null mutant had a modest reduc-
tion in its capacity to injure endothelial cells.

Other multiple mutants of C. albicans
have been identified that have reduced
capacity to injure endothelial cells (Davis
et al., 2000; Phan et al., 2000; Bensen et al.,
2002; Blankenship et al., 2003; Sanchez
et al., 2004). Many of these mutants have
defects in signal transduction pathways that
govern hyphal formation (Cla4p, Efg1p,
Cph1p, Tec1p) and regulate the pH response
(Mds3p, Phr1p, Rim101p). Some of these
pathways also govern the secretion of lytic
enzymes (Lane et al., 2001; Felk et al.,
2002). However, a strain that lacks Czf1p,
which forms only short hyphae on the
endothelial cells, causes a similar amount of
endothelial cell injury as does the wild-type
parent strain. Therefore, not all hyphal reg-
ulatory pathways govern endothelial cell
injury by C. albicans. Another strain that
has reduced capacity to injure endothelial
cells is a pmt1/pmt1 null mutant, which is
defective in O-mannosylation of multiple
proteins (Timpel et al., 1998). This strain is
likely defective in causing endothelial cell
injury because the reduced mannosylation
of surface proteins prevents the organism
from adhering to and invading endothelial
cells.

The collective data suggest that induc-
tion of endothelial cell injury requires three
steps: (1) adherence of C. albicans to the
endothelial cell, (2) endothelial cell endocy-
tosis of the organism, and (3) secretion of
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lytic enzymes by C. albicans. Therefore, a
C. albicans mutant that has a defect in any
one of these steps is likely to have reduced
capacity to cause endothelial cell injury. The
ability to injure endothelial cells, and per-
haps other host cells, is likely an important
virulence factor of C. albicans. In support of
this hypothesis, we have found that most
C. albicans mutants that are defective in their
capacity to cause endothelial cell injury
in vitro also have attenuated virulence in the
mouse model of hematogenously dissemi-
nated candidiasis (Sanchez et al., 2004). Thus,
the interactions of C. albicans with endothe-
lial cells in vitro can serve as a model for some
aspects of the host–pathogen interaction.

3. Cryptococcus neoformans

During the pathogenesis of cryptococcal
meningitis, the organisms are inhaled into
the alveoli, from which they invade the pul-
monary parenchyma and enter the blood-
stream. How Cryptococcus neoformans
traverses from the abluminal to luminal sur-
face of the vasculature and gains access to
the bloodstream is currently unknown, but
it is possible that the organisms are trans-
ported into the vascular lumen inside of
leukocytes. This process is distinct from the
angioinvasion that occurs during infection
with filamentous fungi because there is no
evidence that C. neoformans grows directly
across the blood vessel wall and into the
vascular lumen.

3.1. Adherence and Invasion

Once C. neoformans cells have entered
the bloodstream, they have a predilection
for causing infection in the central nervous
system. One potential explanation for this
tropism is that blood-borne C. neoformans
cells are specifically able to adhere to and
invade the endothelial cell lining of the cere-
bral vasculature. Chen et al. (2003) reported

that both encapsulated and unencapsulated
strains of C. neoformans adhered to and
transcytosed brain microvascular endothe-
lial cells in vitro. Adherent organisms
induced ruffling of the endothelial cell
plasma membrane, rearrangement of
endothelial cell microfilaments, and loss of
tight junctions between the endothelial cells.
There were also changes in the morphology
of the endothelial cell nuclei and mitochon-
dria, which suggested that the endothelial
cells were injured by the organisms.
Olszewski et al. (2004) demonstrated that
production of urease by C. neoformans was
required for the organism to pass through
intact endothelium from the blood to the
brain and other tissues. Ibrahim et al. (1995)
investigated the interactions of encapsulated
and unencapsulated strains of C. neofor-
mans with human umbilical vein endothelial
cells in vitro. They found that encapsulated
strains, which are likely the pathogenic form
of the organism, had reduced adherence to
and invasion of these endothelial cells. They
also caused almost no endothelial cell injury.
In contrast, an acapsular strain of C. neo-
formans avidly adhered to and invaded the
human umbilical vein cells, and induced sig-
nificant injury. Although there are signifi-
cant methodological differences between the
studies of the in vitro interactions of C. neo-
formans with brain microvascular and
human umbilical vein endothelial cells, it is
possible that the organism interacts with
these two endothelial cell types differently.

It is known that endothelial cells from
different vascular beds express different sur-
face antigens (Ghitescu and Robert, 2002).
Also, Prasadarao et al. (1999) found that the
K-1 strain of Escherichia coli, which causes
neonatal meningitis, invades brain microvas-
cular endothelial cells in vitro by binding to
a 95-kDa glycoprotein. E. coli is unable to
invade aortic or human umbilical vein
endothelial cells because these cells do not
express the glycoprotein receptor for this
organism. It is therefore reasonable to
hypothesize that the endothelial cells lining
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the central nervous system vasculature simi-
larly express a surface protein that acts as a
receptor for C. neoformans. To date, such a
receptor has not been identified.

Chrétien et al. (2002) studied the patho-
genesis of cerebral cryptococcosis in mice
that were inoculated intravenously. They
found that the majority of circulating organ-
isms were contained within peripheral blood
mononuclear cells. These investigators also
used transmission electron microscopy to
examine the brains of mice that developed
cryptococcal meningitis. They observed that
some organisms in the leptomeningeal capil-
laries appeared to have been internalized by
endothelial cells. Interestingly, the organ-
isms that were contained within either
endothelial cells or monocyte/macrophages
had small capsules, whereas organisms that
were free in the tissues had large capsules.
Thus, it is possible that during cryptococcal
meningitis, organisms with a small capsule
initiate hematogenous dissemination and
cerebral vascular invasion. The organisms
then form large capsules once they are
within the brain tissue.

3.2. Endothelial Cell
Stimulation

In addition to being targets of cryptococ-
cal adherence and invasion, endothelial cells
have the potential to influence the host
response to C. neoformans. Roseff and
Levitz (1993) found that neutrophils
and monocytes caused greater growth inhibi-
tion of C. neoformans when the organisms
were in contact with human umbilical vein
endothelial cells than when they were on
bare plastic. Neutrophil inhibition of C. neo-
formans was enhanced even further when
the endothelial cells were prestimulated with
IL-1β. The ability of endothelial cells to aug-
ment the anti-cryptococcal activity of neu-
trophils was due in part to enhanced
neutrophil survival, as well as an increase in
the number of neutrophils that surrounded

individual organisms. Although the salutary
effects of the endothelial cells on neutrophil
function appeared to require direct contact
between the endothelial cells and neu-
trophils, these effects could not be reversed
by the addition of neutralizing antibodies
directed against E-selectin or ICAM-1.
Thus, the mechanism by which endothelial
cells enhance the anti-cryptococcal activity
of neutrophils remains unclear.

C. neoformans can influence the interac-
tions between leukocytes and endothelial cells.
Glucuronoxylomannan (GXM) is a major
component of the cryptococcal capsule that
circulates in high concentrations in patients
with cryptococcosis. Exposure to GXM
induces the shedding of L-selectin from the
surface of neutrophils and T lymphocytes
in vitro (Dong and Murphy, 1996; Dong et al.,
1999). In addition, pretreatment of either neu-
trophils or endothelial cells with GXM
reduces neutrophil adherence to endothelial
cells in vitro. This reduction in neutrophil
adherence is due to reduced binding to 
E-selectin and ICAM-1 on the endothelial cell
surface (Ellerbroek et al., 2002). Finally, it has
been found that GXM inhibits the secretion
of chemokines by endothelial cells that are
stimulated with TNF-α in vitro (Mozaffarian
et al., 2000). Collectively, these results suggest
that the inhibitory effects of GXM on leuko-
cyte–endothelial cell interactions may con-
tribute to the poor recruitment of leukocytes
to foci of cryptococcal infection.

4. Aspergillus fumigatus

Aspergillus fumigatus and a handful of
other molds, such as the etiologic agents of
mucormycosis, are characterized by the
unique pathologic finding of prominent
angioinvasion. Unlike infections with
C. albicans or C. neoformans, infection with
these molds begins as a focal infection, most
commonly an invasive pneumonitis. Hyphae
within these lesions then grow by extension
and invade neighboring blood vessels from
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the abluminal surface (Denning, 2000;
Marret al., 2002). There are two major con-
sequences of this angioinvasion. First, it
results in pulmonary hemorrhage and vas-
cular thrombosis at the site of the initial
infection. Thrombosis of the pulmonary
vasculature leads to tissue infarction, which
permits fungi at the center of these infarcted
regions to grow unchecked, as there is poor
delivery of leukocytes as well as antifungal
agents to these areas. Second, angioinvasion
is the mechanism by which hyphal frag-
ments disseminate via the bloodstream to
other organs, a process that is associated
with a dismal prognosis. During both
angioinvasion and dissemination to deep
organs, the fungi must interact with the
endothelial cell lining of the blood vessels to
gain entry to and exit from the bloodstream.

A schematic illustration of these processes is
depicted in Fig. 20.1.

4.1. Interactions with the
Abluminal Surface of
Endothelial Cells during
Angioinvasion

Surprisingly little is known about the
mechanisms by which angioinvasion occurs,
and all studies of the interactions of
Aspergillus and endothelial cells have focused
on Aspergillus fumigatus. Murine models of
invasive pulmonary aspergillosis are char-
acterized by prominent invasion of the
blood vessels, and can therefore give some
insight into the nature of this unique biologi-
cal process (Sheppard et al., 2004a).
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Figure 20.1. Model of angioinvasion and dissemination by A. fumigatus. These processes occur via the
following steps: (A) abluminal endothelial cell invasion, (B) endothelial cell injury from the abluminal
surface, (C) hematogenous dissemination of hyphal fragments, (D) hyphal adherence to the luminal
endothelial cell surface, (E) luminal endothelial cell invasion, (F) endothelial cell injury from the lumi-
nal surface, and (G) extravascular invasion of deep organs. Steps (A)–(C) occur in the pulmonary blood
vessels while steps (D)–(G) occur in the systemic blood vessels.



Histopathologic studies of animals infected
with A. fumigatus clearly demonstrate promi-
nent abluminal vascular invasion by hyphae
(Fig. 20.2A). This invasion is associated with
destruction of the endothelial cell lining of
these blood vessels, and the development of
intravascular thrombosis at the site of inva-
sion. Thrombosis is likely the cause of the tis-
sue infarction and hemorrhage seen on gross
pathologic examination. As the mice recover
from leukopenia, neutrophil margination
within the infected blood vessel can be seen
(Fig. 20.2B), indicating that the endothelial
cells within the vessel are stimulated to
express leukocyte adhesion molecules.
Interestingly, this neutrophil margination
occurs in locations close to, but not necessar-
ily in direct contact with the actual site of
angioinvasion, suggesting that soluble factors
may induce this endothelial cell response.

The mechanisms by which A. fumigatus
hyphae invade the abluminal surface of
endothelial cells and the response of endothe-
lial cells to abluminal invasion are completely
unknown. While interactions of hyphae with
the luminal surface of endothelial cells have
been investigated (discussed below; Paris
et al., 1997; Taramelli et al., 1996; Lopes-
Bezerra and Filler, 2003), very little is known
about the interactions of hyphae with the
abluminal surface of endothelial cells.

It is known that endothelial cells are
polarized. For example, some cell mem-
brane proteins such as the glucose trans-
porter are highly enriched on the abluminal
and lateral surfaces of endothelial cells,
whereas other proteins such as mast-cell
growth factor are present mainly on the
luminal surface (Weiss et al., 1995;
Virgintino et al., 2000). Further, endothelial
cells respond differently to the same stimu-
lus depending on whether it is applied to the
luminal or abluminal surface. For instance,
endothelial cells exhibit a greater increase in
permeability when TNF-α is applied to their
luminal surface compared to their abluminal
surface (Mark and Miller, 1999). Thus it is
likely that the abluminal interactions of

hyphae with endothelial cells are different
from their luminal interactions.

4.2. Adherence to the
Luminal Surface of
Endothelial Cells

Once A. fumigatus hyphae enter the lumen
of the blood vessels, hyphal fragments break
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Figure 20.2. Histopathology of invasive pul-
monary aspergillosis. Periodic-acid Schiff (PAS)
stained thin sections from lungs of mice infected
with A. fumigatus for 7 and 10 days respectively.
(A) Abluminal angioinvasion by hyphae. Note
that endothelial cells are absent at the site of the
invading hyphae (arrows). (B) Neutrophil mar-
gination (open arrows) occurs in the vicinity of
A. fumigatus lesions. Note that neutrophils have
attached to the vessel wall in large numbers, sug-
gesting that these endothelial cells are activated to
express leukocyte adhesion molecules.



off and disseminate throughout the blood-
stream to gain access to distal sites of infec-
tion such as brain, liver, and spleen. In order
for this deep organ infection to develop, the
blood-borne hyphal fragments must adhere
to the luminal surface of the endothelial cells
that line the vasculature of the target organs
before invading into the deep tissues. While
A. fumigatus conidia have been reported to
adhere to a type II pneumocyte cell line
(DeHart et al., 1997) and pulmonary alveolar
macrophages (Kan and Bennett, 1988), sur-
prisingly little is known about the adherence
of hyphae to vascular endothelial cells. We
recently discovered that hyphae are at least
eightfold more adherent to endothelial cells
than are conidia in vitro (Chiang et al., 2004),
and that hyphae, but not conidia, bind to spe-
cific endothelial cell membrane proteins.

It is also possible that during dissemina-
tion, blood-borne hyphal fragments adhere to
subendothelial extracellular matrix con-
stituents. Indeed, conidia have been shown to
adhere to laminin, collagen, fibronectin, and
fibrinogen in vitro (Kan and Bennett, 1988;
Bromley and Donaldson, 1996; Gil et al.,
1996; Penalver et al., 1996; Bouchara et al.,
1997; DeHart et al., 1997; Wasylnka and
Moore, 2000). Cross-blocking of adherence
can be achieved between some of these matrix
proteins, suggesting that conidia likely express
receptors that are capable of binding multiple
substrates (Gil et al., 1996). In contrast, we
have found that hyphae adhere avidly to
fibronectin and laminin, but only poorly to
Type I collagen. Thus, the ligands mediating
hyphal adherence are likely different from
those mediating adherence of conidia,
although the relative contribution of suben-
dothelial cell matrix proteins to the adherence
of blood-borne hyphal fragments is unknown.

4.3. Invasion through the
Luminal Endothelial
Cell Surface

After blood-borne A. fumigatus hyphae
adhere to endothelial cells, they must pene-

trate through the luminal surface of these
cells to escape from the blood vessel and
invade the deep tissues. Both A. fumigatus
conidia and hyphae are able to invade the
luminal surface of human umbilical vein
endothelial cells in vitro (Paris et al., 1997;
Wasylnka and Moore, 2002; Lopes-Bezerra
and Filler, 2004). However, given that only
hyphae and not conidia are seen in foci of
invasive aspergillosis, the physiological rele-
vance of conidial–endothelial cell interac-
tions is uncertain. The invasion of the
luminal surface of endothelial cells by
A. fumigatus hyphae in vitro is relatively
rapid, occurring after 45 min of infection.
Addition of cytochalasin D, a microfila-
ment inhibitor, causes an 80% reduction in
their uptake, indicating that hyphae are
actively endocytosed by endothelial cells.
This hypothesis is also consistent with the
results of microfilament staining, which
demonstrates that endocytosis of hyphae is
accompanied by the polymerization of
endothelial cell actin around the organisms,
which disappears after endocytosis is com-
plete (Lopes-Bezerra and Filler, 2004).

4.4. Endothelial Cell Injury
during Luminal Infection

A. fumigatus hyphae induce endothelial
cell injury when they are added to the lumi-
nal surface of these cells (Lopes-Bezerra
and Filler, 2004). Viable hyphae cause sig-
nificant endothelial cell injury after 8 h of
infection. Surprisingly, killed A. fumigatus
hyphae induce the same degree of injury as
do live hyphae, suggesting that injury is
induced by a pre-formed component of the
fungal cell. This finding is markedly differ-
ent from what we have observed with
C. albicans, which must be viable to induce
any endothelial cell injury (Filler et al.,
1995). Endothelial cell injury by A. fumiga-
tus hyphae was reduced by 89% when
cytochalasin D was added to the medium,
and completely abrogated when tissue cul-
ture inserts were interposed between the
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endothelial cells and the hyphae (Lopes-
Bezerra and Filler, 2004). These results indi-
cate that A. fumigatus must be endocytosed
to cause endothelial cell injury.

4.5. Endothelial Cell
Stimulation

The presence of thrombosis and dra-
matic neutrophil margination at sites of
infection with A. fumigatus suggests that
endothelial cells are activated to express pro-
coagulant factors as well as leukocyte adhe-
sion molecules. Indeed, hyphae added to the
luminal surface of endothelial cells in vitro
induce the expression of tissue factor activ-
ity by these cells (Lopes-Bezerra and Filler,
2004). Additionally, we have recently found
that, under similar conditions, hyphae
strongly induce the surface expression
of E-selectin, weakly induce expression of
VCAM-1, but do not induce expression
of intracellular adhesion molecule 1 (ICAM-1).
In contrast, conidia do not induce the
expression of any of the leukocyte adhesion
molecules or tissue factor activity. The
response of endothelial cells to A. fumigatus
hyphae is significantly different from their
response to C. albicans, which induces the
expression of all three leukocyte adhesion
molecules, but not tissue factor (Orozco
et al., 2000; Lopes-Bezerra and Filler, 2004).
The expression of E-selectin and VCAM-1
by endothelial cells infected with A. fumiga-
tus hyphae on their luminal surface likely
assists the recruitment of leukocytes to foci
of hematogenous infection. Also, the
increased tissue factor activity of the
infected endothelial cells may contribute to
the intravascular thrombosis that is charac-
teristic of disseminated aspergillosis.

5. Other Fungi

There is one report of the ability of
S. schenckii to adhere to and invade human
umbilical vein endothelial cells in vitro

(Figueiredo et al., 2004). This organism rap-
idly adheres to endothelial cells. It invades
endothelial cells by inducing its own endo-
cyotsis, which is largely complete within 90
min of infections. S. schenckii likely binds to
an inducible molecule on the endothelial cell
surface because the number of organisms
that are cell-associated (adherent plus endo-
cytosed) with the endothelial cells is
increased when the endothelial cells are
stimulated with IL-1β. Interestingly, inter-
nalized S. schenckii cells do not induce
detectable endothelial cell injury even after
24 h of infection. This result suggests the
possibility that S. schenckii may be able to
persist in endothelial cells in vivo.

Other fungi that can cause a hematoge-
nously disseminated infection include
C. immitis, H. capsulatum, and B. dermati-
tidis. All of these organisms likely initiate
foci of pneumonitis and then spread via the
bloodstream to other organs. During the
process of dissemination, they must interact
with endothelial cells. However, the interac-
tions of these fungi with endothelial cells
have not yet been reported.
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1. Introduction

This chapter will review the major mech-
anisms involved in the defense against cuta-
neous candidiasis. In the latter condition the
epidermis of the skin is infected by Candida
albicans and occasionally certain non-C.
albicans species, with chronic mucocuta-
neous candidiasis representing a subgroup
of syndromes with particularly chronic and
recalcitrant cutaneous, nail and mucosal
Candida infections. Local and systemic
defenses against Candida and cutaneous
candidiasis will be reviewed with an empha-
sis on innate immunity and the immunolog-
ical predispositions that have been described
in chronic mucocutaneous candidiasis. In
particular, this discussion will cover the ele-
ments of the cutaneous immune system, the
mechanisms of immunologic deficits in
chronic mucocutaneous candidiasis, and the
role of cytokines in the defense against cuta-
neous Candida infections. Implications for
possible reversal of the immunologic abnor-
malities as an adjunct to the use of antifun-
gal drugs for the treatment of chronic
mucocutaneous candidiasis will also be
addressed.

2. Characteristics of
Cutaneous Candidiasis

Cutaneous candidiasis is an infection of
the skin that is generally caused by the fun-
gus C. albicans and which can be either

acute or chronic in nature. Cases are some-
times seen of cutaneous candidiasis caused
by other Candida species, including C. para-
psilosis or C. tropicalis, but these are rare.
Recently, C. glabrata has developed
increased importance as a cause of human
disease and currently ranks second or third
as the agent of superficial (cutaneous or
mucosal) or deep candidiasis (Fidel et al.,
1999). C. albicans is part of the normal flora
of the gastrointestinal (GI) tract rather than
that of the skin, although it can be found on
the skin occasionally. This organism can
grow as either yeast cells or filamentous
forms, with mixtures of the two phases often
seen in the cutaneous infections. The viru-
lence of C. albicans has been attributed var-
iously to its ability to grow at particular
temperatures, its ability to produce filamen-
tous forms, its adherence capabilities, and
the activity of its different enzymes.

Acute cutaneous candidiasis may present
as intertrigo with production of intense ery-
thema, edema, creamy exudate, and satellite
pustules within folds of the skin. Other
infections may be more chronic, as in the
feet where there can be a thick white layer of
infected stratum corneum overlaying the
epidermis of the interdigital spaces. Candida
paronychia is marked by infections of the
periungual skin and the nail itself, resulting
in the typical swelling and redness of this
type of Candida infection.

In some cases superficial C. albicans
infections may be particularly severe and
recalcitrant to treatment, producing the
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uncommon disorder known as chronic
mucocutaneous candidiasis. This condition
consists of persistent and recurrent infec-
tions of the mucous membranes, skin and
nails, along with a variety of other manifes-
tations. The superficial infections last for
years in the affected patients unless they are
properly treated; however, deep Candida
infections are very rare in this situation
(Kauffman et al., 1981). Oral thrush and
Candida vaginitis are fairly common in
patients with chronic mucocutaneous can-
didiasis. There is often infection of the
esophagus, although further extension into
the viscera is unusual. The typical skin
lesions are generally red, raised, and hyper-
keratotic, but usually are not painful.
Epidermal neutrophilic microabscesses,
which are common in acute cutaneous can-
didiasis, are rare in the lesions of chronic
mucocutaneous candidiasis. Nail involve-
ment can be severe in this condition, pro-
ducing marked thickening, distortion, and
fragmentation of the nails, with chronic
swelling of the distal phalanx. The oral
thrush and vaginitis in chronic mucocuta-
neous candidiasis closely resemble the acute
mucous membrane infections in other
patients, except that they are more chronic
in nature. The oral lesions are generally ten-
der and painful.

There are a number of other disorders
that are associated with the syndrome of
chronic mucocutaneous candidiasis
(Kirkpatrick and Sohnle, 1981; Filler and
Edwards, 1993). Especially prominent are
certain types of endocrine dysfunction, such
as hypoadrenalism, hypoparathyroidism,
hypothyroidism, ovarian insufficiency, per-
nicious anemia, and diabetes mellitus. The
combination of chronic superficial candidi-
asis and endocrine hypofunction has been
termed the “Candida endocrinopathy” syn-
drome. More recently the term autoimmune
polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED) has been used to
describe this syndrome (Bjorses et al., 2000).
A particular gene, AIRE (for autoimmune

regulator), appears to be responsible for this
syndrome in both humans and mice
(Rosatelli et al., 1998; Mittaz et al., 1999).
The product of the AIRE gene is predicted
as a proline-rich polypeptide with two zinc-
finger motifs and a putative nuclear target-
ing signal, suggesting involvement in the
regulation of transcription; this protein is
expressed in the thymus, as well as the pan-
creas and adrenal cortex, and may be
involved in the molecular pathogenesis of
APECED and other types of autoimmunity
(Bjorses et al., 1998).

Sometimes found in patients with chronic
mucocutaneous candidiasis are alopecia
totalis, vitiligo, malabsorption, chronic hep-
atitis, dysplasia of the dental enamel, con-
genital thymic dysplasia, thymomas, and
other infections. Amongst the latter, chronic
dermatophytosis, recurrent bacterial infec-
tions, and occasional opportunistic infec-
tions such as cryptococcosis, histoplasmosis,
and Pneumocystis carinii pneumonia are the
most common (Kirkpatrick et al., 1971;
Filler and Edwards, 1993; Eppinger et al.,
1999). In these patients dermatophytosis
may cause extensive skin lesions that may be
misidentified as cutaneous candidiasis and
then perhaps not be treated optimally
(Chappler et al., 1978). Chronic mucocuta-
neous candidiasis no doubt represents a
group of syndromes, in addition to
APECED, with a variety of predisposing or
secondary abnormalities in host defense
function. Therefore it may be difficult to
describe an immunologic pattern that
includes all patients. The most common defi-
ciency appears to be one of cell-mediated
immune responses against Candida antigens,
as discussed below, although abnormalities
in chemotaxis or phagocytic cell function
have also been reported; other host defense
mechanisms, such as humoral immunity and
the complement system, are generally nor-
mal in these patients, with some exceptions.

Although the superficial infections of
chronic mucocutaneous candidiasis are gen-
erally not life threatening, they can be very
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disfiguring. Before the azole antifungal
agents became available, the treatment of
this condition was quite difficult. Whereas
amphotericin B produced prompt clearance
of the cutaneous lesions, relapses usually
occurred, presumably because of the under-
lying immunodeficiency state. At present,
long-term treatment with azole antifungal
drugs can produce good results in chronic
mucocutaneous candidiasis, although occa-
sional failures have occurred due to the
development of resistant strains of C. albi-
cans. Also, endocrine dysfunction, including
life-threatening adrenal crises, can develop
after presentation of the candidiasis, so
these patients need to be followed for this
possibility. Patients who present with
chronic mucocutaneous candidiasis should
also be evaluated for the presence of infec-
tion with the human immunodeficiency
virus (HIV), and if presenting as adults, for
the possibility of thymoma.

3. Cutaneous Defenses

3.1. Predisposing Factors to
Cutaneous Candidiasis

A variety of local and systemic factors
predispose to superficial fungal infections.
Cutaneous candidiasis most frequently
occurs when there are warm, moist condi-
tions such as in skin folds, under the diapers
of newborns, and also in tropical climates or
during the summer months. Otherwise, treat-
ment with corticosteroids, cytotoxic agents,
broad-spectrum antibiotics, and oral contra-
ceptives all predispose to various forms of
candidiasis. Diabetes mellitus and infection
with HIV are both strongly associated with
superficial candidiasis, although dissemi-
nated candidiasis is unusual in these condi-
tions. In diabetes mellitus a variety of
disturbances in immune and phagocytic cell
functions may be involved in the increased
susceptibility to infection, and particularly
with C. albicans there may be increased

adherence to diabetic cells (Geerlings and
Hoepelman, 1999). Deficiency of the neu-
trophil enzyme myeloperoxidase may be
associated with cutaneous candidiasis, pre-
sumably because of diminished ability to pro-
duce fungicidal oxidants (Nguyen and
Katner, 1997). In fact, addition of recombi-
nant human myeloperoxidase enhances the
ability of activated macrophages to kill
C. albicans in vitro (Marodi et al., 1998).
Genetic predisposition may be important in
chronic mucocutaneous candidiasis in that
approximately 25% of these patients have rel-
atives with this disease (Herrod, 1990). The
hyper IgE syndrome is another condition in
which cutaneous candidiasis as well as recur-
rent staphylococcal abscesses are common;
this syndrome has complicated effects on the
host defense system, possibly mediated in
part by IgE antibodies against Candida or
staphylococcal antigens (Chappler et al.,
1978; de la Torre Morin et al., 1997).

3.2. Nonimmunologic
Cutaneous Defenses—
Innate Immunity

The skin, like the mucosa, is generally
colonized by large numbers of microorgan-
isms and therefore must represent an initial
barrier to the entry of these potential
pathogens to the deeper tissues. A variety of
mechanisms are available for this purpose.
Some of these appear to be merely mechan-
ical, whereas others are more complicated
and have some capacity to react. The skin
structure itself would suggest a physical bar-
rier, although more recent studies have sug-
gested that it represents more complicated
mechanisms of host defense. Similarly, evi-
dence is mounting for an intricate sensing
mechanism to allow the inflammatory cells
to differentiate between substances released
from pathogens and those from the host.
The entire system of nonimmunologic cuta-
neous defenses allows for immediacy of its
effect and multiple overlapping mechanisms.
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3.2.1. Structure of the Skin

The physical and chemical structure of the
skin represents a form of defense against fun-
gal pathogens. In keratinized epithelia the
stratum corneum has a structure of protein-
enriched corneocytes embedded in a continu-
ous, lipid-enriched, intercellular matrix in the
“bricks and mortar” model (Elias, 1983; Elias
and Feingold, 1999; Schurer and Elias, 1991).
As the keratinocytes make their transition to
corneocytes, they lose 45% to 86% of their
dry weight and form into a flattened shape
that helps to provide mechanical protection at
the skin surface (Haake and Holbrook, 1999).
This makeup lends tensile strength to the skin
and also may protect it from invasion by
microorganisms. In addition, the skin surface
is relatively inhospitable to fungal growth
because of exposure to ultraviolet light, low
moisture conditions, and competition from
the normal bacterial flora of this site.
Therefore, this surface acts as a barrier to the
entry of fungi. The stratum corneum is made
up of keratin, which most microorganisms
cannot use for nutrition. In fact, high molec-
ular mass (>60 kDa) keratins stabilized by
intermolecular disulfide bonds, account for
up to 80% of the mass of the corneocytes
(Haake and Holbrook, 1999). However, C.
albicans produces proteases (keratinases) that

hydrolyze this substance and facilitate the
growth of these organisms in the stratum
corneum itself (Negi et al., 1984). These
enzymes are secreted aspartyl proteases, and
in one study of C. parapsilosis were found in
higher concentrations in skin versus blood
isolates (De Bernardis et al., 1999). The very
superficial site of infection in the stratum
corneum may protect the infecting organisms
from direct contact with at least some of the
effector cells of the immune system. Although
neutrophils and small numbers of lympho-
cytes may enter the epidermis, the major infil-
trates of cell-mediated immune responses are
generally confined to the dermis.

3.2.2. Keratinization and
Epidermal Proliferation

The process by which the stratum
corneum is continually renewed through
keratinization of the epidermal cells may
also present a form of defense against
organisms infecting this site. The anatomy
of the normal skin is shown in Fig. 21.1.
Basal epidermal cells produce continued
growth of the epidermis as they undergo
repeated cell divisions that move the result-
ing daughter cells (keratinocytes) outward,
toward the surface. As they mature these
cells lose their nuclei and become flattened
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to form the keratinized cells. This process
results in shedding of the stratum corneum,
which also may remove infecting fungal
microorganisms residing there. Keratino-
cytes in the periphery of a similar kind of
superficial fungal infection, annular der-
matophytosis, have been found to divide at
an increased rate (Berk et al., 1976).
Inflammation, including that produced by
cell-mediated immune reactions, appears to
enhance epidermal proliferation so that
rates of transit of epidermal cells towards
the stratum corneum are increased (Lepper
and Anger, 1976). Epidermal proliferation
in experimental cutaneous candidiasis
appears to be enhanced by cell-mediated
immune responses to fungal antigens in
the infected skin and may play a role in the
defense against cutaneous candidiasis
(Sohnle and Kirkpatrick, 1978). As will be
discussed below, it is possible that increased
proliferation and/or differentiation of ker-
atinocytes may promote increased expres-
sion of certain antimicrobial proteins.

3.2.3. Antifungal Substances

3.2.3.1. Lipids Lipids of adult hair contain
saturated fatty acids that are fungistatic
against Microsporum audouini, formerly a
common cause of hair and scalp infections
(Rothman et al., 1947). In particular, various
types of sphingosines, particularly sphinga-
nine, sphingosine, and dimethylsphingosine,
have been found to be active against certain
dermatophytes and C. albicans (Bibel et al.,
1993). This type of antimicrobial activity is
calcium-dependent (Bibel et al., 1992).
Whereas the sebum of adults may not be sig-
nificantly more fungistatic than that from
children on a weight per weight basis, older
individuals appear to produce quantitatively
more of this material than do children
(Kligman and Ginsberg, 1950). Epidermal
lipids, in addition to those from sebum, also
have antimicrobial activity, which is related
to free fatty acids, polar lipids, and glycosph-
ingolipids (Miller et al., 1988).

3.2.3.2. Metal-Binding Proteins Unsatu-
rated transferrin is present in serum and can
prevent the growth of Candida (Esterly
et al., 1967); presence of this substance in
the dermis may confine the organisms to the
epidermis and in inflamed skin it might also
make its way into the epidermis. It has been
shown that the serum of infected animals,
but not that of uninfected animals, is
inhibitory of Candida growth in vitro
through an iron-dependent mechanism;
therefore, increase in levels of this protein as
an acute phase reactant may also contribute
to host defense in the skin (Radke et al.,
1994). Also, the siderophore iron transport
system of C. albicans appears necessary for
epithelial invasion, suggesting that the abil-
ity to acquire iron from host tissues may be
important in superficial Candida infections
(Heymann et al., 2002).

Calprotectin is a calcium- and zinc-bind-
ing protein of neutrophils and keratinocytes
that has potent, broad-spectrum antimicro-
bial activity based on its ability to bind zinc
(Sohnle, 1997). Production of this substance
is markedly upregulated in differentiating
keratinocytes (Madsen et al., 1992;
Siegenthaler et al., 1997). This process could
be a mechanism by which epidermal prolif-
eration produces an environment in the epi-
dermis that is inhospitable to fungal growth
because available zinc is lacking at that site.

3.2.3.3. Other Antimicrobial Substances
Human β-defensin 2 (HBD2), is a small
cationic, cysteine-rich peptide expressed in
skin keratinocytes and airway epithelium;
this substance is produced following stimu-
lation of keratinocytes by contact with bac-
teria or cytokines, has microbicidal activity
against Candida and bacteria, and is inhib-
ited by sodium chloride (Liu et al., 1998;
Schroder and Harder, 1999). In human epi-
dermal cell cultures, monocyte-derived cells
acting through interleukin 1 (IL-1) greatly
amplify the induction of HBD2 (Liu et al.,
2003). A variety of other antimicrobial sub-
stances are expressed by human epidermal
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cells, including peptide LL-37 (a catheli-
cidin), granzyme B, adrenomedullin, and
antileukoprotease (Berthou et al., 1997;
Frohm et al., 1997; Martinez et al., 1997;
Wiedow et al., 1998). Note that the expres-
sion of LL-37 has been shown to be upregu-
lated in inflammatory skin disorders (Frohm
et al., 1997). Melanins have also been postu-
lated to be important in cutaneous host
defense (Mackintosh, 2001) and certain
other fungicidal proteins have also been iso-
lated from normal epidermis and could play
some role in the defense against cutaneous
fungal infections (Kashima et al., 1989).

3.2.4. Phagocytic Cells and the
Inflammatory Response

3.2.4.1. Mechanisms of the Innate Immune
System The innate immune system repre-
sents a first line of defense against invading
pathogens and does not require a prelimi-
nary exposure to microbial antigens to gen-
erate an effective response. This system is
largely mediated by leukocytes such as
macrophages and neutrophils, which phago-
cytose and kill pathogens while also eliciting
an inflammatory response. Within the
macrophages the pathogen is killed in the
phagosome and microbial components are
presented to T lymphocytes to activate the
adaptive immune system. A critical part of
this process is the ability of the macrophage
to discriminate between itself and a large
number of potential pathogens using a
restricted number of germ-line encoded
receptors (reviewed in Aderem, 2001; Cook
et al., 2003). These receptors recognize con-
served motifs on pathogens that are not
found in higher eukaryotes; such motifs are
called pathogen-associated molecular pat-
terns (PAMPs) and include mannans in the
yeast cell wall, formylated peptides,
lipopolysaccharides (LPS), peptidoglycans,
and teichoic acids. There are different pat-
tern recognition receptors for mediating
phagocytosis and for activating the proin-
flammatory pathways (Aderem, 1999).

The role of the innate immune system is
especially prominent in those surfaces con-
tacting the external environment, such as the
skin, digestive and genitourinary tracts, and
airways (reviewed in Hackett, 2003). The
innate defenses are based on phagocytic
cells as discussed above, but in addition are
mediated also by certain others that are per-
manently located within tissues or are
recruited to the site as needed. These include
the Langerhans cells of the skin, tissue den-
dritic cells, macrophages, tissue-associated
lymphocytes, and certain epithelial cells
themselves. Interactions and functions of
the particular skin cell types are described
more fully in the section on the cutaneous
immune system below. In many cases there
is a close relationship between innate and
adaptive immune processes in the skin.

Critical to the rapid innate immune
responses are the expression of the receptors
against PAMPs, primarily the family of
Toll-like receptors (TLRs, reviewed in
Aderem, 1999; Ong et al., 2002; Cook et al.,
2003). To date ten different TLRs have been
described in mammals, with the molecular
ligands for most not having been identified
yet. Different PAMPs are recognized by dis-
tinct combinations of TLRs, suggesting that
the TLRs can establish a combinatorial
repertoire to discriminate among the large
number of PAMPs found in nature. Once
the TLR recognizes a PAMP it elicits a cell-
signaling cascade that initiates defensive
responses directed at eliminating the
pathogen. Each of the TLRs can signal
through the adaptor molecule MyD88 and
lead to activation of nuclear factor kappa
beta. MyD88 signaling has been shown to
mediate phagocytosis and killing of C. albi-
cans, but not Aspergillus fumigatus (Marr
et al., 2003). In C. albicans it is a unique gly-
colipid, called phospholipomannan, which
stimulates TLRs; both TLR2 (Joualt et al.,
2003) and TLR4 (Tada et al., 2002) have
been found to be involved in the signaling
responses of mononuclear cells to this
organism. Dendritic antigen-presenting cells
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function as a link between innate and adap-
tive immunity and are therefore important
in the recognition of pathogens; dendritic
cells express different patterns of TLRs and
are strongly activated by fungal products
to produce costimulatory molecules and
cytokines that in turn lead to different T
lymphocyte responses (Buentke and
Scheynius, 2003).

3.2.4.2. Chemotactic Mechanisms Although
cutaneous candidiasis is generally limited to
the most superficial layers of the skin, these
infections can be highly inflammatory even in
patients with evidence for various kinds of
immune dysfunction. One can observe in the
infected skin a variety of gross changes
including scaling, pustules, and erythema.
Evidence of epidermal proliferation may also
be seen in the chronic infections as hyperker-
atosis and parakeratosis. Microscopically, the
lesions are characterized by an accumulation
of neutrophils in the infected skin of acute
infections, or a mononuclear cell infiltrate in
the dermis of the more chronic ones. The
acute inflammatory responses may be mani-
fested as epidermal microabscesses in which
the Candida yeast cells or filamentous forms
can be seen with appropriate special stains.

A variety of mechanisms have been
described by which inflammatory cells are
attracted into the sites of cutaneous fungal
infections, including cutaneous candidiasis.
C. albicans has been shown to activate com-
plement through the alternative pathway
(Ray and Wuepper, 1976). Animals defi-
cient in C5 clear experimental cutaneous
C. albicans infections more slowly than do
normal animals, but the C5-deficient ani-
mals do appear to accumulate neutrophils
in the skin normally and develop normal
epidermal proliferative responses (Wilson
and Sohnle, 1988). A collagenous serum
lectin, called mannose-binding lectin, binds
strongly to a variety of microorganisms,
including Candida species, and promotes C4
deposition in a concentration-dependent
manner (Neth et al., 2000); this mechanism

may be of importance in innate immunity
and may represent a type of first-line
defense against these organisms. A patient
has been described with deficiency of
mannan-binding lectin-associated serine
protease 2, which helps to generate the C3
convertase after the mannan-binding lectin
binds to microorganisms; this patient had
recurrent pneumococcal infections and a
chronic inflammatory state, but apparently
not superficial fungal infections (Stengaard-
Pedersen et al., 2003). Whereas the comple-
ment system may represent an important
nonspecific skin defense mechanism, it
also may be responsible for producing
symptoms of superficial fungal infections
at that site through production of proin-
flammatory products (Tagami, 1992).

C. albicans also produces low molecular
weight chemotactic factors analogous to the
ones made by growing bacteria (Cutler,
1977). These factors may be of two different
types, including one that seems to act
through the formyl peptide receptor of neu-
trophils, and another that is not inhibited
by an antagonist to this receptor and
appears to attract macrophages through a
different mechanism (Edens et al., 1999).
Finally, as discussed more fully below, ker-
atinocytes themselves, when properly stimu-
lated, can generate chemotactic cytokines
that could also be responsible for some of
the inflammation in the lesions of cuta-
neous fungal infections. Other elements of
the cutaneous immune system may also be
involved in generating an inflammatory
response in the infected skin of cutaneous
candidiasis.

3.2.4.3. Antifungal Mechanisms of Phagocytic
Cells Neutrophils and monocytes/macro-
phages appear to be important in the
defense against fungi, including those
involved in the cutaneous mycoses.
Neutrophils can directly attack pathogens
using a variety of microbicidal processes
(reviewed in Nauseef and Clark, 2000).
Some of these processes depend upon
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microbicidal oxidants, including superox-
ide, hydrogen peroxide, hypochlorous acid,
and monochloramine (Grisham et al., 1983;
Test et al., 1984). Alternatively, the neu-
trophil killing mechanisms may involve
nonoxidative granule microbicidal sub-
stances, such as the defensins (Ganz et al.,
1985), bactericidal/permeability-increasing
protein (Weiss et al., 1978), lactoferrin
(Arnold et al., 1980), lysozyme (Collins and
Pappagianis, 1974), azuricidin (Campanelli
et al., 1990), and cathelicidin (Zanetti et al.,
1996). Most of these substances have been
studied primarily for their ability to kill the
organisms, although lactoferrin may have
both microbistatic and microbicidal effects
(Arnold et al., 1981). In studies of neu-
trophil-mediated damage to C. albicans
hyphae, confocal microscopy and quantifi-
cation of cell wall glycoprotein release
reveal that both oxidative and nonoxidative
mechanisms are required for maximal
effects on the target fungal cells (Christin
et al., 1997). Macrophages have an addi-
tional antimicrobial mechanism whereby
they can use production of nitric oxide
to inhibit growth of ingested fungal
pathogens, such as Cryptococcus neofor-
mans (Alspaugh and Granger, 1991). This
mechanism might potentially be active
against the organisms causing superficial
fungal infections also.

Neutrophils also appear to have signifi-
cant growth inhibitory activity in addition
to their microbicidal processes. These cells
contain large amounts of a calcium- and
zinc-binding protein, called calprotectin,
which is also produced by keratinocytes, as
discussed above. Neutrophil-derived calpro-
tectin has potent microbistatic activity
against C. albicans and other fungi
(Steinbakk et al., 1990; Sohnle et al., 1991).
This protein is released into inflammatory
exudates as neutrophils die at sites of infec-
tion (Sohnle et al., 1991) and could supple-
ment other host defenses in the infected skin
by controlling growth of C. albicans or other
fungi there.

3.3. The Cutaneous Immune
System—Adaptive
Immunity

3.3.1. Potential Role in
Cutaneous Candidiasis

Since cutaneous fungal infections are
more frequent and more severe in patients
with immunologic defects, immune responses
to fungal antigens would seem to play an
important role in the host defense against
these infections. Immunologic host defense
mechanisms in normal hosts seem to be
effective even when the infections are lim-
ited to superficial locations such as the
stratum corneum. A number of studies sug-
gest that the epidermis of the skin acts as a
unique immunologic organ in addition to
its role as a passive barrier against entry of
infecting organisms. In 1983, a hypothesis
regarding the skin-associated lymphoid tis-
sue (SALT) concept was advanced wherein
the skin acted as an immune surveillance
unit (Streilein, 1983). A variety of cell types
are believed to have involvement in this
cutaneous immune system and will be
reviewed below. The mechanisms employed
are complex, involving a network of fixed
or mobile cells interacting either by traf-
ficking of the cells themselves from one site
to another or by the production of
cytokines that influence the function of
other cells. The innate immune system
probably is involved in initiating or ampli-
fying these responses. Such skin-initiated
immune responses act against a broad-
spectrum of foreign antigens and PAMPs
and it is likely that they are also active
against C. albicans when it is involved in
infections of the stratum corneum.
Therefore, this system is probably responsi-
ble for initiating immune responses that
work to eliminate the infecting organisms
in the immune host. In addition, such
responses may also produce some of the
inflammation that results in much of the
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symptomatology of these infections. The
cutaneous immune system has been
reviewed in detail (Ring and Thewes, 1999;
Stingl et al., 1999) and will be summarized
briefly here.

3.3.2. Cells with Immunologic
Potential in the Skin

3.3.2.1. Epidermal Langerhans Cells Langer-
hans cells develop as dendritic cells from
bone marrow stem cells and home into
selected tissues. At least five distinct subsets
of dendritic cells have been recognized,
including Langerhans cells in epithelial tis-
sues, dendritic cells in peripheral blood or
lymph, interdigitating dendritic cells in T
cell-dependent areas of lymphoid tissues,
follicular dendritic cells in B cell-dependent
areas, and dermal dendritic cells (Bergs-
tresser et al., 1992). Epidermal Langerhans
cells make up approximately 2% to 5% of
the total epidermal cell population, and vary
in density depending upon anatomic loca-
tion. These cells express a variety of anti-
genic markers on their surface (Stingl, 1993)
and function to present antigens in an
immunologically relevant fashion to both
naive and sensitized T lymphocytes.

3.3.2.2. Dermal Dendritic Cells The der-
mis contains a population of antigen-pre-
senting cells that constitute one of the five
subsets described above. These cells have
dendritic processes, are motile, and express a
variety of markers, including high levels of
class II major histocompatibility complex
(MHC) antigen as well as certain proteins
involved in adherence of one cell type to
another. These cells also act as antigen-pre-
senting cells and probably are important in
the initiation of immunologic responses in
the skin, particularly those involving anti-
gens in the dermis.

3.3.2.3. Epidermal T Lymphocytes Although
the lymphoid infiltrates characteristic of
cutaneous cell-mediated immune responses

are generally confined to the dermis of the
skin, there are small numbers of T lympho-
cytes that are present within the epider-
mis (Bos et al., 1990). T lymphocyte
antigen receptors are of two types, with
most being of the αβ heterodimer pheno-
type and a small population expressing the
γδ heterodimer. In the papillary dermis up
to 80% of T lymphocytes are αβ-positive
and approximately 7% are γδ-positive. In
contrast, only 60% of the T lymphocytes in
the epidermis are αβ-positive, with 18% to
29% being γδ-positive. Sensitized T lym-
phocytes can occur in the epidermis, either
through antigenic stimulation of resting T
lymphocytes at this site or attraction of
already sensitized T lymphocytes by
chemotactic cytokines, possibly including
members of the IL-8 family produced by
keratinocytes.

3.3.2.4. Keratinocytes Keratinocytes not
only have an important structural role in
forming a physical barrier to foreign anti-
gens and microorganisms, but are also
important functionally in mediating cuta-
neous immune reactions. These cells are by
far the most numerous in the epidermis,
although other cells types including
melanocytes and Langerhans cells are also
found there (see Fig. 21.1). The interfollicu-
lar epidermis is divided into a series of pro-
liferating units, known as epidermal
proliferative units (Potten, 1974). Within an
epidermal proliferative unit there are slow
and fast cycling basal keratinocytes, which
are distinct populations that could possibly
have different functions. Other neighboring
cells, Langerhans cells, and cells in the der-
mis appear to have a regulatory effect on
keratinocytes and may lead to cellular diver-
sity within the basal layer. Keratinocytes
secrete a number of soluble factors that are
capable of upregulating and downregulating
immune responses. The IL-7 that they pro-
duce has been shown to serve as a growth
factor for epidermal T lymphocytes in mice
(Matsue et al., 1993).
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3.3.2.5. Microvascular Endothelial Cells
Microvascular endothelial cells are located
near the microenvironment where the
important cutaneous immunologic reactions
occur. Endothelial cells are known to be
active participants in a variety of functions,
including wound healing, angiogenesis, pro-
duction of clotting factors, and mainte-
nance of vascular tone. Their role in
epidermal immunologic events is not
entirely clear, although there is increasing
evidence for their participation in this area.
Like the keratinocytes, microvascular
endothelial cells secrete a number of soluble
factors capable of inducing inflammation
and recruiting leukocytes, and express a
variety of adhesion molecules.

3.3.3. Initiation and Expression
of Cutaneous Immune
Responses

According to the SALT concept, the skin
contains an immune surveillance system con-
sisting of antigen-presenting Langerhans
cells, cytokine-producing keratinocytes, epi-
dermotropic T lymphocytes, and draining
peripheral lymph nodes. Much work has
been done since that time to confirm and
expand this concept. In the working hypoth-
esis proposed for mechanisms and pathways
involved in these cutaneous immune
responses (Stingl, 1993; Ring and Thewes,
1999), foreign antigens entering the epidermis
are first ingested and processed by
Langerhans cells so that the antigenic
fragment is complexed to MHC-encoded
antigens. Concomitantly, there is antigen-
induced enhancement of cytokine produc-
tion by keratinocytes, leading to activation of
the Langerhans cells. Within a short time, the
antigen-processing Langerhans cells leave the
epidermis, enter the dermal lymphatics, and
migrate as veiled cells to the draining lymph
nodes. Here they present the antigen–MHC
complex on their surface to the proper recep-
tors on resting T lymphocytes and elicit an

antigen-specific response in these cells.
Through a second signal (IL-1) produced by
the Langerhans cells there is T lymphocyte
stimulation and subsequent clonal expan-
sion. The resulting T lymphocyte blasts then
migrate back to the dermis and epidermis by
homing to cytokine-activated microvascular
endothelial cells in this area. Once in this
location the T lymphocytes can be further
stimulated by other antigen-presenting cells
to undergo continued clonal expansion and
generation of effector cells that can help to
eliminate the pathogenic microorganisms.
Other aspects of this immune surveillance
mechanism are continuing to be elucidated
and include other possible functions for the
dermal dendritic cells, keratinocytes, and epi-
dermal T lymphocytes. Each of these cell
types may have other less well-defined roles in
the above-described immune pathway, or
they may play a more or less prominent role
against a particular type of infection or other
antigenic insult to the skin. The exact role of
each cell type in producing immune responses
against the organisms causing cutaneous
mycoses have not yet been defined, although
it is very likely that the immune surveillance
mechanism described above is heavily
involved in the defense against cutaneous
candidiasis.

4. Immunology of Cutaneous
Candidiasis

4.1. Immune Responses
to Candida Antigens

Inoculation into the skin of viable C. albi-
cans yeast cells in mice has been shown to
elicit cell-mediated immune responses to var-
ious antigens of this organism (Moser et al.,
1980). Experimental cutaneous candidiasis
also sensitizes the infected animals so that a
second infection is cleared more rapidly than
is the initial one in both guinea pigs (Sohnle
et al., 1976) and mice (Wilson and Sohnle,
1986). Clearance of the organisms in these
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experimental infections appears to be medi-
ated at least in part by a vigorous epidermal
proliferative response associated with cell-
mediated immune responses to the antigens
of the organisms (Sohnle et al., 1976; Sohnle
and Kirkpatrick, 1978). On the other hand a
certain degree of epidermal proliferation
occurs in the infected skin of immunosup-
pressed mice, suggesting that other factors
are also involved (Sohnle and Hahn, 1989).

Depending on environmental conditions,
C. albicans can grow in either yeast or fila-
mentous forms, with the latter being postu-
lated to be more invasive. Therefore, it is
possible that phase-specific immune
responses could develop to antigens that are
different between the two phases. Indeed,
specific antigens have been found on the sur-
face of cultured hyphal forms that are not
present on yeast cells (Sundstrom and
Kenny, 1984). In addition, it has been shown
that antibodies in sera from some patients
with candidiasis react only with germinating
C. albicans, whereas those from normal
individuals react preferentially with yeast
cells (Ho et al., 1979).

Antibody against C. albicans is often
found in high titers in human patients with
chronic mucocutaneous candidiasis
(Kirkpatrick et al., 1971; Axelsen et al., 1974;
Mobacken et al., 1977). Whereas an occa-
sional patient with this condition lacks anti-
Candida antibodies in either serum (Chipps
et al., 1979; Herrod, 1990) or saliva (Lehner
et al., 1972), most seem to have intact
humoral immunity to C. albicans. Also, the
patients who have been reported to have
abnormal antibody production appear to be
indistinguishable from other patients with
chronic mucocutaneous candidiasis, so the
significance of these abnormalities is uncer-
tain. More specific tests of B cell function
may show abnormalities in patients with this
condition in that Schick tests have been
reported to be abnormal in some patients
(Cahill et al., 1974) and in vitro antibody pro-
duction to Candida mannan by cells from
patients with active Candida infection was

found to be deficient in another study
(Durandy et al., 1987). Patients with the hyper
IgE syndrome often have chronic superficial
C. albicans infections along with elevated lev-
els of IgE antibodies to this organism (Berger
et al., 1980; Schmitt and Ballet, 1983). A syn-
drome of chronic mucocutaneous candidiasis
has been described in which the patients have
selective antibody deficiencies, particularly of
IgG2, IgG4, and/or IgA (Kalfa et al., 2003).

Most noninfected humans have evidence
of cell-mediated immunity (CMI) to C. albi-
cans, as demonstrated by skin testing
(Ferguson et al., 1977; Sohnle et al., 1983),
in vitro lymphocyte stimulation (Bice et al.,
1974; Gettner and Mackenzie, 1981), and
lymphokine production (Bice et al., 1974;
Sohnle et al., 1983). On the other hand
patients with chronic mucocutaneous can-
didiasis often demonstrate significant
immunologic defects in cell-mediated
immune responses to C. albicans antigens, as
discussed below. Even so, the pattern of
immunologic abnormalities does not corre-
late very well with other manifestations of
chronic mucocutaneous candidiasis. Also,
since some uninfected relatives of patients
with this condition also have diminished
responsiveness to Candida antigens
(Rothschild et al., 1976), this abnormality
cannot entirely explain why the patients are
susceptible to the fungal infections.

4.2. Mechanisms
of Immunologic Defects
in Cutaneous Candidiasis

4.2.1. Deficient CMI to Candida
Antigens

In patients with chronic mucocutaneous
candidiasis the most common immunologic
abnormalities found are defects in CMI
(Kirkpatrick et al., 1971; Kirkpatrick and
Sohnle, 1981; Herrod, 1990; Filler and
Edwards, 1993). Although most of the
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patients have normal numbers of T lympho-
cytes, they often do not manifest delayed
hypersensitivity responses to Candida
extracts when skin tested. Obviously lack of
exposure to the antigens cannot explain the
negative skin tests since the patients are
chronically infected with the organism. In
vitro correlates of delayed hypersensitivity
responses, including lymphocyte transfor-
mation and lymphokine production, are
also abnormal in many of these patients.
These deficient responses fall into the gen-
eral patterns of anergy to all antigens tested,
unresponsiveness to Candida antigens only,
and normal responses to all antigens,
including those from Candida. For example,
in one study, 10 out of 26 patients appeared
to have normal CMI to Candida antigens
(Valdimarsson et al., 1973). However, other
patients appear to have significant abnor-
malities in lymphocyte function, with some
having complete anergy to a battery of recall
antigens and negative in vitro lymphocyte
proliferation responses to mitogens and all
antigens (Kirkpatrick and Sohnle, 1981).

The abnormalities in either cutaneous
delayed hypersensitivity responses or
in vitro lymphocyte function do not appear
to relate directly to the clinical manifesta-
tions of the mucocutaneous Candida infec-
tions (Filler and Edwards, 1993). For
example, subgroups of chronic mucocuta-
neous candidiasis patients, such as those
with APECED or thymoma, do not all have
the same patterns of reactivity in skin test-
ing or in vitro lymphocyte assays, and some
in each group may have apparently normal
responses to Candida antigens in all the
standard assays. Normal persons, without
evidence of chronic superficial Candida
infections, do not all react to Candida anti-
gens in these assays, either; however, in this
case it is possible that lack of exposure may
account for negative tests in some people. In
any event, it seems likely that the predisposi-
tion to chronic Candida infections in some
patients with chronic mucocutaneous can-
didiasis and normal immunologic respon-

siveness may be due to factors other than
deficient CMI; on the other hand, it may be
that our immunologic assays are too crude
to pick up subtle defects in CMI that do pre-
dispose the patients to these infections. In
other cases it is possible that some nonim-
munologic factor like antibiotic usage could
initiate superficial Candida infections that
suppress CMI secondarily and lead to more
chronic infections; possible mechanisms
involved in this type of suppression are dis-
cussed below.

Certain patients have been found to have
specific cellular defects that might explain
their susceptibility to superficial Candida
infections. A group of 11 related chronic
mucocutaneous candidiasis patients from
Sicily were shown to be deficient in intercel-
lular adhesion molecule 1 (ICAM-1 or
CD54), a member of the immunoglobulin
superfamily with a central role in cellular
immune responses (Zuccarello et al., 2002).
Other patients with chronic mucocutaneous
candidiasis have been found to have
impaired natural killer cell activity as well as
increased Candida antigen-induced apopto-
sis of their lymphocytes (De Moraes-
Vasconcelos et al., 2001).

4.2.2. Serum Inhibitors

Serum inhibitors appear to account for
some of the immunologic defects in patients
with chronic mucocutaneous candidiasis
(Valdimarsson et al., 1973; Twomey et al.,
1975; Kirkpatrick and Windhorst, 1979;
Burford-Mason et al., 1987), and sometimes
these defects disappear after antifungal ther-
apy (Kirkpatrick and Smith, 1974; Twomey
et al., 1975; Drouhet and Dupont, 1980).
Parenteral administration of viable C. albi-
cans yeast cells or extracts of this organism
to experimental animals can result in sup-
pression of CMI (Rogers and Balish, 1978;
Rivas and Rogers, 1983; Carrow and
Domer, 1985). Carbohydrate antigens from
C. albicans, primarily mannans, have been
shown to persist in the serum of patients
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with chronic mucocutaneous candidiasis
and suppress lymphocyte proliferation
responses of cells from control subjects
(Fischer et al., 1987). Defective handling of
mannan by monocytes from patients with
chronic mucocutaneous candidiasis has
been postulated as the reason why this sub-
stance accumulates in the serum of these
patients (Fischer et al., 1982). Mannan-
derived oligosaccharides from C. albicans
can inhibit in vitro lymphocyte proliferation
induced by Candida antigens (Podzorski
et al., 1990). Therefore, catabolism of man-
nan in vivo may generate immunoinhibitory
oligosaccharides that cause the defects in
CMI in some patients with chronic mucocu-
taneous candidiasis. However, other patients
with this syndrome probably have immuno-
logic abnormalities due to other mecha-
nisms, and still others have no demonstrable
immunologic abnormalities at all and may
be susceptible to chronic superficial C. albi-
cans infections for other reasons.

4.2.3. Imbalance of Th1 versus
Th2 Responses

T lymphocyte subpopulations include
the CD4 helper cells that secrete cytokines
and the CD8 cells that are mainly cytotoxic
killer cells. There are two major types of
CD4 cells, including type 1 (Th1) helper cells
that secrete IL-2 and interferon gamma
(IFN-γ) and type 2 (Th2) cells that secrete
IL-4, 5, 6, and 10, but not IL-2 or IFN-γ
(Delves and Riott, 2000). Cytokine produc-
tion influences the type of immune response
needed to protect against particular types of
infectious agents and may also normally
reduce allergic or autoimmune responses. In
particular, the production of cytokines by
Th1 cells facilitates CMI, including the acti-
vation of macrophages and T cell-mediated
cytotoxicity; alternatively, Th2 cells help the
B lymphocytes to produce antibodies. Th1
and Th2 cells may inhibit each other; for
example, secretion of IFN-γ by Th1 cells

inhibits Th2 cells, and secretion of IL-10 by
Th2 cells reciprocally inhibits Th1 cells
(Mosmann and Sad, 1996). Since the activ-
ity of Th1 cells promotes protective cell-
mediated immune responses, overactivity by
Th2 cells might work to inhibit these
responses and predispose the host to certain
types of infection.

Studies in mice have demonstrated that
resistance to C. albicans infections results
from the development of Th1 cell responses,
which generate cytokines that activate
macrophages and neutrophils and increase
their candidacidal abilities (Romani, 1999).
Alternatively, IL-4, a Th2 cytokine, has been
shown to inhibit uptake and killing of
C. albicans cells by human mononuclear
phagocytes (Roilides et al., 1997). Therefore,
coordination of Th1 and Th2 responses is
required for efficient host defense against
this organism. Lymphocytes from patients
with chronic mucocutaneous candidiasis
have been found to show impaired in vitro
secretion of IL-2 (a Th1 cytokine), but
increased secretion of IL-6 (a Th2 cytokine)
in response to stimulation by Candida anti-
gens (Lilic et al., 1996). Another study
demonstrated markedly decreased Candida-
specific production of IL-12 in these
patients, but increased production of IL-6
and IL-10 (Lilic et al., 2003). Therefore,
Candida antigens appear to trigger predom-
inantly a Th2 response in chronic mucocuta-
neous candidiasis patients, perhaps leading
to their increased susceptibility to this type
of infection.

4.3. Role of Cytokines in
Cutaneous Candidiasis

Cytokines appear to enhance the ability
of phagocytic cells to damage or kill C. albi-
cans cells. Three types of colony-stimulat-
ing factors, including granulocyte
colony-stimulating factor (G-CSF),
macrophage colony-stimulating factor (M-
CSF), and granulocyte-macrophage colony-
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stimulating factor (GM-CSF), as well as IL-
2, IFN-γ, and tumor necrosis factor alpha
TNF-α), have been shown in vitro to
enhance the fungicidal activity of phago-
cytic cells against Candida species (reviewed
in Rodriguez-Adrian et al., 1998). GM-CSF
also appears to work in concert with neu-
trophil myeloperoxidase to augment killing
of C. albicans by macrophages (Marodi
et al., 1998). Neutrophils from human vol-
unteers given G-CSF were found in one
study to more effectively damage the
pseudohyphae of C. albicans (Gavira et al.,
1999). Other cytokines, including IL-12 and
IL-15, may also act to enhance neutrophil
killing of Candida (Rodriguez-Adrian et al.,
1998; Vazquez et al., 1998). Alternatively,
IL-4 and IL-10 characterize the Th2
response and appear to decrease the anti-
fungal activity of macrophages against
C. albicans (Cenci et al., 1993). Since neu-
trophils can enter the stratum corneum and
contact the infecting organisms in cuta-
neous candidiasis, it is likely that modula-
tion of the fungicidal mechanisms of these
cells by various cytokines, in either a posi-
tive or negative manner, could significantly
affect the ability of the host to clear this
type of infection.

5. Therapeutic Implications

Standard therapy of chronic mucocuta-
neous candidiasis involves long treatment
courses (6–9 months) with oral azole anti-
fungals such as ketoconazole or fluconazole.
For other forms of cutaneous candidiasis,
therapy can be attempted with topical
preparations of azoles, amphotericin B or
nystatin, or cyclopirox. These therapies are
generally effective, although relapses can
occur particularly in chronic mucocuta-
neous candidiasis when the treatment is
stopped or if a resistant organism is encoun-
tered. Therefore, in chronic mucocutaneous
candidiasis maintenance therapy is usually
required after the initial antifungal treat-

ment has cleared the cutaneous and mucosal
lesions. In some patients, the defects in CMI
may resolve after antifungal therapy; this
improvement may be due to disappearance
of circulating inhibitory serum factors
related to mannan products from the organ-
ism itself, as discussed above.

Early attempts at immunological treat-
ment used transplants of whole thymic tis-
sue, lymphocytes, or bone marrow, or
leukocyte-derived factors such as transfer
factor or thymosin (Kirkpatrick and Smith,
1974; Filler and Edwards, 1993). In some
cases immunologic reconstitution was
achieved, but generally these therapies were
difficult and only marginally effective. The
development and approval of various
cytokines for use in humans has provided a
possible new therapy for difficult mucocuta-
neous Candida infections. To date, there are
only limited data on the use of cytokines as
adjuvant therapy for fungal infections in
general. However, in experimental animals
in vivo synergy between antifungal drugs
and various cytokines has been convincingly
demonstrated (reviewed in Stevens, 1998).
Formal clinical trials will be required to
determine if administration of cytokines can
significantly enhance the treatment of fungal
infections, perhaps including relapsing forms
of chronic mucocutaneous candidiasis.

6. Summary

Cutaneous candidiasis represents infec-
tions of the epidermis, primarily the stratum
corneum of the skin, with C. albicans and
occasionally certain non-C. albicans species.
The condition known as chronic mucocuta-
neous candidiasis consists of a variety of
syndromes with varying degrees of immune
dysfunction and resulting chronic infections
of the skin, nails, and mucous membranes
with Candida organisms. The various forms
of cutaneous candidiasis have a number of
predispositions, such as warmth, moisture,
and occlusion at the local site, various kinds
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of natural or iatrogenic immunosuppres-
sion, and perhaps some degree of inherited
susceptibility. The immune system, particu-
larly CMI, appears to be important in the
defense against this type of infection. In the
skin the mechanisms involved in generating
immunologic reactions are particularly com-
plex, with epidermal Langerhans cells, other
dendritic cells, lymphocytes, microvascular
endothelial cells, and the keratinocytes
themselves all playing important roles.
Studies of cutaneous candidiasis have eluci-
dated a number of immunologic defects,
which in some cases may be preexistent and
in others may be secondary to the infection
itself. Different mechanisms may cause
immunologic dysfunction in individual
patients and lead to the development of
chronic infections. Although an inability to
develop protective immune responses
appears to be involved in the chronicity of
certain cutaneous Candida infections, treat-
ment at the present time depends primarily
on antifungal medications; therapeutic
modalities aimed at reversing the underlying
immunologic defects remain experimental.
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1. Immune Surveillance against
Microorganisms in the Skin

The skin is the largest and most visible of
all organs. The major function of the skin is a
barrier between the outer world and the body.
The skin is exposed to variable microorgan-
isms, therefore the immune system has devel-
oped a special subsystem in the skin to
eliminate them.

The innate immunity and acquired
immunity (the recruitment of memory T cells
that have clonally expanded in response to
microorganism’s antigens encountered at
the skin) are both required for cutaneous
immune surveillance against microorgan-
isms at the skin. The local factors are instru-
mental in directing acquired immunity into
the set of action. An example is the complex
interplay between proinflammatory cytokines
and chemokines produced in the skin after
invasion of microorganisms.

2. Innate Immunity in the Skin

2.1. Proinflammatory Cytokines
and Chemokines

Epidermal keratinocytes not only have an
important structural role in forming a physi-
cal barrier to microorganisms but also are
important functionally in mediating cuta-
neous immune reactions. Keratinocytes,
which are the major cellular constituent of the
epidermis, can produce IL-1α, TNF-α, and
IL-8 in response to microorganisms. After
binding to their receptors, these proinflamma-
tory cytokines activate several cellular signal-
ing pathways, including the NF-κB pathway
and induce the translocation of NF-κB to the
nucleus and the transcription of genes that
play an important part in cutaneous inflam-
mation (Barnes and Karin, 1997). These
genes regulated by NF-κB include those for
E-selectin, chemokines, cytokines, defensins,
and cell adhesion molecules.

2.2. Antimicrobial Peptides

The antimicrobial peptides participate in
the innate immune response by providing
a rapid first-line defense against infection.
The antimicrobial peptides directly kill a
broad spectrum of microorganisms, includ-
ing bacteria, fungi, and certain viruses. In
addition, these peptides act as signaling mol-
ecules that activate host cell processes
involved in immune defense and repair
(Gallo et al., 2002). The innate immune sys-
tem of human skin contains antimicrobial
peptides known as cathelicidins and beta-
defensins (Harder et al., 1997; Ong et al.,
2002). In normal skin these peptides are neg-
ligible, but they accumulate in skin affected
by inflammatory diseases. A deficiency in the
expression of antimicrobial peptides may
account for the susceptibility to skin infec-
tion (Milner and Ortega, 1999). The skin
reacts rapidly by increased production of
antimicrobial peptides from the ker-
atinocytes and deposition of antimicrobial
peptides from degranulation of recruited neu-
trophils. The chemotactic activity of antimi-
crobial peptides might further amplify this
process by stimulating additional neutrophils
recruitment.

2.3. Toll-like Receptors (TLRs)

TLRs, a family of innate immune cell sur-
face receptors, also signal through NF-κB
(Medzhitov et al., 1997; Hoffmann et al.,
1999). TLRs recognize conserved molecules
derived from microorganisms. TLR2 recog-
nizes various ligands expressed by gram-
positive bacteria, while TLR3, TLR4, and
TLR5 are specific for double-stranded RNA,
gram-negative lipopolysaccharides, and bac-
terial flagellin, respectively. Although their
extracellular ligands are different, TLRs use
multiple intracellular molecular elements
in common with primary cytokine receptors.
Many TLRs have been described in ker-
atinocytes. Epidermal keratinocytes in normal
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skin constitutively express TLR1, TLR2, and
TLR5, while TLR3 and TLR4 are, in most
cases, barely detectable (Baker et al., 2003).
Human keratinocytes are capable of express-
ing functional TLR2 (Kawai et al., 2002) and
TLR4 (Song et al., 2002). Thus, TLRs seems
to be involved in the antimicrobial responses
of epidermal keratinocytes.

3. Acquired Immunity
in the Skin

3.1. Dendritic Cells

Skin contains large numbers of dendritic
cells in the epidermis and the dermis
(Banchereau and Steinman, 1998). Epidermal
Langerhans cells make up approximately 2%
to 5% of the total epidermal cell population
and have a dendritic shape and contain rod-
shaped organelles called Birbeck granules.
Macromolecules derived from microorgan-
isms are internalized by dendritic cells and
after enzymatic processing in the endosomes
of these cells, the antigens are bound to anti-
gen-presenting molecules, and the resulting
complex is expressed on the cell surface for
presentation to T cells (Porcelli et al., 1998).
These dendritic cells migrate through afferent
lymphatics and collect in lymph node, where
they come into contact with naive T cells.

3.2. Cutaneous Lymphocyte
Antigen (CLA)-Positive
T Cells

Once naive T cells have been activated by
an antigen, they proliferate and express acti-
vation molecules, undergoing the transition
to memory T cells. There is a subgroup of
memory T cells (CLA-positive T cells) with
the ability to circulate preferentially to the
skin. These CLA-positive T cells are gener-
ated in lymph nodes draining skin and are
recruited back to the skin during inflamma-
tion. CLA is an adhesion molecule that medi-

ates the initial tethering of T cells to the
endothelium in cutaneous vessels (Fuhlbrigge
et al., 1997). E-selectin is the endothelial lig-
and for CLA, and the interactions between
CLA and E-selectin are required as the initial
step in the extravasation of T cells from the
blood into the skin CLA (Picker et al., 1991).

CLA-positive T cells represent 10% to
15% of all circulating T cells in peripheral
blood, and their T cell antigen-receptor
specificities are heterogeneous. CLA-posi-
tive T cells may be positive for either CD4 or
CD8, and once activated, they may produce
either Th1 cytokines (IFN-γ, IL-2) or Th2
cytokines (IL-4, 5, 10, and 13). This hetero-
geneity of phenotype and function may be
important for a successful and flexible host
response to microorganisms encountered in
the skin.

3.3. Recruitment of CLA-
Positive T Cells to the Skin

NF-κB transcriptional activation induces
cutaneous inflammation, favoring the recruit-
ment of CLA-positive T cells to the skin
through E-selectin, chemokines, and cell
adhesion molecules. Thus, cutaneous inflam-
mation preferentially recruits CLA-positive
T cells that have been activated by skin-related
antigens. This mechanism of immune sur-
veillance mediated by CLA-positive T cells
is based on the principle that antigens
encountered previously in the skin may be
responsible for the new insult into the skin
(Robert and Kupper, 1999). Extravasation
of CLA-positive T cells from the blood into
the skin does not require antigen recogni-
tion by T cells.

3.4. Activation of Antigen-
Specific, CLA-Positive
T Cells in the Skin

For CLA-positive T cells to perform
effector functions in the skin, however, they
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must recognize antigen through their anti-
gen receptors. They then become activated,
producing effector molecules, including Th1
or Th2 cytokines. Therefore, only CLA-pos-
itive T cells that encounter the antigen for
which their antigen receptor is specific will
be activated in the skin, resulting in clini-
cally apparent T cell-mediated immune
response.

4. Immune Surveillance against
Dermatophyte Infection

4.1. Overview

Infections with dermatophytes are gener-
ally confined to the keratinized stratum
corneum and the cutaneous appendages like
the hair and nails. The stratum corneum
is made up of keratin. The dermatophytes
produce keratinases, which hydrolyze this
substance and facilitate the growth of these
organisms in the stratum corneum (Takiuchi
et al., 1982). Thus, the dermatophyte infec-
tions are limited to superficial locations of
the skin. This superficial site of infection
may protect the infecting dermatophytes
from direct contact with some of the effec-
tor cells of the immune system. Since der-
matophyte infections are more frequent and
more severe in immunodeficient patients,
immune responses to dermatophyte antigens
would seem to play an important role in the
host defense against dermatophyte infec-
tions. However, it appears that this immu-
nity is not complete and is probably less
than that found in animals (Grappel et al.,
1974). A delayed-type hypersensitivity (DTH)
response to a dermatophyte antigen is one of
the host defense mechanisms. Furthermore,
the pathogenesis in dermatophytosis may
depend on a number of factors, such as
immunogenicity and invasiveness of the
infecting organism, the site of infection, and
the patient’s immune response. The early lit-
erature on the immunology against dermato-
phyte infection is reviewed by Wagner and

Sohnle (1995), Weitzman and Summerbell
(1995), and Calderon (1989). Although var-
ious components of the host–dermatophyte
relationship have been explored, the mecha-
nisms of innate immunity involved in the
prevention and control of dermatophytosis
has not yet been investigated in detail.

4.2. Nonspecific Cutaneous
Defenses

4.2.1 Structure, Keratinization,
and Epidermal
Proliferation

The physical and chemical structure of
the skin represents a form of defense against
dermatophytes. The skin surface acts as
a barrier to the entry of dermatophytes. The
stratum corneum is continually renewed
through keratinization of the epidermal
cells. This process results in continuous
shedding of the stratum corneum, which
also may remove infecting dermatophytes
residing there. Epidermal proliferation is
also important in the defense against super-
ficial dermatophytosis (Berk et al., 1976).
Inflammation, including that produced by
T cell-mediated immune reactions, appears
to enhance epidermal proliferation.

4.2.2. Accumulation of
Neutrophils in the
Epidermis

One can sometimes observe pustules in the
infected skin of acute dermatophyte infec-
tions. Microscopically, the lesions are charac-
terized by an accumulation of neutrophils in
the epidermis (epidermal microabscesses).
The mechanism by which neutrophils are
attracted to the sites of dermatophyte infec-
tion has already been partially clarified. Both
Trichophyton rubrum and T. mentagrophytes
have been shown to be capable of activating
complement by the alternative pathway,
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which thus produces chemotactic activity for
neutrophils (Swan et al., 1983; Davies and
Zaini, 1984). T. mentagrophytes produce low
molecular weight chemotactic factors by
themselves (Tagami et al., 1982). In response
to stimulation with dermatophyte antigens,
keratinocytes can generate chemotactic
cytokine (IL-8) that could also be responsible
for an accumulation of neutrophils in the
lesions of dermatophyte infection (Koga
et al., 1996). The neutrophils adhere to
opsonized and unopsonized hyphae to inhibit
growth of the dermatophyte and perhaps
damage or kill it (Dahl, 1994). The neutrophil
oxidative mechanisms are capable of killing
Trichophyton sp. in vitro (Calderon and Hay,
1987). Thus, an accumulation of neutrophils
could have a role in the defense against der-
matophyte infections.

4.2.3. Antifungal Substances

Not much is known about the substances,
which can eliminate the dermatophytes or
prevent invasion into the deeper viable tissue.
Unsaturated transferrin (King et al., 1975)
and α2-macroglobulin keratinase inhibitor
(Yu et al., 1972) are thought to be active
against dermatophyte invasion.

4.3. Specific Immune Response

Even though dermatophyte infections
are very superficial in location, they appear
to sensitize the host to the antigens of der-
matophyte. Both humoral immunity and
cell-mediated immunity (CMI) respond
against dermatophyte infection. The T cell-
mediated DTH response to dermatophyte
antigens may play a central role in both
pathogenesis of the typical skin lesions and
an acquired, relative resistance that affords
partial immunity to the host. The develop-
ment of CMI, which is correlated with DTH,
is usually associated with clinical cure and
ridding the stratum corneum of the offend-
ing dermatophyte (Jones, 1993). In contrast,

the lack of CMI prevents an effective
response and predisposes the host to chronic
or recurrent dermatophyte infections (Jones,
1986). However, the exact form of effector
T cell immunity and the cellular and molec-
ular mechanisms, which eliminate dermato-
phytes from the skin, are poorly understood.
Recently several studies about cytokines
have been demonstrated.

4.3.1. Dermatophyte Antigens

The dermatophytes, like other fungi,
have a very complicated antigenic makeup.
There are two major classes of dermatophyte
antigens: glycopeptides and keratinases. The
protein portion of the glycopeptides prefer-
entially stimulates CMI, whereas the poly-
saccharide portion of the glycopeptides
preferentially stimulates humoral immunity
(Dahl, 1993). Keratinase elicits strong DTH
responses, and antibodies that inhibit the
proteolytic activity produce this enzyme
(Grappel and Blank, 1972). Dermatophytes
have many antigenic determinants in com-
mon with each other as well as with unre-
lated fungi (Grappel et al., 1974). Extracts
of various dermatophyte species contain a
mixture of antigens that are either species-
specific or broadly cross-reactive with those
of other dermatophytes or those of other
fungi. Infection with Microsporum canis can
induce antibody titers and DTH reaction to
itself as well as cross-reacting antibody titers
to T. equinum and T. mentagrophytes and
DTH reactions to T. mentagrophytes, sug-
gesting establishment of a broad-based
immunity following infection with a single
dermatophyte (Pier et al., 1995). Studies
of dermatophyte antigens by monoclonal
antibodies would help to identify specific
antigens.

4.3.2. CMI

CMI (T cell-mediated DTH) is the major
immunologic defense in clearing dermato-
phyte infections. Experimental animal models
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have been used to study the role of CMI dur-
ing dermatophytosis and the results are
summarized by Calderon (1989). Athymic
rats that lack T cell-mediated immunity
could not clear T. mentagrophytes infections
compared with genetically matched euthymic
control rats (Green et al., 1983). Furthermore,
in experimentally infected mice, immunity to
dermatophyte infection can be achieved
by adoptive transfer of lymphoid cells, but
not by serum, of infected donors (Calderon,
1989). The resolution of the disease in
both naturally and experimentally infected
humans and animals correlates with the
development of DTH response, whereas
persistence of infection is frequently accom-
panied by poor in vitro lymphocyte trans-
formation response. absence of DTH
response, and enhanced proliferation of the
skin in the DTH reaction. DTH reaction is
mediated by Th1 cells and macrophages,
and enhanced proliferation of the skin in
response to this DTH reaction may be one
of the final mechanisms that remove the
dermatophytes from the skin by epidermal
desquamation (Dahl, 1993). The Th1
response, which is characterized by inter-
feron gamma (IFN-γ) release, is thought to
be involved in the host defense against der-
matophytes and to reflect cutaneous mani-
festations in dermatophytosis.

4.3.2.1. Th1 Response Several in vitro sys-
tems were previously studied to assess CMI
in dermatophyte-infected hosts, e.g., lym-
phocyte transformation (Helander, 1978)
and leukocyte migration inhibition (Hay and
Brostoff, 1977). Recently, cytokine produc-
tion is used in vitro assay of T cell immunity
(Koga et al., 1993a). One of the key func-
tional parameters determining the immune
response to dermatophyte antigen is the
nature of cytokines produced by T cells. Th1
cytokines are involved in the elicitation of
the DTH response, and IFN-γ is regarded as
a major factor in the effector phase of the
DTH reaction (Fong and Mosmann, 1989).
In recent studies, the production of IFN-γ
has been investigated on the DTH response

in dermatophytosis. Peripheral blood mono-
nuclear cells from patients with acute der-
matophytosis produce a high level of IFN-γ
in response to dermatophyte antigen (Koga
et al., 1993b, 1995). The presence of IFN-γ
mRNA in skin lesions of dermatophytosis
has been detected by using reverse transcrip-
tion-polymerase chain reaction (RT-PCR)
(Miyata et al., 1996; Ohta et al., 1998).
Immunohistochemically, IFN-γ-positive cells
have been detected in situ at the protein level
in the upper dermis of the skin lesions
(Koga et al., 2001a). These findings sug-
gested that the skin lesion of dermatophyto-
sis is associated with a Th1 response.

Dermatophyte infections can be acute
and inflammatory or chronic and nonin-
flammatory. In response to dermatophyte
antigen in vitro, IFN-γ was produced in
peripheral lymphocytes obtained from
patients with acute inflammatory dermato-
phytosis (Koga et al., 1993b). In contrast,
markedly lower levels of IFN-γ production
were found in chronically infected patients
(Koga et al., 1995). Thus, in vitro T lympho-
cyte hyposensitivity to dermatophyte anti-
gen was shown by measuring the release
of the Th1 cytokine. Patients with chronic
dermatophyte infection may suffer from
an immune imbalance, which has character-
istics of a Th2-type response (Leibovici et al.,
1995; Sato and Tagami, 2003).

In normal healthy persons with no clinical
evidence of dermatophytosis, IFN-γ produc-
tion in response to dermatophyte antigen is
divided into two groups: high responder and
low responder, with high responders being
correlated with a clinical history of previous
tinea pedis (Koga et al., 2001b). This finding
suggests that a history of cured tinea pedis
may confer long-lasting T cell recall response,
whereas persons with no such history may be
immunologically naive or low responders to
dermatophyte antigens.

4.3.2.2. Langerhans Cells The inflamma-
tory dermal infiltrates of dermatophytosis
mainly consist of CD4-positive T cells and
CD8-positive T cells, complemented by
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CD68-positive macrophages and CD1a-pos-
itive Langerhans cells (Brasch and Sterry,
1992; Brasch et al., 1993; Koga et al., 2001a).
Considerable amount of CD1a-positive
Langerhans cells are present in the upper
dermis and epidermis of the dermatophyte
lesions (Emtestam et al., 1985; Johansson
et al., 1986), supporting the notion of an
antigen-presenting situation. Langerhans
cells have been shown to be capable of
inducing a T cell response to trichophytin
in dermatophytosis in vitro (Braathen and
Kaaman, 1983). Langerhans cells are respon-
sible for the uptake and processing of anti-
gens in the lesional Th1 response in
dermatophyte infection.

4.3.2.3. Humoral Immunity The host devel-
ops a variety of antibodies to dermatophyte
infection. Antibodies has been demonstrated
in human dermatophytosis, using a variety
of techniques such as ELISA. However,
humoral immunity apparently does not play
a role to eliminate the infection since the
highest level of antibodies is found in
patients with chronic dermatophyte infec-
tion (Dahl, 1987). A frequent pattern seen
in chronic patients is the presence of high
immediate hypersensitivity and low or wan-
ing DTH to dermatophyte antigens
(Hunziker and Brun, 1980; Jones, 1993).
Immediate hypersensitivity (anti-Trichophyton
IgE-mediated) may interfere with the devel-
opment of a protective DTH response.
However, many patients with chronic
dermatophytosis neither are atopic nor
manifest immediate hypersensitivity to der-
matophyte antigens, indicating that other
factors must also be involved in producing
susceptibility to this type of infection.

4.4. Dermatophyte-Induced
Suppression of Immune
Response

Certain dermatophytes, like T. rubrum,
produce substances that diminish the immune
response. Mannan, a glycoprotein compo-

nent of the fungal cell wall, may suppress the
inflammatory response especially in atopic
or other persons susceptible to the mannan-
induced suppression of cellular immune
response (Dahl, 1993). Incubation of puri-
fied T. rubrum mannan with peripheral
blood mononuclear cells suppressed lym-
phoblast formation and inhibited the
lymphocyte proliferation response to mito-
gens and a variety of antigenic stimuli (Blake
et al., 1991b). T. rubrum mannan inhibits
keratinocyte proliferation, thus slowing epi-
dermal turnover (Cabrera et al., 1991) and
interferes with accessory cell functions of
the monocyte (Grando et al. 1992). The
increased amount and potency of T. rubrum
mannan compared with that of M. canis
may explain why T. rubrum elicits less inflam-
mation and causes a more chronic infection
than M. canis (Blake et al., 1991a). Some of
the primary chronic trichophytosis appears
to be associated with defective phagocyto-
sis of peripheral blood leukocytes and this
defect is probably caused by the fungus itself
(Gregurek-Novak et al., 1993).
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1. Introduction

Sporotrichosis is a granulomatous, cuta-
neous, or subcutaneous mycotic infection
with a subacute or chronic course. It is
caused by Sporothrix schenckii, a dimorphic
fungus, which exists as conidia and yeast
cells. The fungus generally enters the body at
sites of trauma, where it becomes implanted.
The size of the initial fungal inoculum, the
immune state of the host, the virulence of

the fungus, the depth of traumatic inoc-
ulation, and thermal tolerance are all
thought to play a part in the development of
sporotrichosis.

The disease sporotrichosis occurs in dif-
ferent clinical forms, depending on the
patient’s immune condition. The main clini-
cal manifestation is on the skin, where it
presents as two major clinical types (lym-
phocutaneous and fixed-cutaneous); these
two forms are commonly observed in patients



with good immunological response.
Disseminated cutaneous sporotrichosis is
rarely reported. Hematogenous spread is
thought to underlie cutaneous dissemina-
tion (Morris-Jones, 2002). Immunosup-
pression caused by conditions such as
alcoholism, diabetes, chronic obstructive
pulmonary disease, malignancies, transplan-
tation, corticosteroid therapy, and human
immunodeficiency virus (HIV) infection
increases the probability of disseminated,
hematogenous, pulmonary, and visceral
sporotrichosis (Bonifaz et al., 2001; Carvalho
et al., 2002).

The immunological mechanisms
involved in the prevention, control, and
eradication of sporotrichosis are not fully
understood. However, it is believed to
involve nonspecific and specific immune
defense systems, both of which are discussed
below.

2. Nonspecific Cutaneous
Defenses

The mechanisms of innate immunity
involved in the prevention and control of
sporotrichosis have not been investigated in
detail as yet. Phagocytosis is considered to
provide an important barrier to the course
of sporotrichosis (Cunningham et al., 1979;
Ramos-Zepeda and González-Mendoza,
1986). In addition, it has been reported that
both neutrophils and monocytes can readily
kill S. schenckii and that this killing can be
blocked by adding inhibitors of oxidative
metabolism (Rex and Bennett, 1990).

2.1. Neutrophils

Sporotrichosis presents as a nonspecific,
chronic, and granulomatous inflammation
with a necrotic or pyogenic center, consist-
ing mainly of lymphocytes, epithelioid cells,
multinucleated giant cells, dendritic cells, and
neutrophils. In man, the fungal cells within

the sporotrichosis lesions are frequently
phagocytosed by neutrophils (Hiruma et al.,
1992). Thus, the lesions are characterized by
an infiltration of neutrophils in the granu-
loma. A study using mouse models showed
that a lack of killing activity by neutrophils
in immunocompromised nude mice con-
tributed more to the impaired defense of
these animals than the lack of macrophage
activation by T cells, suggesting a possible
role of neutrophils in host defense (Lei et al.,
1993).

2.2. Monocytes and
Macrophages

Activated macrophages, including those
produced by T cell-mediated immune reac-
tions, appears to play an important role in
the resistance to S. schenckii in mice. Pre-
treatment of mice with OK-432 (Picibanil),
a macrophage-activating agent, enhanced
resistance to S. schenckii infection, while
pretreatment with carrageenan, a macro-
phage inhibitor, impaired their resistance
(Shiraishi et al., 1992). The same authors
reported that, in vitro, S. schenckii was intra-
cellularly killed by peritoneal macrophages
from OK-432-treated mice. Nitric oxide is
a key cytotoxic mediator involved in the
macrophage defense against S. schenckii.
The differential susceptibility of two types
of conidia to the cytotoxic effect of macro-
phages seems to depend not only on a dif-
ferential phagocytosis but also on their
differential resistance to the effects of nitric
oxide (Fernandes et al., 2000).

3. Specific Immune Response

Both humoral and cellular-specific
immune response mechanisms are involved
in combating a S. schenckii infection. Cell-
mediated immunity (CMI), via T cell-medi-
ated delayed-type hypersensitivity (DTH)
to S. schenckii antigen, is the major immuno-
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logic defense mechanism used to deal with
this infection. Of particular interest and
importance in the host’s defense against
S. schenckii, as we discuss below, is granu-
loma formation, which is thought to be a
result of a Th1 cell-dependent inflammatory
response.

3.1. CMI

There are several indications of the
involvement of cell-mediated immune
response against infection with S. schenckii.
The results of delayed hypersensitivity skin
and lymphocyte transformation tests with
S. schenckii antigen showed a depression
in cellular immune response. This is corre-
lated with the severity of the disease, and
implied a greater involvement of the host
(Carlos et al., 1992). In a murine model, it
was confirmed that both CD4-positive
T cells and macrophages were required for
the development of cellular immunity against
S. schenckii antigen (Tachibana et al., 1999).
CD4-positive Th 1 cells, which produce the
cytokines interleukin-2 (IL-2) and interferon
gamma (IFN-γ), are chiefly responsible for
DTH responses. The granuloma formation
in sporotrichosis is coupled with a Th1
response, which provides a strong defense.

3.1.1. Th1 Response

Recent studies have investigated the
effect of the DTH response in sporotrichosis
on the pattern of cytokine production.
Peripheral blood mononuclear cells from
a patient with lymphocutaneous sporotri-
chosis produced a high level of IFN-γ in
response to stimulation with sporotrichin
(Koga et al., 1996). Using a mouse model,
Tachibana et al. (1999) demonstrated that
protection in vivo could be transferred to
naive congenitally athymic nude mice using
lymph node cells taken from immune mice.
The same authors reported that, in vitro,
inhibition of fungal growth was observed

when both immune lymph node cells and
macrophages were combined. Both the pro-
tection in vivo and the growth inhibition
in vitro were reduced after depletion of
CD4-positive T cells. Immune lymph node
cells expressed IFN-γ mRNA after stimula-
tion with heat-killed S. schenckii (Tachibana
et al., 1999). Taken together these results
suggest that acquired immunity against
S. schenckii is expressed mainly by macro-
phages activated by Th1 cells.

Granuloma formation is a critical event
in the immune response and an essential com-
ponent of a host’s normal defense. Immuno-
histochemical procedures have shown that
IFN-γ-positive cells can be detected in the
periphery of the granulomatous lesions of
sporotrichosis, and that CD4-positive T cells
are the dominant phenotype (Koga et al.,
2002). Using reverse transcription poly-
merase chain reaction (RT-PCR) tech-
niques, IFN-γ mRNA has been detected in
the skin lesions of sporotrichosis (Fujimura
et al., 1996). These findings indicate that
granuloma formation in sporotrichosis is
associated with a Th1 response in the skin
lesions. This Th1 response, which is charac-
terized by IFN-γ release, would result in
activation of macrophages that would kill
intracellular S. schenckii. Interestingly in
another study, stimulation of murine macro-
phages with IFN-γ induced nitric oxide
production and inhibited the growth of
S. schenckii (Fernandes et al., 2000).

3.1.2. Dendritic Cells

Dendritic cells are considered to be the
most potent of the antigen-presenting cells,
and CD83 is expressed at a high level in
immunocompetent, activated, and mature
dendritic cells. A small but significant sub-
population of CD83-positive dendritic cells
have been identified in the granulation tissue
of sporotrichosis (Koga et al., 2001). This
indicates that activated and mature dendritic
cells may play a role in the immune response
to sporotrichosis.
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3.1.3. Epithelioid Cells and
Multinucleated Giant Cells

Epithelioid cells (which are derived from
activated macrophages) and multinucleated
cells (which are fused epithelioid cells) are
typical of granulomatous hypersensitivity.
The majority of the epithelioid cells and
multinucleated giant cells within sporotri-
chosis granulomas are CD68-positive cells
(Koga et al., 2002). Inducible nitric oxide
synthetase (iNOS) is expressed by activated
macrophages and results in the production
of nitric oxide (MacMicking et al., 1997).
The expression of iNOS was not detected in
the epithelioid cells and multinucleated
giant cells within the granulomas of patients
with sporotrichosis (Koga et al., 2002).

3.2. Humoral Immunity

Precipitating antibodies against S. schenckii
antigens have been found in the sera of
patients with sporotrichosis (de Alborno
et al., 1984). The serologic response to
S. schenckii has been investigated in patients
with sporotrichosis using solid-phase
enzyme-linked immunosorbent assays and
Western immunoblot techniques (Scott and
Muchmore, 1989). The authors of this study
proposed that the purification of specific
antigen fractions could provide the basis of
a sensitive and specific serodiagnostic test to
indicate the presence and activity of extra-
cutaneous sporotrichosis. However, it would
appear that humoral immunity does not
play a pivotal role in eliminating the infec-
tion since immune serum does not enhance
resistance against S. schenckii infection
(Tachibana et al., 1999).

4. Differential Susceptibility
of S. schenckii to Host
Defenses

Melanin has been implicated in the
pathogenesis of several important human

fungal pathogens. S. schenckii produces
melanin or melanin-like compounds (Morris-
Jones et al., 2003). Melanins have properties
that enable them to bind metals and func-
tion as a physiological redox buffer (thereby
possibly acting as a sink for harmful unpaired
electrons), provide structural rigidity to cell
walls, and store water and ions, thus helping
to prevent desiccation. The mechanism by
which they interfere in the phagocytosis of
a microorganism by macrophages has not
been fully understood. However, surface
charge effects are likely to play an important
role because melanins are charged polymers
and phagocytosis is inversely correlated with
cell charge. Melanization appears to protect
S. schenckii against phagocytosis and sub-
sequent killing by human monocytes and
macrophages (Langfelder et al., 2002).

It is interesting to look at the role of cell
wall compounds in the immune response to
sporotrichosis. The effect of cell wall com-
pounds and exoantigen, obtained from
S. schenckii, on macrophage–fungus interac-
tion has recently been analyzed. The
S. schenckii conidia cultured for 4 to 7 days
were more virulent than the S. schenckii
conidia cultured for 10 to 12 days. The dif-
ferences in the virulence of these two types
of conidia, which were from a single strain of
S. schenckii, correlated with the ratio of
their cell wall sugars (rhamnose:mannose)
(Fernandes et al., 1999), and the differences
in the virulence could be ascribed to a dif-
ferential susceptibility to nitric oxide pro-
duced by activated macrophages (Fernandes
et al., 2000). Another in vitro study has
shown that the lipid compound of the cell
wall plays an important role in the patho-
genesis of sporotrichosis. It was found that
this component of the cell wall could inhibit
the phagocytic process and induce a high
level of release of nitric oxide and tumor
necrosis factor alpha (TNF-α) in macro-
phage cultures (Carlos et al., 2003).

Adhesion is the first step involved in the
infection of pathogens in the host.
Adherence of S. schenckii to host tissues such
as endothelial cells and extracellular matrix
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proteins is regarded as prerequisite for sys-
temic sporotrichosis. The two morpholog-
ical forms of S. schenckii, yeast cells and
conidia, can bind to fibronectin, laminin,
and type II collagen. It has been demon-
strated that the binding capacities differ
between the two forms. The cell surface gly-
coconjugates of S. schenckii participated in
the binding to human fibronectin via carbo-
hydrate or peptide moieties (Lima et al.,
1999; 2001).
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1. Introduction

Cryptococcosis is a life-threatening dis-
ease that develops following the inhalation
and dissemination of the encapsulated fun-
gal pathogen, Cryptococcus neoformans. In
most individuals with normal resistance
mechanisms, following inhalation of crypto-
coccal yeast cells or basidiospores, the cryp-
tococci remain localized in the lungs and are
eventually cleared from the host. However,
in individuals with deficiencies in cell-medi-
ated immunity, such as acquired immunode-
ficiency syndrome (AIDS) patients, the
organisms frequently disseminate to extra-
pulmonary sites via the bloodstream.
C. neoformans has a predilection for the cen-
tral nervous system (CNS); thus, mortality
due to C. neoformans is most frequently
associated with meningitis or meningoen-
cephalitis. Much has been learned about
how C. neoformans causes disease and how
the host fights off the yeast in the lung;
however, less is known about immune
responses in the CNS against this pathogen.

In this chapter, the epidemiology, pathol-
ogy, innate host response, and acquired
immune reactivity to C. neoformans as they
relate to infections of the CNS will be dis-
cussed. Much of the information described
herein was obtained from experimental ani-
mal models, thus an attempt was made to
correlate the experimental data with the
clinical picture of human cryptococcosis.

2. Epidemiology

2.1. Environmental Sources
and Acquisition of
C. neoformans

C. neoformans strains currently are clas-
sified into three variants based on genetic
differences and into four predominant
serotypes due to differences in capsular
polysaccharide structure (Casadevall and

Perfect, 1998; Franzot et al., 1999; Perfect
and Casadevall, 2002). C. neoformans var.
neoformans (serotype D) and C. neoformans
var. grubii (serotype A) strains are typically
found in the environment in dust, debris, or
soil associated with avian excreta, whereas
C. neoformans var. gattii (serotypes B and C)
isolates have been found mostly associated
with eucalyptus trees in tropical and sub-
tropical areas (Kwon-Chung and Bennett,
1984; Ellis and Pfeiffer, 1990, 1992).
Although definitive evidence is lacking,
cryptococcosis is thought to be acquired by
inhalation of yeast cells or basidiospores
followed by dissemination from the initial
pulmonary infection. However, direct inva-
sion of the CNS from the nasal passage
should not be ruled out as a possible route
of infection (Gomes et al., 1997).

For a pulmonary route to be the portal of
entry, the infectious propagule would need
to be sufficiently small (<5 µm) to be
deposited in the alveolar spaces (Kwon-
Chung, 1992; Buchanan and Murphy, 1998).
C. neoformans basidiospores typically range
in size from 1.8 to 3 µm in diameter (Kwon-
Chung, 1992); thus, these spores are small
enough for direct deposition in the alveoli.
Cryptococcal yeast cells isolated from soil or
pigeon excreta are typically desiccated and
mostly nonencapsulated (Ishaq et al., 1968;
Farhi et al., 1970; Neilson et al., 1977), in
contrast to the appearance of clinical speci-
mens in which the yeast cells are usually 4–6
µm in size and are surrounded by a promi-
nent polysaccharide capsule that ranges
from 1 µm to >30 µm in diameter (Levitz,
1991). Desiccated and nonencapsulated
yeast cells <1 µm in size have been isolated
from aerosolized soil (Neilson et al., 1977)
and pigeon droppings (Powell et al., 1972;
Ruiz and Bulmer, 1981; Ruiz et al., 1981).
These desiccated yeast cells are not only
viable but also virulent, and their size is
compatible with alveolar deposition fol-
lowing inhalation (Neilson et al., 1977;
Ruiz et al., 1981). Regardless of the nature
of the infectious particle, it is generally
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thought that once the infectious propagule
is deposited in the lung, it becomes rehy-
drated or transforms into the yeast stage.
The resulting yeast cells then produce the
thick polysaccharide capsule that is evident
in clinical specimens. At this point the pri-
mary pulmonary infection may be asympto-
matic, or could elicit mild pneumonia-like
symptoms. In most individuals with normal
resistance, inhaled cryptococci remain local-
ized in the lungs and are eventually elimi-
nated by innate and/or acquired immune
responses.

Until recently, the general belief was that
disease caused by C. neoformans, especially
in immunocompromised individuals, was
due to recent exposure to the ubiquitous
organisms. Serological evidence indicates
that most humans are exposed to the organ-
ism even early in life (Chen et al., 1999;
Goldman et al., 2001). Growing evidence
suggests that C. neoformans may lay dor-
mant in a host for several years and
reemerge or reactivate to cause disease once
the hosts’ immune system is compromised
(Dromer et al.,1992, 1996; Garcia-Hermoso
et al.,1999; Goldman et al., 2000). For
instance, Dromer et al. (1992) propose that
the first reported case in France of crypto-
coccosis attributed to C. neoformans var.
gattii was not acquired in France, but
instead was due to a much earlier exposure
to the organism in Cambodia or Zaire.
Using genetic typing, Garcia-Hermosa et al.
(1999) analyzed 103 C. neoformans isolates
obtained from 29 cryptococcosis patients as
part of a study in France. Seventeen of the
patients were born in Europe, whereas nine
patients had been born in Africa and had
lived in France a median time of 110 months
prior to diagnosis, with no recent return
trips to Africa reported (Garcia-Hermoso
et al., 1999). Based on genetic analyses of
the isolates obtained from these patients,
these investigators reported a statistically
significant clustering of isolate subtypes
from African-born patients compared to the
isolates obtained from patients born in

Europe (Garcia-Hermoso et al., 1999). The
results suggest that the patients originating
from African countries had acquired C. neo-
formans before immigrating to France, and
further, that reactivation of a subclinical or
dormant infection was likely involved in
these cryptococcosis cases.

Goldman et al. (2000) developed a rat
model to study latent cryptococcal infections.
In these studies, rats were infected in the lungs
and the pulmonary infection was resolved by
a host response that was previously charac-
terized as granulomatous in nature (Goldman
et al., 1994, 1996b). Although the host
restricted dissemination of the organisms
from the lung in this model, the yeast appar-
ently survived inside macrophages and
epithelioid cells and reemerged later to cause
disease when the immune system was sup-
pressed by glucocorticoids (Goldman et al.,
2000). In addition, there is evidence that
C. neoformans can take sanctuary in the
prostate of immunocompromised individuals
during antifungal treatment (Staib et al.,
1990; Ndimbie et al., 1994; Yip et al., 1998).
For this reason, especially in AIDS patients,
lifelong antifungal drug therapy is often pre-
scribed for cryptococcosis (Powderly, 1992;
Spitzer et al., 1993). Additional epidemi-
ological and experimental studies are needed
to determine the role of dormancy and reac-
tivation in disease caused by C. neoformans.

2.2. Predisposing Conditions

C. neoformans, especially var. gattii, can
cause disease in apparently normal individ-
uals (Speed and Dunt, 1995; Chen et al.,
2000). However, in most cases of cryptococ-
cosis, an underlying deficiency in immunity
predisposes an individual for acquisition of
disease or reactivation of a dormant infec-
tion. Individuals with depressed immune
function due to malignancy or lymphopro-
liferative disease (Collins et al., 1951; Lewis
and Rabinovich, 1972), corticosteroid ther-
apy (Collins et al., 1972; Diamond and
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Bennett, 1974), organ transplantation
(Gallis et al., 1975; John et al., 1994; Gupta
et al., 2004), HIV infection or AIDS
(Kovacs et al., 1985; Bottone and Wormser,
1986; Eng et al., 1986; Mackenzie, 1989;
Clark et al., 1990), non-HIV causes of
T lymphocytopenia (Duncan et al., 1993;
Dev et al., 1994), hypogammaglobulinemia
(Gupta et al., 1987), or hyper IgM syndrome
(Tabone et al., 1994), are more susceptible to
progressive cryptococcosis and in these indi-
viduals the organisms frequently dissemi-
nate to extrapulmonary sites via the
bloodstream. It is unclear at this time
whether gender, race, or ethnic differences
contribute to risk of infection with C. neo-
formans. However, there is a marked dispar-
ity in the numbers of pediatric cases of
cryptococcosis compared to adults (Speed
and Kaldor, 1997). Considering that greater
than 75% of children older than 2 years of
age in a New York City study were seropos-
itive for anticryptococcal antibody, which
suggests previous exposure to C. neoformans
by the children (Goldman et al., 2001), then
the disparity in pediatric cryptococcosis
cases is not likely due to lack of exposure in
the pediatric population.

3. Pathogenesis

C. neoformans has been described as a
neurotropic fungus with a predilection for
the central nervous system. Although
numerous reasons for the neurotropism have
been suggested, it has still not been estab-
lished why this organism behaves as it does
in the host. Because immunocompetent
hosts can contain cryptococcal infections, it
has been proposed that C. neoformans may
colonize in the CNS because the CNS is
somewhat immunoprivileged and infectious
agents like C. neoformans may be able to
evade the immune system by hiding out in
the CNS. Another long-held theory is that
C. neoformans utilizes catecholamine-like
molecules that are abundant in the CNS to

make and deposit melanin in the cryptococ-
cal cell wall. Melanin could provide protec-
tion from nitrogen- and oxygen-derived
oxidants, antimycotic drugs, and even
inhibit phagocytosis by macrophages or
macrophage-like cells of the CNS (Wang
and Casadevall, 1994a,b; Wang et al., 1995;
Hamilton and Holdom, 1999; Hamilton and
Gomez, 2002). In support of this theory,
melanin has been detected in the cell walls of
cryptococcal yeast cells in animal models
(Nosanchuk et al., 1999; Rosas et al., 2000)
and in human cryptococcal meningoen-
cephalitis tissue sections (Nosanchuk et al.,
2000). However, it should be kept in mind
that melanin production, as well as the pro-
duction of other virulence factors, such as
the polysaccharide capsule, are probably
accidental virulence attributes in the human
host. These virulence factors likely did not
evolve in the fungus to aid in causing disease
in man, but to help in survival in nature.

3.1. Dissemination of
Cryptococcosis

Besides the CNS, other tissues, such as
the skin and prostate, can be infected with
C. neoformans following dissemination from
the lungs. In general, the different varieties
of C. neoformans cause somewhat different
manifestations of cryptococcosis. As men-
tioned above, C. neoformans var. gattii more
frequently causes disease in apparently
immunocompetent individuals compared to
varieties neoformans and grubii (Chen et al.,
2000). In these cases, the organisms are
often found associated with granulomas that
can become quite large in the brain
parenchyma during cryptococcal menin-
goencephalitis (Chen et al., 2000). In addi-
tion, C. neoformans var. neoformans isolates
tend to be more dermatotropic than var.
grubii strains, most likely due to an
increased sensitivity of var. neoformans to
heat as compared to var. grubii organisms
(Martinez et al., 2001).
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Although the lungs are likely the primary
site of infection, diagnosis of cryptococcosis
often is not made until neurological symp-
toms arise as a result of dissemination of the
organisms into the CNS. At this time, little
is known about the mechanisms for dissem-
ination from the lungs and into the CNS.
Considering the barriers to infection of the
CNS (see Section 3.2 below), invasion of
CNS tissues likely supplies some selective
advantage to invading microorganisms.

3.2. Physical Barriers to
Infection of the CNS

Under normal circumstances, entry of
cells, pathogenic microorganisms, and even
small molecules into the CNS is restricted by
a tight blood–brain barrier (BBB). This BBB
prevents blood constituents from getting into
the brain parenchyma and into the cere-
brospinal fluid (CSF) and, depending on the
site in the CNS, the barrier is maintained by
either endothelial cells or epithelial cells. The
barrier between the bloodstream and the
brain parenchyma is composed of microves-
sel endothelial cells with tight junctions that
are, in part, dependent on pericytes, the base-
ment membrane, and the perivascular glia
limitans, which consists of astrocytes and
microglial cells (Janzer and Raff, 1987;
Janzer, 1993; Tuomanen, 1996; Ring and
Tuomanen, 1997). Astrocytes, in particular,
appear to be important in maintenance of the
integrity of the BBB by virtue of contact with
the endothelial cells of the blood vessels via
foot processes and/or the production of solu-
ble factors that stimulate the endothelial cells
to form tight junctions (Ring and Tuomanen,
1997). Pathogens crossing into the CNS
through the endothelial BBB of the microves-
sels would be found initially in the perivascu-
lar areas of the brain parenchyma, with
possible dissemination into the CSF and
meningeal spaces occurring later.

The second area of restricted access to
the CNS is at the blood–CSF interface in the

choroid plexus. The endothelial cell junc-
tions of the blood vessels in the choroid
plexus are leaky, thus blood–CSF restriction
is maintained by tight junction formation of
polarized epithelial cells (Tuomanen, 1996;
Ring and Tuomanen, 1997). Entry of a
pathogen at the choroid plexus would result
in access to the ventricles and quick spread
through the CSF. CSF is normally sterile
and devoid of host defense components,
such as leukocytes and complement compo-
nents, making it an attractive sanctuary for
invading organisms. However, CSF is also
poor in nutrients needed for the growth of
some microorganisms, which may impede
the spread or dissemination of pathogenic
organisms throughout the CSF.

3.3. Mechanisms of Entry
Across the BBB

Three main routes have been proposed
for entry of pathogenic organisms into the
CNS (Tuomanen, 1996). Transcellular
migration involves uptake by endothelial
cells of BBB microvessels or epithelial cells
of the choroid plexus followed by emigra-
tion through the cells and into the brain
parenchyma (Tuomanen, 1996). In this case,
the pathogen may help facilitate its own
uptake by encoding surface molecules that
aid in binding to receptors on the endothe-
lium or epithelium or in altering vesicular
transport of the host cell. Several bacteria
and the fungal pathogen, Candida albicans,
have been reported to cross the BBB by this
mechanism (Tuomanen, 1996; Jong et al.,
2001). Pathogens may also migrate between
the endothelial cells or the epithelial cells of
the BBB by disrupting tight junction forma-
tion. Lastly, pathogens may migrate through
the BBB by hitching a ride on or within
leukocytes, such as monocytes or possibly
T lymphocytes, using a process termed the
“Trojan Horse” mechanism (Tuomanen,
1996). Few studies have been conducted to
determine the mechanism of C. neoformans
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entry into the CNS. Historically, the general
assumption was that C. neoformans would
first initiate meningeal infection with subse-
quent movement into the brain parenchyma
via the Virchow–Robin spaces connected to
the subarachnoid space, however, it has also
been postulated that once in the blood,
C. neoformans crosses the endothelial cells
comprising the BBB and initiates CNS
infection in the brain parenchyma.

Both in vitro and in vivo approaches have
been used to identify the mechanisms
involved in C. neoformans dissemination
into the CNS. Using a mouse model of
meningoencephalitis following intravenous
infection with viable yeast cells, Chretien
et al. (2002) observed cryptococci inside
monocytes and macrophages associated
with the leptomeningeal capillaries and lep-
tomeningeal space, respectively, as well as,
inside endothelial cells. The association of
cryptococci with monocytes and endothelial
cells in the leptomeningeal capillaries sug-
gested to these authors that C. neoformans
crossed into the CNS at the level of the
endothelial BBB and that likely both mono-
cytes and endothelial cells played a role in
the traversal of the BBB (Chretien et al.,
2002).

Chen et al. (2003) developed an in vitro
BBB composed of SV40-transformed
human brain microvascular endothelial cells
(HBMEC) to examine binding of crypto-
cocci to the endothelial cells and potential
emigration of the yeast cells across the
in vitro barrier. Binding of C. neoformans to
the in vitro BBB was associated with mor-
phological changes in the HBMEC, sugges-
tive of actin cytoskeletal reorganization
(Chen et al., 2003). However, these investi-
gators did not observe cryptococci inside the
endothelial cells of the in vitro BBB sug-
gesting that C. neoformans was not crossing
the in vitro BBB by a transcellular route
(Chen et al., 2003).

More recently, Olszewski et al. (2004)
observed that intravenous as well as intra-
tracheal infection with the virulent C. neo-

formans var. grubii strain H99 resulted in
colonization of the brain parenchyma in
close proximity to blood vessels occluded by
cryptococcal cells. The lack of observable
yeast cells in the subarachnoid space, lep-
tomeninges, and the CSF of the ventricles
contributed to the conclusion that the
organisms were entering the CNS by direct
transfer across the endothelial BBB
(Olszewski et al., 2004). The direct transcy-
tosis of C. neoformans across the endothelial
BBB was corroborated by Chang et al.
(2004) using C. neoformans var. neoformans.
These investigators used both an in vivo
mouse intravenous infection model coupled
with an in vitro BBB composed of non-
transformed HBMEC to investigate the
mechanism of C. neoformans transcytosis
across the BBB. In this study, shortly after
adding cryptococci to HBMEC monolayers,
the HBMEC form microvilli-like projections
that eventually engulf the yeast cells
(Fig. 24.1) (Chang et al., 2004). Further-
more, cryptococci traversing the HBMEC
barrier were observed inside vacuoles and
not in between cells as would be expected if
a paracellular route of migration was
involved. Finally, in vivo the cryptococci
were seen in the brain parenchyma early
after intravenous infection and only later in
infection were the meninges involved; invad-
ing yeast cells were not observed in the
choroid plexus even late in infection (Chang
et al., 2004). Based on their results, the
authors concluded that the endothelial BBB
in the microvessels and not the choroid
plexus epithelial barrier is the site of entry
of C. neoformans into the CNS and the
mechanism of emigration involves a tran-
scellular route (Chang et al., 2004).

Lastly, a phospholipase mutant of C. neo-
formans reportedly was unable to infect the
CNS of mice following intravenous inocula-
tion unless the mutant was provided to the
mice engulfed inside a mononuclear phago-
cyte (Santangelo et al., 2004). Presumably,
the mutant yeast gained access into the CNS
by virtue of riding along with the monocyte
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following intravenous injection (Santangelo
et al., 2004), the so-called “Trojan Horse”
mechanism of CNS entry by pathogens. It is
clear that additional studies are required to
identify precisely how C. neoformans enters
the CNS and determine if all C. neoformans
variants or serotypes use the same mecha-
nisms and/or receptor–ligand interactions to
cross the BBB.

3.4. Pathology of Cryptococcal
CNS Infections

Historically, inflammatory disease due to
cryptococcal infection of the CNS has been

termed cryptococcal meningitis. In fact, the
brain parenchyma is usually involved during
cryptococcal disease of the CNS, leading to
the more appropriate term meningoencephali-
tis to describe most of the cryptococcal dis-
ease of the CNS. Tissue responses to invading
cryptococci in the CNS range from no appar-
ent inflammatory response to granulomatous
inflammation, although granuloma formation
is typically less frequent in the brain compared
to the lung. In the case of little or no inflam-
matory responses described by Freeman
(1931), lesions or cysts composed of encapsu-
lated C. neoformans yeast cells can form gelat-
inous masses that have the appearance of
“soapsuds.”
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Figure 24.1. Adherence of C. neoformans to human brain microvessel endothelial cells (HBMEC).
Primary HBMEC cells were grown to confluency on collagen coated glass cover slips. C. neoformans
strain B-3501 (Serotype D) was added for the indicated time, followed by washing with culture medium,
fixing and preparation for scanning electron microscopy (SEM). Confluent growth of these same cells
in transwell inserts resulted in the development of an in vitro BBB with tight junctions (Chang et al.,
2004). A. Surface of the HBMEC at 0 time point (control). B. Extensive microvilli-like projections
observed 15 min after addition of B-3501 cells to HBMEC monolayer. C. Microvilli-like projections are
covering yeast cells at 30 min. D and E. Penetration of yeast cells into HBMEC (Scale bar = 4 µm). The
figure, courtesy of Dr. June Kwon-Chung (NIH), originally appeared in reference (Chang et al., 2004)
and is reproduced here with permission.



Granulomatous responses typically
involve T lymphocytes, macrophages, and
multinucleated giant cells forming granulo-
mas with yeast cells in the interior and usu-
ally intracellular. Neutrophils may be
associated with the granulomas as well.
These granulomas, termed cryptococcomas,
usually keep the yeast cells walled off and, at
least in immunocompetent hosts, retard the
growth of the organisms (Schwartz, 1988).
If the yeast continues to replicate inside, the
cryptococcomas can become quite large and
are readily visible by radiology (Sabetta and
Andriole, 1985).

The variability in human responses to
C. neoformans is aptly illustrated by a study
of 27 autopsy cases of cryptococcal menin-
goencephalitis that included 13 AIDS
patients (Lee et al., 1996). Analysis of
inflammatory infiltrates revealed that 13 of
14 non-AIDS patients had prominent lym-
phocytic infiltration and 12 of the 14 non-
AIDS patients exhibited granulomatous
inflammation (Lee et al., 1996). T lympho-
cytes and macrophages were abundant in
the granulomatous lesions of non-AIDS
patients along with prominent multinu-
cleated giant cell formation and the involve-
ment of epithelioid macrophages. Neutrophils
were frequently observed in the granulomas
as well (Lee et al., 1996). In contrast, no
granulomatous inflammatory response was
evident in the brain tissue of AIDS patients
with cryptococcal meningoencephalitis and
when some inflammation was observed,
neutrophils were not evident and nonepithe-
lioid macrophages were the principal
inflammatory cell present (Lee et al., 1996).
In six of the 13 AIDS patients, T lympho-
cytes were observed, but the lymphocytes
were not associated with macrophages or
cryptococcal lesions. Lastly, these investiga-
tors observed a significant involvement of
microglial cells in association with the yeast
cells in both AIDS and non-AIDS patients
suggesting that microglial cells may play an
important role in resistance (Lee et al.,
1996).

Similar variability in tissue reactivity has
been reported in animal models of crypto-
coccal meningoencephalitis. For example,
Dobrick et al. (1995) infected mice intra-
venously and observed tissue responses in
the CNS compared to the liver over time.
Two weeks after infection in the brain
parenchyma, collections of C. neoformans
were observed that formed what these
authors described as pseudocysts that were
surrounded by both CD4+ T cells and CD8+

T cells (Dobrick et al., 1995). Subsequently,
monocytes and neutrophils infiltrated the
pseudocysts, but by 4 weeks postinfection
most lesions were scars devoid of viable
yeasts (Dobrick et al., 1995). Inflammatory
lesions of the meninges were composed pri-
marily of monocytes and CD4+ T cells.
Although granulomatous-type reactions
were also observed in the liver, inflamma-
tory responses were markedly delayed in the
CNS compared to the liver (Dobrick et al.,
1995).

Using outbred (OF1) mice, Chretien
et al. (2002) showed that fungemia following
intravenous injection could elicit similar
CNS infection and tissue reactivity as
observed in AIDS patients. Limited inflam-
mation was observed in the brain tissue
from AIDS patients and outbred mice, and
except for the relative lack of CD4+ T cells in
AIDS patients, the inflammatory infiltrates
consisted of CD4+ and CD8+ T cells but
only rarely B cells surrounding cysts com-
posed of numerous yeast cells (Chretien
et al., 2002). Later in infection and lesion
development in the brain parenchyma, acti-
vated microglial cells were observed along
with increased numbers of astrocytes in
both human cases and in the mice. Mice that
recovered from the infection exhibited gran-
ulomatous-like scars with few yeasts that
were very similar in appearance to a human
case with resolved cryptococcal meningoen-
cephalitis (Chretien et al., 2002). Although
mice are inherently susceptible to cryptococ-
cosis, especially CNS infections, these
results suggest that mouse models of cryp-
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tococcal meningoencephalitis can be good
systems for studying the pathogenesis of
cryptococcosis.

In contrast to mice, rats appear to be
similar to humans when it comes to resist-
ance to cryptococcosis. Goldman et al.
(1996a) infected rats intracisternally to
induce cryptococcal meningitis with limited
brain parenchyma involvement. In this
model, the cryptococci disseminate from the
CNS to extracerebral sites whereby a granu-
lomatous reaction apparently contains the
infection (Goldman et al., 1996a). A similar
granulomatous response restricts growth of
the yeast in the meninges, however, as was
observed by Dobrick et al. (1995), the
response in the CNS was delayed in com-
parison to extracerebral tissues (Goldman
et al., 1996a).

Lastly, Huffnagle and coworkers used gene
knockout mice to identify chemokines and
chemokine receptors involved in pathogenesis
and host defense of cryptococcosis
(Huffnagle and McNeil, 1999; Huffnagle
et al., 1999). Mice genetically deficient in
macrophage inflammatory protein-1α (MIP-
1α, CCL3) had significantly more cryptococci
in the brain compared to wild-type mice fol-
lowing intratracheal infection (Huffnagle and
McNeil, 1999). Increased brain fungal burden
was associated with milder inflammatory
responses due to decreased leukocyte recruit-
ment into brains of MIP-1α knockout mice
compared to wild-type mice (Huffnagle and
McNeil, 1999). Likewise, 8 weeks after intra-
tracheal infection, mice defective in CCR5,
the receptor for MIP-1α, as well as other
chemokines, had decreased survival, signifi-
cantly higher brain fungal burden, increased
meningeal and parenchymal swelling, and
decreased inflammatory reactions in the CNS
compared to wild-type mice suggesting that
CCR5 was involved in optimal leukocyte
recruitment in response to C. neoformans
infection of the CNS (Huffnagle et al., 1999).

In summary, the type of pathological
reaction to C. neoformans infection of the
CNS depends largely on the immune status

and capabilities of the host. Loss of T lym-
phocytes or inhibition of cell-mediated
immunity leads to less granulomatous-type
responses, increased cryptococcal growth
with more lesions and larger numbers of
cryptococci per lesion, increased involve-
ment of the brain parenchyma, and ulti-
mately a poorer prognosis.

4. Host Defense and
Immune Responses

4.1. Innate Mechanisms
of Resistance

For C. neoformans to establish an infection
in the CNS, the organism has to withstand a
formidable onslaught of defense mechanisms
in the lung and bloodstream, as well as suc-
cessfully navigate through a restricted barrier
maintained by endothelial and epithelial cells
of the BBB. The plethora of cells, soluble fac-
tors, and killing mechanisms of the innate
host defense system that participate in
restricting the growth of or killing C. neofor-
mans in extracerebral tissues are described in
great detail elsewhere (Casadevall and Perfect,
1998) and include defensins, surfactant pro-
teins and collectins, complement, neutrophils,
natural killer cells, macrophages, eosinophils,
mast cells, and toxic by-products of these cells
such as nitric oxide and H2O2. Those innate
host defense mechanisms that have been
shown experimentally to play a role in host
resistance in the CNS against C. neoformans
are discussed below.

4.1.1. Complement Deposition
on the Cryptococcal Cell
Surface

The importance of complement in host
defense against C. neoformans in the lung
and other extracerebral tissues has been
known for some time (Kozel, 1996).
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However, in vivo analyses indicate that
C. neoformans yeast cells in the CNS do not
have complement component C3 on the sur-
face (Truelsen et al., 1992). In vitro assays
using effector cells of CNS origin to kill or
restrict the growth of C. neoformans often
rely on complement provided by serum for
optimal growth inhibition (see Table 24.1
and Section 4.1.1 below on in vitro studies
with CNS effector cells). Presumably, com-
plement is serving as an opsonin in these
in vitro assays, but it is possible that the
CNS effector cells are further activated by
complement deposited on the cryptococci.

Much of the complement components
found in the blood are produced in the liver,
however, the BBB restricts access of comple-
ment components into the CNS and the CSF
is normally devoid of significant quantities of
complement components. Thus, if comple-
ment is present in the CNS and is deposited
on C. neoformans while in the CNS, then the
complement components are likely produced
by cells locally during an innate or acquired
immune response. In fact, human astrocytes
can produce all necessary components of the
complement cascade and production of com-
plement by astrocytes is increased by exposure
to IFN-γ (Gasque et al., 1995, 2000; van Beek
et al., 2003). To define the precise role of com-
plement in host defense against C. neoformans
in the CNS, experiments that allow specific
depletion or neutralization of complement
components in the CNS during infection will
need to be devised.

4.1.2. Antimicrobial Molecules

Nitric oxide has been implicated in host
defense against many infectious agents in ani-
mal models (MacMicking et al., 1997), includ-
ing C. neoformans (Alspaugh and Granger,
1991; Lee et al., 1994; Lovchik et al., 1995;
Blasi et al., 1995b; Hoag et al., 1997; Gross
et al., 1999; Kawakami et al., 1999a; Rossi
et al., 1999). Nitric oxide is produced by an
enzymatic reaction catalyzed by nitric oxide
synthase (NOS). Three NOS isoforms are

present in mammals; however, only inducible
NOS (iNOS) made primarily by macrophages
appears to play a significant role in host
defense (MacMicking et al., 1997). The role of
iNOS in host defense in humans has been
controversial; however, there is clear evidence
that cytokine-activated human macrophages
can produce functional iNOS (Lee and
Brosnan, 1996; Chao et al., 1997; Persichini
et al., 1997; Binion et al., 1998; Taylor and
Geller, 2000). Thus, effector cell expression of
iNOS and production of nitric oxide follow-
ing cytokine stimulation likely contributes to
acquired host defense against C. neoformans.
In fact, iNOS expression has been detected in
human granulomas caused by C. neoformans
(Facchetti et al., 1999). The contribution
of nitric oxide in in vitro growth inhibition
of C. neoformans by CNS effector cells is
described below and in Table 24.1.

Because of the tight BBB, in vivo neu-
tralization to determine the effects of nitric
oxide and other soluble mediators in the
CNS has been difficult. Barluzzi et al. (1997)
reported that intracerebral injection of
Candida albicans induced regional activa-
tion of CNS effector cells, leading to
increased inflammatory reactions upon sub-
sequent infection with C. neoformans.
Inflammatory reactions were associated
with increased expression of IL-1β and
TNF-α, and to a lesser extent IFN-γ and
iNOS (Barluzzi et al., 1997). Treatment of
Candida-activated mice with the iNOS
inhibitor, aminoguanidine, during C. neofor-
mans CNS infection partially abrogated the
protective effects, suggesting that nitric
oxide produced by iNOS was important in
host defense against C. neoformans in this
model (Barluzzi et al., 1997).

C. neoformans may be able to neutralize
the effects of nitric oxide itself (Trajkovic
et al., 2000). C. neoformans produces two
enzymes involved in detoxifying the effects
of nitric oxide production (de Jesus-Berrios
et al., 2003). Flavohemoglobin denitrosylase
(FHB1) reportedly consumes nitric oxide,
and S-nitrosoglutathione (GSNO) reductase
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metabolizes GSNO (de Jesus-Berrios et al.,
2003). Mutants of FHB1 and GSNO reduc-
tase are less virulent in vivo except in iNOS
knockout mice (de Jesus-Berrios et al., 2003).
Furthermore, an FHB1 mutant was suscepti-
ble to killing by activated macrophages
in vitro, unless iNOS activity was inhibited
(de Jesus-Berrios et al., 2003). The impor-
tance of FHB1 in resistance of C. neoformans
to nitric oxide was confirmed in a study in
which random mutagenesis resulted in two
mutants with increased sensitivity to nitric
oxide stress (Idnurm et al., 2004). Both of the
mutations were due to insertion into the
FHB1 gene, indicating that FHB1 is needed
for optimal resistance to nitric oxide (Idnurm
et al., 2004).

Additional molecules may be present in
the CSF or brain parenchyma that have
anticryptococcal properties. For instance, the
iron sequestering molecule, transferrin, has
been isolated from human CSF and report-
edly inhibits the growth of C. neoformans
in vitro (Ahluwalia et al., 2001). In addition,
expression of the collectin family member,
long pentraxin (PTX3), is upregulated in the
CNS in response to C. neoformans
(Polentarutti et al., 2000), and may play a role
in activation of innate immune mechanisms in
the CNS. Production of antimicrobial sub-
stances in the CNS is likely tightly regulated to
prevent unnecessary accumulation of toxic
metabolites or substances that could damage
the nervous tissue. Future studies on innate
mechanisms of immunity against CNS
pathogens should take into account the detri-
mental effects of the immune response on the
CNS tissue in addition to the protective effects
in inhibiting the growth of the organism.

4.1.3. In Vitro Studies of
Anticryptococcal Activity
of CNS Effector Cells

In vitro assays to investigate the mecha-
nisms of killing of C. neoformans by mam-
malian effector cells, such as macrophages

and neutrophils, have been performed for
many years, however, it is only recently that
effector cells obtained from the CNS have
been examined for activity in vitro. A listing
of in vitro studies examining the activity of
CNS effector cells is shown in Table 24.1.
Perfect et al. (1988) used a rabbit model of
cryptococcal meningitis to elicit macro-
phages to the CSF. Infection of rabbits
intracisternally resulted in the accumulation
of macrophage-like cells in the CSF (Perfect
et al., 1988). Using the production of H2O2
and tumoricidal activity as a readout for
activation, these investigators found that the
elicited CSF macrophages were activated as
a result of the infection; however, the CSF
macrophages were unable to limit the
growth of C. neoformans in vitro even if the
yeast cells were opsonized with rabbit serum
or rabbit anticryptococcal antibody (Perfect
et al., 1988).

Much of the in vitro work done with
rodent models or cells has involved the use of
immortalized cell lines. Blasi et al. (1990)
developed the BV-2 microglial cell line by
transforming mouse microglial cells with a
recombinant retrovirus expressing v-raf and
v-myc. The first study using the BV-2
microglial cell line showed that the cells could
inhibit the growth of C. neoformans in vitro,
especially if the yeast cells were opsonized
with fresh mouse serum (Bocchini et al.,
1992). Further studies demonstrated that BV-2
cell anticryptococcal activity against serum-
opsonized cryptococci was significantly
enhanced by stimulation with IFN-γ and LPS
and was dependent on the production of
nitric oxide (Blasi et al., 1995b). BV-2 cells
were also active in vitro against antibody-
opsonized cryptococcal cells and treatment
with chloroquine, a weak base that accumu-
lates in acidic vacuoles, enhanced the in vitro
anticryptococcal activity (Mazzolla et al.,
1997). Consequently, intracerebral injection
of chloroquine enhanced resistance of mice
to intracerebral infection with C. neoformans
by an as yet defined manner (Mazzolla et al.,
1997). More recently, Aguirre et al. (2004)
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reported that co-culture of BV-2 cells with
CD4+ T cells from mice previously vaccinated
against C. neoformans augmented the activity
of the microglial cells. Finally, adherence of
C. neoformans to the rat C6 glioma cell line
was inhibited by exogenous N-acetyl-D-glu-
cosamine, sucrose, and inositol, suggesting
that these glial cells bind to sugar moieties on
the cryptococci (Merkel and Scofield, 1993,
1994).

In contrast to the studies with mouse
BV-2 microglial cell line, primary human
microglial cells appear to act differently in
in vitro assays for growth inhibition of
C. neoformans. For example, in vitro growth
inhibition of C. neoformans by human fetal
microglial cells was dependent on opsoniza-
tion with anticapsular antibody, but was nei-
ther dependent on nitric oxide nor on the
production of reactive oxygen intermedi-
ates, such as H2O2, O2

–, hydroxyl radicals
(OH), and singlet oxygen (1O2) (Lee et al.,
1995a). Furthermore, treatment of human
fetal microglial cells with the cytokines
IFNγ and/or GM-CSF did not increase the
anticryptococcal activity against opsonized
or unopsonized yeast (Lipovsky et al.,
1998b). Lee et al. (1995b) provided evidence
that cryptococci can survive inside human
microglial cells and can, in fact, replicate.
The discrepancy between the activity of
human and rodent microglial cells may be
due to differences in the source of cells (fetal
in the case of human) and/or the treatment
of the cells, such as immortalization of BV-2
cells with recombinant retrovirus.

In contrast to the lack of cytokine acti-
vation of human microglial cells, cytokine
treatment of human fetal astrocytes results
in significantly enhanced in vitro growth
inhibition of C. neoformans (Brosnan et al.,
1994; Lee et al., 1994). The in vitro growth
inhibition of C. neoformans by human astro-
cytes was dependent on the synthesis of
nitric oxide, and nitric oxide production was
increased by treatment with IL-1β plus
IFNγ, IL-1β plus TNF-α, or IFN-γ alone
(Brosnan et al., 1994; Lee et al., 1994).

Taken together, the in vitro growth inhi-
bition studies indicate that care should be
taken when comparing data from in vitro
rodent models to innate host defense in
human cryptococcosis. Although the rodent
models and cell systems have proven to be
valuable in understanding C. neoformans
pathogenesis in the CNS and how the
host might fight off this yeast, clearly
differences in the mammalian systems
should be taken into account when analyz-
ing the data.

4.1.4. Nonspecific Activation
of Innate Mechanisms
in the CNS

Studies have demonstrated that nonspe-
cific activation of CNS effector cells or
macrophages recruited from the periphery
can aid in inhibiting the growth of C. neo-
formans (Blasi et al., 1993, 1995a; Aguirre
et al., 1996; Barluzzi et al., 1997; Mazzolla
et al., 1997). Aguirre et al. (1996) infected
mice with a sublethal dose of the neu-
rotropic parasite, Toxoplasma gondii. By 6
weeks, infection with T. gondii induced an
inflammatory reaction in the brains that
inhibited the colonization of C. neoformans
in the CNS but not in the lung. In a similar
study, an inflammatory response was
induced in the CNS 7 days after intracere-
bral injection of a weakly virulent isolate of
Candida albicans (Barluzzi et al., 1997).
Mice infected with Candida yeast cells sur-
vived significantly longer and exhibited
reduced CNS colonization with C. neofor-
mans compared to control mice (Barluzzi
et al., 1997). The inflammatory response
that protected against C. neoformans was
associated with increased transcript levels of
IL-1β and TNF-α and to a lesser extent
IFN-γ and iNOS (Barluzzi et al., 1997).

Intracerebral administration of heat-
killed C. neoformans also induces an inflam-
matory state in the CNS (Blasi et al., 1992,
1994, 1995a). In fact, within 24 h of intrac-



erebral injection of heat-killed cryptococci
an inflammatory response develops that (a)
delays colonization following intravenous
infection with viable C. neoformans and (b)
increases survival of mice infected intracere-
brally with viable C. neoformans (Blasi et al.,
1995a). Analysis of cytokine gene expres-
sion revealed that IL-1β and IL-6 transcript
levels were significantly higher in brains of
mice that received heat-killed cryptococci
compared to controls (Blasi et al., 1995a).
Intracerebral injection of IL-1β or IL-6
inhibited growth of cryptococci in the brain
and increased survival of intracerebrally
infected mice (Blasi et al., 1995a).

Mazzolla et al. (1997) reported that
chloroquine enhances the anticryptococcal
activity of the mouse BV-2 microglial cell
line in vitro. These investigators also
observed that intracerebral injection of
chloroquine increases survival and reduces
brain fungal burden of intracerebrally
infected mice (Mazzolla et al., 1997).
Although the enhanced anticryptococcal
activity of chloroquine-treated mice was
likely due to effects of chloroquine on the
acidic phagosomes of effector cells in the
CNS, increased transcript levels of IL-1β
and IL-6 were also observed suggesting that
enhanced anticryptococcal activity was in
part due to cytokine activation of effector
cells (Mazzolla et al., 1997).

In summary, the evidence to date indi-
cates that inflammatory processes in the
CNS can restrict the growth of C. neofor-
mans. Other infectious agents or local
administration of cytokines or drugs can
induce anticryptococcal inflammatory
responses in the CNS. Whether these “non-
specific” responses, in conjunction with
viable or killed cryptococci, will eventually
lead to long-lasting immunity in the CNS
against C. neoformans is yet to be deter-
mined. It is likely, however, that acquired
resistance mechanisms work by augmenting
the innate resistance components to more
effectively limit the growth of C. neoformans
in the CNS.

4.2. Acquired Immunity
in Cryptococcosis

Acquired or adaptive immunity is com-
posed of two limbs that cooperate with each
other and with natural effector cells, such as
macrophages, to limit the growth of or clear
pathogenic organisms from the host. These
two arms of acquired immunity are humoral
immunity and cell-mediated immunity.
Antibodies produced by B cells and plasma
cells mediate humoral immunity, which can
be transferred by immune antisera. In con-
trast, cell-mediated immunity is elicited by
T lymphocytes and the cytokines and
chemokines that they produce and sensitized
T cells must be adoptively transferred to con-
fer cell-mediated immunity to a naïve host.
Antibodies contribute greatly to opsonization
of pathogenic organisms and, thus, cooperate
with phagocytic cells and complement com-
ponents for enhanced phagocytosis of invad-
ing pathogens. Likewise, T cells are important
in helping B cells make more specific anti-
bodies and activating effector cells to more
readily phagocytize and/or kill cryptococcal
yeast cells. Each of these arms of acquired
immunity has been shown to play a role in
host defense in the CNS and will be discussed
separately in the section below.

4.2.1. Humoral Immunity

Passive transfer of monoclonal antibodies
specific for cryptococcal glucuronoxyloman-
nan (GXM), the major component of the
polysaccharide capsule, has been found to
confer protection in a mouse model
(Mukherjee et al., 1992). Multiple routes of
infection and antibody administration have
been investigated, and all provide some level
of protection as measured by survival of the
mice (Mukherjee et al., 1993). Further inves-
tigation revealed that both protective and
nonprotective antibodies can be produced,
and this distinction is based at least partially
on the isotype of the antibody (Mukherjee
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et al., 1995; Yuan et al., 1995, 1998).
Significantly, T cell function is needed for
protection mediated by passive transfer of
protective antibody and both Th1- and Th2-
type cytokines are required for antibody effi-
cacy (Beenhouwer et al., 2001). Yuan et al.
(1997) reported that protection following
anticryptococcal antibody transfer was not
observed in mice deficient in CD4+ T cells or
mice incapable of producing IFNγ.
Vecchiarelli et al. (2002) suggested a mecha-
nism for the cooperative cellular response to
passive antibody transfer involving the IL-12
receptor β2 subunit (IL-12Rβ2). IL-12 is
involved in the development of cell-mediated
immunity, specifically in the induction of Th1
cells. IL-12 signals through the IL-12 recep-
tor; and the β2 subunit of the receptor can be
used as a marker of Th1 cells. Vecchiarelli
et al. (2002) demonstrated that stimulation of
leukocytes with unencapsulated cryptococci
induced the expression of IL-12Rβ2 on
T cells; however, when the yeasts were encap-
sulated with GXM, a lower percentage of
T cells became IL-12Rβ2+. Administration of
specific anti-GXM antibody, but not irrele-
vant antibody, reversed this downregulation.
These observations and others led to the con-
clusion that GXM inhibits effective phagocy-
tosis and antigen presentation, thus
preventing the induction of Th1 cells; how-
ever, specific antibody allows for appropriate
antigen presentation and induction of Th1
cells that can produce IFN-γ and mediate
protective cell-mediated immune responses.

4.2.2. Cell-Mediated Immunity

There is abundant clinical and experimen-
tal evidence that clearly demonstrates the
importance of cell-mediated immunity in host
resistance to cryptococcosis (Gentry et al.,
1977; Kaplan et al., 1977; Cauley and Murphy,
1979; Heenan and Dawkins, 1981; Borton and
Wintroub, 1984; Kovacs et al., 1985; Gal et al.,
1986, 1987; Edson et al., 1987; Salkowski
et al., 1987). Much of the in vivo work on host
resistance to C. neoformans has focused on the

lung, where the infection begins (Mody et al.,
1990, 1993, 1994; Hill and Harmsen, 1991;
Huffnagle et al., 1991a,b, 1994, 1995, 1996,
1997, 2000; Lovchik and Lipscomb, 1993;
Hoag et al., 1995, 1997; Lovchik et al., 1995;
Huffnagle, 1996). Anticryptococcal resistance
in the lung is associated with T helper 1 (Th1)
cells and the cytokines they produce, such as
IFN-γ (Huffnagle et al., 1994; Kawakami
et al., 1995, 1996a, 1999b, 2001). In addition,
TNFα is required for induction of host resist-
ance in cryptococcosis (Huffnagle et al., 1996;
Bauman et al., 2003), and IL-12 augments
protection (Kawakami et al., 1996b, 1999a,b,
2000; Hoag et al., 1997; Qureshi et al., 1999).
Clearance of C. neoformans has also been
associated with production of IL-4 and IL-10
in lung homogenates and increased transcrip-
tion of IL-2, IFN-γ, lymphotoxin (LT), IL-4,
IL-6, IL-10, IL-12p40, IL-18, transforming
growth factor-beta (TGF-β), and IL-1β in the
lungs (Huffnagle et al., 1994; Hoag et al., 1995;
Kawakami et al., 1995, 1997, 2000; Lovchik
et al., 1995). In addition, the chemokine,
monocyte chemotactic protein-1 (MCP-1,
CCL2) has been reported to play a role in cel-
lular infiltration into C. neoformans-infected
lungs (Huffnagle et al., 1995). MIP-1α,
another chemokine, is important in cellular
infiltration into an anticryptococcal CMI
reaction site and in protection (Doyle and
Murphy, 1997; Huffnagle et al., 1997;
Olszewski et al., 2000, 2001) as is the CC
chemokine TCA-3 (CCL1) (Doyle and
Murphy, 1999). The protective anticryptococ-
cal response induced by pulmonary infection
with C. neoformans is complex and involves a
large number of cells and soluble factors inter-
acting to produce optimal protection.

4.3. Acquired Host Defense
against C. neoformans in
the CNS

In contrast to the lung, less is known about
the mechanisms of resistance to C. neoformans
in the CNS. Because the CNS has a restrictive
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BBB and unique effector cells (microglial cells
and astrocytes) (Fabry et al., 1994), it is pos-
sible that resistance mechanisms in the CNS
may be different from the lung. However,
these unique features of the CNS can also
make it more difficult to study. For example,
to analyze the role of a cytokine in host
defense, many investigators simply add an
antibody specific for that cytokine to a model
system and observe the effects of neutraliza-
tion of the cytokine on the ensuing response.
In the case of the CNS, the restrictive BBB
will inhibit the movement of an antibody or
other reagent from the blood into the CNS
unless the BBB has been perturbed in some
manner. Thus, it may be necessary to bypass
the BBB and administer reagents directly into
the CNS via intracerebral or intracisternal
injection in order to examine the role of a spe-
cific soluble mediator in the anticryptococcal
response in the CNS.

4.3.1. Role of B Cells and
Antibodies in CNS
Defense

Mice deficient in B cells were examined
for their ability to control the growth of
C. neoformans in lungs and brains follow-
ing intravenous infection (Aguirre and
Johnson, 1997). No difference in brain fun-
gal burden was observed in B cell-deficient
compared to wild-type control mice during
the primary response to infection (Aguirre
and Johnson, 1997). To induce a protective
immune response, mice were vaccinated
by sublethal intratracheal infection that
resolved within 6 weeks. Mice vaccinated in
this way can contain CNS infection with C.
neoformans following intravenous infection
more readily than unvaccinated mice (Hill
and Aguirre, 1994; Aguirre et al.,1995). As
observed in the primary response to C. neo-
formans infection, no difference in brain or
lung fungal burden was observed in vacci-
nated B cell-deficient mice compared to
vaccinated B cell-sufficient mice (Aguirre

and Johnson, 1997). These investigators
further reported that adoptive transfer of
immune leukocytes from B cell-sufficient
mice into SCID mice enhanced resistance to
intravenous infection whereas infusion of
immune leukocytes from B cell-deficient
mice did not (Aguirre and Johnson, 1997).
However, their analyses were performed 11
days after infection when CD4 T cell num-
bers were three times lower in SCID mice
infused with B cell-deficient immune leuko-
cytes compared to SCID mice infused with
B cell-sufficient immune leukocytes. B cells
reportedly are important in maintaining
CD4 T cell integrity (Liu et al., 1995), thus,
B cells may not be directly involved in host
resistance in this model. In fact, a specific B
cell need not be present at the site of infec-
tion so long as sufficient antibody is pro-
duced by the B cell to travel through the
body fluids to the site of infection.

Specific anticryptococcal antibody has
been detected in the CSF of cryptococcosis
patients (Porter et al., 1977) and in experi-
mental models of cryptococcal meningitis
(Hobbs et al., 1990). The general lack of B
cells in CNS suggests that the antibody is
made elsewhere and migrates into the CSF,
however, evidence is lacking on the source of
anticryptococcal antibody in the CSF.
Traversal of antibody across the BBB is evi-
dent in a study in which a monoclonal anti-
body specific for cryptococcal GXM
was injected intraperitoneally into mice
infected intracerebrally with C. neoformans
(Mukherjee et al., 1993). The antibody treat-
ment significantly lengthened the lifespan of
the intracerebrally infected mice, as well as
reduced the brain fungal burden, suggesting
that the antibody crossed the BBB and par-
ticipated in host resistance directly in the
CNS (Mukherjee et al., 1993).

The role of specific anticryptococcal
antibody in host defense in the CNS likely
involves a significant role in opsonization
for more efficient phagocytosis by effector
cells in the CNS (see Table 24.1 and Section
4.1.3 on in vitro studies of anticryptococcal
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activity of CNS effector cells). In addition,
antibody may also play an important role in
clearing capsular polysaccharide from the
tissue (Vecchiarelli and Casadevall, 1998).

4.3.2. Role of T Lymphocytes
in CNS Defense

Blasi et al. (1994) used intracerebral injec-
tion of heat-killed C. neoformans yeast cells
to induce a protective response in mice. The
protective response generated, as determined
by reduced cryptococcal colony-forming
units (CFU) in the brain following intracere-
bral challenge with viable C. neoformans, was
characterized by a vigorous inflammatory
response in the brain and development of
delayed-type hypersensitivity (DTH) respon-
siveness to heat-killed yeast cells (Blasi et al.,
1994). Similar treatment of nude mice, which
are T cell-deficient, did not induce any of
these characteristics suggesting that T cell
involvement was necessary for the protection
(Blasi et al., 1994).

Hill and Aguirre (1994) induced a protec-
tive response by infecting mice intratra-
cheally with a sublethal dose of viable
C. neoformans. Ten weeks later, these immune
mice had significantly fewer yeast cells in the
brain following intravenous infection com-
pared to nonimmune mice (Hill and Aguirre,
1994). Depletion of CD4+ cells, but not
CD8+ cells, ablated the protective response
(Hill and Aguirre, 1994). In addition, adop-
tive transfer of CD4-intact immune leuko-
cytes to SCID mice significantly limited
seeding of the brain with C. neoformans
and/or enhanced clearance of the organisms
from the brains of the SCID mice following
infection with viable cryptococci, but adop-
tive transfer of CD4-depleted immune popu-
lations did not (Hill and Aguirre, 1994).
Although it appears that CD4+ T lympho-
cytes are important in limiting the numbers
of cryptococci present in the brain in this
study (Hill and Aguirre, 1994), it is possible
that the CD4+ T cells are not directly

involved in clearance of the infection from
the CNS but instead the CD4+ T cells aid in
limiting the growth of the organism in
extracerebral tissues, leading to decreased
cryptococci seeding the brain.

To examine direct anticryptococcal activ-
ity in the CNS, Buchanan and Doyle (2000)
used a nonreplicating cryptococcal antigen
(CneF) to induce protective immunity fol-
lowed by intracerebral infection to deposit
C. neoformans directly into the brain. Using
this model, it was shown that CD4+ T cells,
CD8+ T cells, macrophages, and even neu-
trophils infiltrate into C. neoformans-
infected brains of immune mice, and the
ensuing immune response limits the growth
of C. neoformans in the CNS (Buchanan
and Doyle, 2000). CD4+ T lymphocytes, but
not CD8+ T lymphocytes, were required for
both optimal recruitment and accumulation
of leukocytes in C. neoformans-infected
brains and for growth inhibition of C. neo-
formans in the CNS (Buchanan and Doyle,
2000). Thus, CD4+ T cells appear to be
major players in protective anticryptococcal
responses in the brain.

Barluzzi et al. (2000) induced protective
immunity in the CNS by injecting mice with
a strain of C. neoformans that was avirulent
due to the inability to produce melanin.
Mice given the nonmelanogenic strain
intracerebrally developed a regional immune
response capable of reducing brain fungal
burden and extending survival of mice sub-
sequently infected with a virulent melanin-
producing strain (Barluzzi et al., 2000). The
immune response was associated with the
induction of a cell-mediated immune
response as measured by delayed-type
hypersensitivity response to C. neoformans
and with increased expression of IL-12,
TNF-α, IL-1β, IFN-γ, and iNOS transcripts
in CNS tissue as measured by RT-PCR
(Barluzzi et al., 2000). In addition, signifi-
cantly higher levels of IL-12, TNF-α, and
IL-1β were detected in brain homogenates
by specific enzyme-linked immunosorbent
assay (ELISA) (Barluzzi et al., 2000).
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Recently, Uicker et al. (2005) reported
that subcutaneous immunization with the
cryptococcal antigen, CneF, emulsified in
complete Freund’s adjuvant (CFA) induces
an immune response that significantly pro-
longs the life of mice infected intracerebrally
with viable C. neoformans (Fig. 24.2). In this
study, the immune response was apparently
sterilizing as surviving mice had no cultur-
able C. neoformans in brains, spleen, or
lungs (Uicker et al., 2005). The protective
response was associated with significant
increases in transcripts of the chemokines,
MCP-1, RANTES (CCL5), IP-10
(CXCL10), and MIP-2 (CXCL8), the
chemokine receptors CCR1, CCR2, and
CCR5, and the cytokines, TNF-α, IFN-γ,
IL-1β, and IL-1ra (Uicker et al., 2005).
Significant increases in TNF-α and IFN-γ
were detected in brain homogenates of
immune mice infected with C. neoformans
compared to nonimmune mice (Uicker

et al., 2005). Lastly, immunohistochemical
analyses revealed that IFN-γ was produced in
the vicinity of mononuclear infiltrates con-
taining CD4+ T cells in brains of immune
mice but not in nonimmune mice (Uicker
et al., 2005). The authors conclude from
their results that a Th1-type cell-mediated
immune response was elicited in the CNS of
C. neoformans-infected immune mice and
this response limited the growth of C. neo-
formans in the CNS (Uicker et al., 2005).

4.3.3. Mechanisms of Acquired
Resistance in the CNS

Host defense in the brain can be provided
by activated T cells and monocytes entering
the brain via the BBB or by endogenous glial
cells (astrocytes and microglial cells) acting
as effector cells or antigen-presenting cells to
stimulate T cells or other immunologically
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Figure 24.2. Immunization with cryptococcal antigen extends survival of mice infected intracerebrally
with C. neoformans. Groups of 10 mice were either untreated, injected subcutaneously with saline emul-
sified in complete Freund’s adjuvant (CFA), or were immunized with cryptococcal culture filtrate anti-
gen (CneF) emulsified in CFA (CneF-CFA) 6 days before intracerebral infection with 200 CFU of
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experiment was terminated. The figure originally appeared in reference (Uicker et al., 2004) and is
reproduced here with permission.



competent cells (Shrikant and Benveniste,
1996). Many of the studies reporting a pro-
tective immune response in the CNS against
C. neoformans have also described an asso-
ciation with at least the expression of
IL-1β and, in some cases, IL-6, TNF-α, and
IFN-γ. Other studies describe additional
cytokines and chemokines as part of the
overall immune response. It is clear that
IFN-γ plays an important role in extracere-
bral clearance of C. neoformans and likely
plays a role in the CNS as well. For instance,
microglial cells stimulated with IFN-γ
become more phagocytic and express higher
levels of Class II MHC and B7-1 (CD80)
molecules that are important for antigen
presentation to T cells (Shrikant and
Benveniste, 1996). In vitro studies have
shown that human fetal astrocytes (Lee
et al., 1995a) or a transformed mouse
microglial cell line (Blasi et al., 1995b) can
inhibit the growth of C. neoformans more
readily if the cells are activated with IFNγ. In
both reports, cryptococcal growth inhibition
was due to enhanced production of nitric
oxide following activation of the astrocyte or
microglial cell by IFN-γ. In light of the fact
that IFN-γ is produced during an anticryp-
tococcal protective response (Buchanan and
Murphy, 1993, 1994, 1997), one might pre-
dict that IFN-γ present in the brain, as a
result of crossing the BBB or being produced
in the brain, may activate microglial cells,
astrocytes, or infiltrating macrophages to
contribute to anticryptococcal resistance in
the brain.

In vivo studies on the role of cytokines in
CNS clearance of C. neoformans are limited.
Aguirre et al. (1995) reported that neutraliz-
ing IFN-γ and TNF with specific antibodies
resulted in increased numbers of C. neofor-
mans yeast cells in the brains of C. neofor-
mans-immune mice compared to immune
mice given control antibody at the time of
infection. Using an intracerebral infection
model, Buchanan and Doyle (2000)
reported that IFN-γ was important in
acquired host defense against C. neoformans

in the CNS. Others have reported elevated
levels of IL-1β and IL-6 mRNA in mouse
brains following intracerebral injection of
heat-killed cryptococci (Blasi et al., 1995a).
Expression of IL-1β and IL-6 correlated
with increased resistance to intracerebral
challenge with viable organisms, and intrac-
erebral injection of recombinant IL-1β and
IL-6 reduced yeast cell growth following
intracerebral challenge (Blasi et al., 1995a).
Thus, as observed in the lungs and other
peripheral organs, a protective anticrypto-
coccal response in the brain is likely to
involve a complex network of multiple
cytokines working together to recruit and/or
activate the appropriate effector cells to rid
the brain of the pathogen.

In addition to cytokines, chemokines
play an important role in anticryptococcal
resistance (Huffnagle et al., 1995, 1997;
Doyle and Murphy, 1997). In this regard,
MIP-1α knockout mice had reduced leuko-
cyte infiltration into C. neoformans-infected
brains and significantly higher brain fungal
burden compared to wild-type mice follow-
ing intratracheal infection (Huffnagle and
McNeil, 1999; Huffnagle et al., 1999). In
addition, CCR5 knockout mice have a
decreased ability for peripheral leukocyte
migration into C. neoformans-infected
brains (Huffnagle and McNeil, 1999;
Huffnagle et al., 1999).

Additional studies are needed to identify
the important components necessary for
host defense against C. neoformans in the
CNS such that immunomodulation thera-
pies can be devised to treat patients suffering
from cryptococcal meningoencephalitis,
especially those individuals with immunode-
ficiency. Addition of exogenous cytokines to
modulate immunity is a possible approach
to such treatments. Attempts to modulate
clearance in mouse models of systemic cryp-
tococcosis have shown some promise
(Clemons et al., 2001) even in immunocom-
promised mouse models (Lutz et al., 2000).
However, it is important to keep in mind
that while induction of inflammatory
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processes in the brain by administration of
exogenous cytokines or other pharmacolog-
ical reagents may be beneficial in inhibiting
the growth of or killing CNS pathogens, the
inflammatory responses induced by these
reagents can also be damaging to critical
nervous tissue.

4.4. Differences between Lung
and CNS Host Defense in
Cryptococcosis

There is evidence, albeit limited, that
host anticryptococcal resistance mecha-
nisms in the brain differ somewhat from or
may be delayed in comparison to responses
in other tissues (Salkowski and Balish, 1990;
Clemons et al., 1994; Blasi et al., 1995a).
First, administration of IL-12 to mice by
gavage resulted in reduced cryptococcal
CFU in the brain compared to controls,
whereas, no differences were seen in spleen
and lung fungal burden between IL-12-
treated mice compared to controls (Clemons
et al., 1994). Second, beige mice had a much
delayed granulomatous-type (CMI) inflam-
matory response to C. neoformans in the
brain compared to the lung, liver, and spleen
(Salkowski and Balish, 1990); however, it is
possible that beige mice, besides having
defects in macrophages, natural killer cells,
and granulocytes, also have additional
unknown defects in the brain that may be
responsible for the delayed reactivity.
Results of Blasi et al. (1995a) suggest that
immunization by intracerebral injection of
heat-killed cryptococci may induce a
response that is compartmentalized in the
brain and does not aid in protection in other
tissues. Huffnagle et al. (1999) showed that
CCR5 knockout mice differ in leukocyte
recruitment into lungs as compared to the
brain following intratracheal infection with
C. neoformans. CCR5 knockout mice were
able to clear the cryptococci from the lungs
and mount DTH responses to cryptococcal
antigens whereas, brain fungal burden

increased in CCR5 knockout mice, and they
died sooner than mice with intact CCR5
(Huffnagle et al., 1999). Additional studies
are needed to identify potential mechanisms
of immunity in the CNS that may differ
from extracerebral tissues.

5. Summary

Cryptococcus neoformans is an encapsu-
lated yeast that causes cryptococcosis, a life-
threatening disease that develops following
inhalation and dissemination of the ubiqui-
tous organisms. C. neoformans has a predilec-
tion for the CNS, and mortality is most
frequently associated with meningoen-
cephalitis. Individuals with deficiencies in
cell-mediated immunity, such as AIDS
patients, are more susceptible to cryptococco-
sis; thus, the incidence of cryptococcosis is
increasing as a result of the growing number
of immunocompromised individuals. Loss of
CD4+ T cells predisposes individuals to pro-
gressive infection with C. neoformans, further
emphasizing the importance of cell-mediated
immunity in host resistance to this organism
and partially explaining the high incidence of
cryptococcosis in AIDS patients. Although
much has been learned about host defense
mechanisms against C. neoformans in the
lungs, less is known about host resistance in
the CNS. Clearly, some of the same cells and
mechanisms are involved in host defense in
the lungs and the CNS; however, the CNS has
unique features that suggest there might be
some differences as well. In fact, experimental
evidence indicates that many anticryptococ-
cal reactions in the CNS are delayed in com-
parison to extracerebral tissues, which may be
due to differences in immune mechanisms in
the CNS compared to other tissues. More
defined experimental studies are required to
identify the critical components needed for
appropriate anticryptococcal activity in the
CNS that restricts growth of C. neoformans
while at the same time does not cause harm-
ful damage to the nervous tissue.
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Figure 3.1. (A) Acute pseudomembranous candidiasis. Note the white plaques, which consist of
hyphae, desquamated epithelial cells, and polymorphonuclear leukocytes. (B) Cytological smear
from pseudomembranous candidiasis showing hyphae, desquamated epithelial cells, and polymor-
phonuclear leukocytes (Periodic acid Shiff stain). (C) Acute atrophic candidiasis (antibiotic sore
tongue) showing generalised depapillation of the dorsum of the tongue secondary to Candida over-
growth. (D) Chronic atrophic candidiasis. Chronic atrophic candidiasis in a patient who wears a
cobalt chrome partial upper denture. The mid-portion of the palate is of normal color, but the
mucosa under the denture is very erythematous. (E) Chronic hyperplastic candidiasis. Mixed red and
white plaques inside the buccal mucosa in the commissure areas. These are often slightly raised and
histologically show hyphal invasion. (F) Section from chronic hyperplastic candidiasis showing
invading hypha forms of Candida (PAS stain). (G) Median rhomboid glossitis, a form of chronic
hyperplastic candidiasis of the tongue, usually found at the junction of the anterior two thirds and
posterior third of the tongue. (H) Erythematous candidiasis. The central portion of this tongue is
very erythematous as well as depapillated. This patient has AIDS. (I) Erythematous candidiasis. The
central portion of the palate is very erythematous. No white plaques are seen. This patient has
AIDS.



Figure 4.1. Clinical presentation of acute pseudomembranous candidiasis (A), chronic mucocuta-
neous candidiasis (B), Candida-associated denture stomatitis (C), angular cheilitis (D), median rhom-
boid glossitis (E), and hyperplastic candidiasis (F). (Reprinted from publication Clinics in Dermatology,
18: 553–562, Farah, et al. “Oral Candidosis” © 2000 with permission from Elsevier Inc.)
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Figure 4.2. Hypothetical pathway for activation of effector cells in oral candidiasis. Stimulation of
antigen-presenting cells (APC) by antigen(s) of Candida results in the production of TNF-α, which
increases recruitment of inflammatory cells, and augments the candidacidal activity of phagocytic cells
early in the course of infection. The APCs secrete IL-12, which drives the differentiation of naïve CD4+

T cells, and induces a Th1-type cellular immune response. The Th1 cytokines (IFN-γ and TNF-α) act
both separately and synergistically to promote Candida killing by both neutrophils and macrophages;
while both IL-12 and IFN-γ act on the APC in a feedback loop to enhance their activation.
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Figure 9.1. Top: The relationship between lung CFU and time in control and mAb 2H1-treated mice
following i.t. infection with 104 C. neoformans yeast. MAb 2H1 (1 mg/mouse) was given intraperi-
toneally 24 h prior to infection. Values represent means. Broken lines from day 100 to day 199 represent
the curves when day 199 mice were separated into those with detectable lung CFU (upper line) and
those for whom CFU were not detectable (lower line). Asterisk (*) indicates point after which CFU data
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H&E stain, X250. Reproduced with permission from J. Immunol. 1997; 158: 790–799. Copyright 1997.
The American Association of Immunologists, Inc.



Pathogenesis of ABPA
Antigen Presentation

Dendritic
cells

A. fumigatus
allergen

Activated
macrophage

Other cellular
sources

CD4+ Th0

IL-2

IL-18

IL-12

CXC
Chemokines

Activated
CD4+ ThO

cell

IL−4
CD40−CD40L

CD28
CD80−CD86

STAT-4IFN-γMacrophage

Th1

IL-2
IFN-γ

IFN-γ

IFN-γ

CTL

Metaloproteinases
Secretory proteinases

IL-4, IL-10, IL-13

Cell-mediated
immune response

Isotype switch to
IgG2a in Mouse

CD-40, CD40-L
CD80−CD66 IL-4

B cell

B cell

IL-5

IL-13

IgEAntigen
IgE
FcR

Mast
cell

Degranulation
Mediators lead to vascular leakage,

bronchial constriction, late phase inflammation

Allergic inflammation from
humoral immune response

Mucus
Goblet cells
Smooth muscle cells

ECP, MEP, EDN, EPO
cause lung damage

OCR-3

Eosinophil
activation

Eosinophil

Th2

STAT-6
OCR-3
OCR-4

Activated
multiple cells

Chemokines
OC chemokines

(Rantes, Eotaxin,
MIP-1α, MCP-1, C-10)
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Figure 13.1. Phagocytosis of Pneumocystis by a murine alveolar macrophage (deconvolution
microscopy, 630×). The DNA-specific dye 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) was
used to stain both alveolar nuclei and fungal DNA. The green indicates surface labeling of both cyst and
trophozoite (arrowheads) forms of Pneumocystis with fluorescein isothiocyanate (FITC). F-actin fila-
ments within the alveolar cytoskeleton were counterstained with Phalloidin Alexa 568. Copied with per-
mission from Steele, C., Marrero, L., Swain, S., Harmsen, A. G., Zheng, M., Brown, G. D., Gordon, S.,
Shellito, J. E., and Kolls, J. K. (2003). Alveolar macrophage-mediated killing of Pneumocystis carinii f. sp.
muris involves molecular recognition by the Dectin-1 beta-glucan receptor. J. Exp. Med. 198: 1677–1688.
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Figure 15.2. Severity of gastric candidiasis in immunodeficient mouse strains monoassociated with
Candida albicans. Mice were monoassociated with C. albicans and groups of four mice of each strain
were euthanized and scored for severity of gastric lesions at each time point (n = 80). The average sever-
ity scores are represented, with 0, no signs of disease to 4, most severe lesions with inflammation and
fungal tissue invasion. The CB-17 mice were immunocompetent controls, SCID mice have T cell-medi-
ated immune defects, Bg, beige defect mice have deficient phagocytic cell functions and Bg Nu, beige-
nude mice are athymic beige defect mice lacking T cell and phagocytic cell functions.
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Figure 16.2. Vaginal and oral epithelial cell anti-Candida activity. Vaginal epithelial cells from humans
(vaginal lavage), nonhuman primates (vaginal lavage), and mouse (vaginal tissue extraction) and oral
epithelial cells (collected from saliva) were cocultured with C. albicans at various effector to target (E:T)
ratios for 9 h. Controls included epithelial cells and Candida cultured alone. Growth of Candida was
determined by 3H-glucose uptake and percent inhibition in the coculture was determined.



Figure 16.3. Hypothesis for acquisition of symptomatic vulvovaginal candidiasis. The hypothesis cen-
ters on the acquisition of vulvovaginal candidiasis by achieving a threshold of Candida organisms in the
vagina. Under the threshold the vaginal presence of Candida is considered commensal and asympto-
matic. Once the threshold is crossed (vertical dotted line), the signals are initiated that allow for migra-
tion of PMNs into the vagina that cause the symptoms associated with vaginitis. Accordingly, there is
a different threshold for different groups of women. For women with RVVC the threshold is very low
and increases incrementally in those with infrequent episodes of VVC, no history of VVC, and adoles-
cents. The upper limit is an arbitrary level of organism number that would be considered unattainable.
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Figure 17.1. Outcome of vaginal infection by C. albicans in rats intravaginally immunized with pro-
teinase (Saps) 2 plus or minus mucosal adjuvant cholera toxin (CT). Each curve represents the mean (±
standard error of the mean) of the number of fungal CFU for five rats. Statistical significance was
assessed by Student’s t test (two tailed).
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Figure 19.1. The immune response to Candida albicans, involving the “cross-talk” among many
immune cells, including dendritic cells, macrophages, neutrophils, and CD4+ T cells. Cells of the innate
immune system discriminate between different forms of the fungus and produce sets of chemokines,
cytokines, and costimulatory molecules through which signals to the adaptive T helper (Th) immune
system. Protective and nonprotective Th cells release a distinct panel of cytokines, capable of delivering
activating and inhibitory feedback signals to effector phagocytes. Together, the innate and adaptive
immune systems contribute to the inflammatory response. Counter-regulatory T cells (Treg) may serve
to dampen the excessive inflammatory reactions and to contribute to the development of memory anti-
fungal immunity. (+) and (–) refer to positive and negative signals, respectively.
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Figure 19.2. Pattern recognition receptors as activators of innate and adaptive immunity to fungi.
Recognition of Candida albicans and fungal PAMPs, mainly associated with fungal cell wall (top left
schematic icon) by Toll-like receptors (TLRs), mannose receptor (MR), complement receptor (CR3),
and receptors for Fc (FcγR) leads to activation of specialized antifungal effector functions in neu-
trophils, such as respiratory burst and degranulation, and production of IL-12 p70 by dendritic cells
(see text). As dendritic cells are equipped with pattern recognition receptors and TLRs, they are
uniquely able at decoding the fungus-associated information and translating it in qualitatively different
adaptive Th-immune responses. The engagement of distinct receptors by yeasts and hyphae translates
into downstream signaling events, ultimately regulating costimulation, cytokine production, and devel-
opment of Th and regulatory T cells. The functional plasticity of DCs at the pathogen–immune system
interface may offer new interpretative clues to fungal virulence.
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Figure 20.1. Model of angioinvasion and dissemination by A. fumigatus. These processes occur via the
following steps: (A) abluminal endothelial cell invasion, (B) endothelial cell injury from the abluminal
surface, (C) hematogenous dissemination of hyphal fragments, (D) hyphal adherence to the luminal
endothelial cell surface, (E) luminal endothelial cell invasion, (F) endothelial cell injury from the lumi-
nal surface, and (G) extravascular invasion of deep organs. Steps (A)–(C) occur in the pulmonary blood
vessels while steps (D)–(G) occur in the systemic blood vessels.



Figure 20.2. Histopathology of invasive pulmonary aspergillosis. Periodic-acid Schiff (PAS) stained
thin sections from lungs of mice infected with A. fumigatus for 7 and 10 days respectively. (A) Abluminal
angioinvasion by hyphae. Note that endothelial cells are absent at the site of the invading hyphae
(arrows). (B) Neutrophil margination (open arrows) occurs in the vicinity of A. fumigatus lesions. Note
that neutrophils have attached to the vessel wall in large numbers, suggesting that these endothelial cells
are activated to express leukocyte adhesion molecules.




