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Preface

Cytokines have been a focus of scientific interest at least since the 1980’s.
Analyzing their expression patterns has permitted a better understanding
of the pathogenesis of various diseases, including the inflammatory
dermatoses. Exploring T-cell mediated skin diseases such as psoriasis,
atopic dermatitis, and allergic contact dermatitis in this context is of
particular interest since the skin is becoming increasingly recognized
as a “visible immunological organ”. These T-cell mediated diseases
are characterized by abnormal cytokine expression patterns and can be
considered as “model diseases” for other inflammatory diseases such as
rheumatoid arthritis, multiple sclerosis, organ transplant rejection, and
inflammatory bowel disease.

Cytokines are now far beyond the stage when they were of inter-
est only to the research sector as some cytokine-directed therapies are
already being employed as part of the clinical practice. Strategies for
neutralizing cytokines by using antibodies, fusion globulins, or soluble
receptors have become available and have led to remarkable results in
the clinic. Some of these new approaches currently under investiga-
tion have led already, or will likely lead shortly, to the registration of
new drugs that will supplement existing therapeutic options for inflam-
matory skin diseases. In addition, the results of the clinical trials are
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contributing significantly to our understanding of the pathophysiology
of diseases and will allow greater insight into which mechanisms play
a significant role in their development. Thus, the clinical findings that
neutralizing TNF-α is extremely effective in psoriasis, whereas neutral-
izing IL-8 is not, would suggest a much greater role for TNF-α in the
pathogenesis of the disease. Recent research has also led to the discov-
ery of novel cytokines in the expanding IL-1, IL-10, and IL-12 families
and has provided insight into the molecular mechanisms of cytokine ac-
tion, including discovery of novel signal transduction pathways. These
investigations are leading to the identification of novel targets that, in
contrast to the cytokines and their protein- based neutralizing therapies,
may be amenable to inhibition by small molecules that are suitable
for oral application. All of these developments may generate additional
momentum for still better targeted pharmacological approaches.

To discuss these recent exciting developments we held the work-
shop: CYTOKINES AS POTENTIAL THERAPEUTIC TARGETS FOR
INFLAMMATORY SKIN DISEASES, from November 17–19, 2004 in
the beautiful environment of the Napa Valley, a short distance north of
San Francisco. This meeting was intended to bring together an outstand-
ing group of scientists spanning the broad scope of cytokine research
and to have open discussions on recent achievements and future de-
velopments in the field. This aim was successfully achieved thanks to
the generous support of the Ernst Schering Research Foundation and to
the active contributions of the participants. We had the pleasure to host
colleagues, who are experts in cytokine genetics, cytokine signaling and
skin immunology. At this workshop, sessions comprised: i) Proinflam-
matory cytokines beyond TNF as novel targets for psoriasis and other
immune diseases – lessons from first clinical trials, ii) Modulation of
cytokine expression by targeting APC, T-cells and their interactions,
iii) Cytokines and their pathways as novel targets for immune diseases
and, iv) Inhibition of cytokine signaling mechanisms. The proceedings
of the workshop are contained in this volume and we wish to take this
opportunity to thank the speakers and participants for their presentations
and lively contributions. We trust that the readers will share with us our
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enthusiasm and continued excitement in the developments coming out
of the field of cytokine research, which will open new avenues for the
therapy of inflammatory skin diseases and other immune disorders.

Robert Numerof
Charles A. Dinarello
Khusru Asadullah
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Abstract. We pioneered anticytokine therapy (ACT) for autoimmune diseases
(ADs). In 1974, we proposed that hyperproduced interferon (IFN) can bring AD
and anti-IFN can be therapeutic. In 1989, we proposed removing tumor necrosis
factor (TNF)-α together with certain types of IFN to treat various ADs. We found
IFN in patients with different ADs and conducted the first clinical trial of ACT
in 1975. Anti-IFN-γ and anti-TNF-α work in similar ways, but the latter brings
serious complications in some patients. We obtained good, sometimes striking,
therapeutic effects treating many different Th-1-mediated ADs with anti-IFN-γ,
including rheumatoid arthritis, multiple sclerosis (MS), corneal transplant rejec-
tion, and various autoimmune skin diseases such as psoriasis, alopecia areata,
vitiligo, acne vulgaris, and others. Anti-IFN-γ was in some ways superior to anti-
TNF-α, which was ineffective in MS. Anti-IFN-γ therapy holds great promise
for treating many Th-1 ADs, especially skin diseases.

1.1 Introduction

Anticytokine therapy was pioneered by S. Skurkovich, who in 1974
published in Nature the proposal that the hyperproduction of interferon
(IFN) (a cytokine) can bring autoimmune disease and that neutralization
of IFN could be therapeutic (Skurkovich et al. 1974). This proposal
was based on data describing the mechanism of IFN action (Skurkovich
et al.1973). It was postulated that IFN production was a part of the
immune response and that any disturbance of IFN production could lead
to immune system dysregulation and vice versa (Skurkovich et al. 1973,
1982). In other words, a disturbance of IFN synthesis can bring disease.
In 1975, IFN was found in the blood of autoimmune patients and the
first anticytokine therapy was tested (Skurkovich and Eremkina 1975).

Many years ago, it was proposed that anticytokine therapy could be
beneficial in treating a wide variety of autoimmune diseases and diseases
of supposed autoimmune genesis, in which disturbed IFN synthesis is
a common mechanism of pathology; these included prolongation of skin
allografts, collagenoses, rheumatism, hemolytic anemia, immune form
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of idiopathic thrombocytopenic purpura, eczemas, nephritis, myasthenia
gravis, Hashimoto disease, autoimmune diseases of the organs of sight
and hearing, multiple sclerosis, Menière’s disease, Parkinson’s disease,
pemphigus, schizophrenia and possibly some mental derangements, pso-
riasis and Crohn’s disease (Skurkovich et al. 1974, 1975, 1977, 1991).
This was considered a radical proposal at the time, but since then the
literature supporting use of anticytokine therapy as a universal treatment
in various Th-1-mediated autoimmune diseases has accumulated.

Studies in experimental rodent models of autoimmune diseases con-
firm the hypothesis of the role of IFN-γ in autoimmunity. In these
models, IFN-γ can trigger or exacerbate disease, as in thyroiditis, ante-
rior uveitis, and autoimmune neuritis (Kawakami et al. 1990; Egwuagu
et al. 1999; Hartung et al. 1990), and anti-IFN-γ can bring beneficial
results, such as in presenting type I diabetes (Debray-Sachs et al. 1991;
Nicoletti et al. 1997), and treating experimental autoimmune thyroiditis
(Tang et al. 1993),and neuritis (Tsai et al. 1991). The administration of
IFN-α and -γ to patients for the treatment of cancer and other diseases
has led to the triggering or exacerbation of a great variety of underly-
ing autoimmune diseases (Miossec 1997). It was also found that mice
deficient in the IFN-γ receptor are less susceptible to collagen-induced
arthritis (Kageyama et al. 1998). Thus, in the laboratory, research sup-
ports our hypothesis that disturbed IFN-γ production can lead to disease.
The central role of IFN-γ in the pathogenesis of many organ-specific
autoimmune diseases will be discussed below.

In 1989, it was clear that IFN-γ induces other cytokines, such as
TNF-α. We first proposed to remove TNF-α together with pH labile
IFN-α in autoimmune diseases and AIDS, which is also a disease with
autoimmune components (Skurkovich et al. 1989). (IFN-γ is pH la-
bile, while IFN-α is normally pH stable.) Now TNF-α antagonists have
been commercialized by several companies to treat several autoimmune
diseases, including rheumatoid arthritis, Crohn’s disease, and psoriasis.

Though we were the first to propose treating autoimmune patients
with anti-TNF-α, we have particularly investigated use of anti-IFN-γ;
at the same time we have compared the effectiveness of anti-IFN-γ and
anti-TNF-α in various autoimmune diseases. Our investigations have
shown that anti-IFN-γ may have clinical effects that are as good as and
sometimes superior to anti-TNF-α. Based on the differentiation of T
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helper cells into Th-1, Th-2, Th3, and Th0 subsets (Mosmann and Sad
1996), autoimmune and allergic diseases are sometimes distinguished
as Th-1 or Th-2 diseases, respectively, depending on whether they are
mediated by a polarization of T helper cells toward the Th-1 or Th-2 sub-
set. Organ-specific autoimmune diseases, considered here, are generally
characterized by the production of Th-1, or proinflammatory cytokines,
including IFN-γ, IL-2, TNF-β, and others. TNF-α is also considered
a proinflammatory cytokine.IFN-γ and TNF-α in many cases work syn-
ergistically and have many of the same effects.

Based on our hypothesis and accumulating data in the laboratory and
clinic supporting the importance of IFN-γ and TNF-α in the pathogen-
esis of Th-1-mediated conditions, we have clinically tested the use of
anticytokine therapy, in this case anti-IFN-γ and sometimes anti-TNF-α
antibodies, in the treatment of a broad range of these diseases. We
present here our data with particular attention to skin diseases. We also
will review the laboratory evidence supporting this approach.

1.2 Treatment of Th-1-Mediated Autoimmune Diseases

We conducted the first anti-IFN-γ therapy in Th-1-mediated diseases to-
gether with several clinics using a polyclonal anti-IFN-γ antibody (both
IgG and F(ab’)2 antibody fragments) and in some cases, for compari-
son, a polyclonal anti-TNF-α. The antibodies were given intramuscularly
once or twice daily for 5–6 days. Our studies include placebo-controlled,
double-blind studies in patients with rheumatoid arthritis unresponsive
to standard treatments (Sigidin et al. 2001) and in patients with secondary
progressive multiple sclerosis (Skurkovich et al. 2001). In addition, we
conducted smaller proof-of-principle studies in patients experiencing
corneal transplant rejection (Skurkovich et al. 2002a), in psoriatic arthri-
tis (Skurkovich et al. 1998), type I diabetes (Skurkovich et al. 2003a),
uveitis (Skurkovich et al. 2003b), juvenile rheumatoid arthritis, auky-
losing spondylitis and in several autoimmune skin diseases (Skurkovich
et al. 2002b).
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1.2.1 Rheumatoid Arthritis

An open-label study (23 patients) (Skurkovich et al. 1998) and subse-
quent double-blind, placebo-controlled studies (55 patients) of the use of
anti-IFN-γ compared to placebo and/or anti-TNF-α in patients with RA
demonstrated statistically significant improvement in the key symptoms
of the disease, using American College of Rheumatology (ACR) criteria
(Skurkovich et al. 1998; Sigidin et al. 2001; Lukina et al. 2003; Lukina
2004). In the controlled study, anti-IFN-γ was compared to a placebo as
well as to anti-TNF-α in patients followed for 28 days. Results demon-
strated that improvement with the use of anti-IFN-γ was as good as and
sometimes superior to anti-TNF-α with fewer side effects and higher
remission rates (Lukina 2004). Ultrasound data indicated significant re-
duction of swelling in the synovial joint membrane in the anti-IFN-γ
group only (Lukina et al. 2003).

Commercially available TNF-α antagonists have brought many seri-
ous complications, such as systemic lupus erythematosus, reactivation of
latent TB, liver problems, alopecia, lymphoma, and others (Michel et al.
2003; Cunnane et al. 2003; CDC 2004; Ettefagh et al. 2004; Hamilton
2004).

Giving IFN-γ to patients with rheumatoid arthritis has been tried
several times with varied results, including a positive effect, no effect,
and exacerbation of the arthritis in comparison to a placebo (Cannon
et al. 1993; Veys et al. 1997; Seitz et al. 1988). Given our positive results
with an anti-IFN-γ antibody, we speculate that positive results may be
due to a suppressive effect on IFN-γ production by the administration
of IFN-γ.

1.2.2 Multiple Sclerosis

Anti-IFN-γ and anti-TNF-α antibodies were also used in an open-label
study (22 patients), followed by a double-blind, placebo-controlled (45
patients) trial in patients with secondary progressive multiple sclerosis
in which patients were followed for 1 year (Skurkovich et al. 2001). In
the controlled trial, the group receiving anti-IFN-γ showed a significant
increase in the number of patients free of sustained EDSS (Expanded
Disability Status Scale) progression and in mean time without sustained
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EDSS progression as well as a significant increase in the number of
patients without gadolinium-enhancing lesions using magnetic reso-
nance imaging (MRI). No significant improvement was found using
anti-TNF-α, which confirms other studies in multiple sclerosis patients
in which anti-TNF-α was found ineffective (Lenercept Multiple Sclero-
sis Study Group 1999).

1.2.3 Corneal Transplant Rejection

Evidence supports the idea that reducing IFN-γ could have a benefi-
cial effect on corneal graft survival. For example, mice with immune
responses manipulated to respond preferentially toward a Th-2 pathway
experienced a sharp drop in the production of the Th-1 cytokine IFN-γ,
and a greater than 50% reduction in corneal graft rejection (Yamada
et al. 1999).

In our study of patients suffering corneal transplant rejection after
penetrating keratoplasty, 2–3 days after the start of a 6-day treatment
course in which eye drops were administered 3–4 days a time, trans-
plant transparency improved, and edema decreased in 10 of 13 patients
(Skurkovich et al. 2002a). At the end of week 1, the transplant be-
came almost fully transparent, eye inflammation disappeared, and visual
acuity improved. In the remaining three patients, additional treatment
courses were needed for comparable improvement. The improvement
was maintained through follow-up averaging of 7 months. Four patients
with corneal transplant rejection given anti-TNF-α also had comparable
positive results (Kasparov et al. 2004). We plan to test our approach in
transplant rejection of various organs using a monoclonal anti-IFN-γ or
anti-TNF-α, soluble receptors to IFN-γ or TNF-α or anti-CD20.

1.2.4 Type I Diabetes

In a small group of three type I diabetic patients, a single 6-day course
of anti-IFN-γ antibodies was associated with a rise in C-peptide levels,
a drop in blood glucose, and a reduction in the insulin dose (Skurkovich
et al. 2003a). Larger clinical studies are planned using a humanized
monoclonal antibody to IFN-γ, to TNF-α, and possibly both anti-IFN-γ
and anti-TNF-α together.
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1.2.5 Uveitis

In six patients with juvenile rheumatoid arthritis-associated uveitis, anti-
IFN-γ was found to be effective as an adjunct therapy in a comparison of
standard therapy plus anti-IFN-γ vs standard therapy alone (Skurkovich
et al. 2003b). In four of six patients, anti-IFN-γ when used with standard
therapy appeared to halve the duration of the acute period, decrease the
severity of symptoms during the acute period, and substantially increase
the length of remission in these patients compared to standard therapy
alone.

1.3 Treatment of Th-1-Mediated Autoimmune Skin Diseases
Using Anti-IFN-γ

We used anti-IFN-γ in patients with psoriasis vulgaris, alopecia areata,
vitiligo, acne vulgaris, and herpes simplex type 1, and plan to expand the
trials using a humanized monoclonal antibody. Trials are also planned
for testing the treatment in other Th-1-mediated skin diseases, including
seborrheic dermatitis, rosacea, oral lichen planus, and dermatophyto-
sis, which are discussed in the following sections. In most cases, we
used two methods of delivery of the antibody: intradermal injection
around the lesion and intramuscular administration. Thus, anti-IFN-γ
delivered to the lesion either IM or locally brought the same effect. We
believe anticytokine therapy, particularly the removal or inhibition of
IFN-γ and/or TNF-α and IL-1, may be a rational treatment for many
severe autoimmune skin diseases that do not respond to standard thera-
pies.

1.3.1 Psoriasis Vulgaris

We first proposed that anticytokine therapy could be beneficial in treat-
ing psoriasis in 1977 (Skurkovich et al. 1977). Recently in an open-label
clinical trial using anti-IFN-γ in patients with psoriasis vulgaris using
both intramuscular and intradermal injections, we observed very rapid,
sometimes striking responses. Seven patients who received IM injec-
tions of anti-IFN-γ experienced a very rapid reduction of the intensity
of the erythema, leading to the disappearance of papular infiltrates and,
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after a few weeks, clearing of the psoriatic plaques and complete re-
mission in four of the patients (see Fig. 1). Three who still had small
infiltrates on the legs were given UV treatments (200–500 nm wave-
length), after which two went into full remission and one completed
therapy with 80% reduction in plaques (Skurkovich et al. 2002b, 2002c,
2004a). In addition, three patients were given intradermal injections
of the antibody fragments (1 ml aliquoted into ten 0.1-ml injections)
daily for 7 days around the site and in the center of one lesion. The
improvement in these lesions followed a similar course as those of the
first seven patients with improvement in nearby untreated lesions noted
in some cases. Psoriasis also improved in one patient with psoriasis in
addition to type I diabetes when treated with anti-IFN-γ for the diabetes.
TNF-α antagonists are already used commercially for the treatment of
psoriasis but require caution because of possible infectious complica-
tions.

Psoriasis is now generally considered to be a Th-1-mediated autoim-
mune disease, with evidence implicating the proinflammatory cytokines
IFN-γ and TNF-α (Ozawa and Aiba 2004). IFN-γ has also been shown to
trigger psoriasis (Fierlbeck et al. 1990), and psoriatic epidermal T cells
produce and secrete IFN-γ within the lesion (Koga et al. 2002). The level
of IFN-γ in the sera of psoriasis patients has been found to positively
correlate with all indices of disease severity (Jacob et al. 2003).

Fig. 1. Eleven-year-old patient before treatment with anti-interferon-gamma
antibodies (left). Patient 14 days after start of treatment (right)
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1.3.2 Alopecia Areata

T-cell clones from alopecia lesions have been reported to release large
amounts of IFN-γ and/or TNF-α that downregulate epithelial cell pro-
liferation (Thein et al. 1997).

We obtained encouraging results using anti-IFN-γ in treating 16 pa-
tients (age 6–15 years) with AA in the progressive stage (Skurkovich
2002b, 2002c, 2003c, 2004b; Sharova 2003). Nine had patchy, progres-
sive disease (based on a positive hair pull test at the periphery of the
patches), five patients had 100% scalp hair loss, some with eyebrows
and/or eyelashes preserved, and two patients had patchy, stable hair
loss. Of the 16 patients treated, eight of the nine patients with patchy,
progressive hair loss stabilized after 3 days of therapy and showed no
additional hair loss. After 4–6 months, these patients showed partial,
but on-going (four patients) or full (four patients) terminal, i.e., fully
restored, hair-growth, including eyebrows and/or eyelashes, with one
having no response (see Fig. 2). By 6 months, only one of these patients
had any recurrence (one 1.5-cm lesion that appeared 5 months after

Fig. 2. Left: Fourteen-year-old patient with alopecia areata lasting 4.5 months
before intradermal treatment with anti-IFN-γ antibodies. Right: Patient 12 weeks
after start of treatment
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treatment), with the rest maintaining or continuing their improvement.
Of the five patients with 100% baldness, three had some limited terminal
hair growth; the other two showed only vellus hair or no response. Of
the two patients with stable but patchy hair loss, one showed complete
eyelash and eyebrow hair restoration but both showed no hair growth in
the scalp. The eight patients with progressive hair loss were followed
for 2 years with two recent relapses. The results support early interven-
tion as most effective in preventing progression to total hair loss. The
immediacy and high rate of response to the injections in progressive
cases argue against spontaneous remission of the disease as an explana-
tion for the improvement, but larger, controlled trials are planned using
a humanized monoclonal antibody.

Since our trial, more experimental evidence has strongly implicated
IFN-γ in the pathogenesis of AA. Researchers presenting results at the
Alopecia Workshop of the 4th Intercontinental Meeting of Hair Re-
search Societies in Berlin, induced AA in wild-type and IFN-γ knock-
out mice by grafting lesional AA skin from alopecia-affected mice.
The knockout mice were found to be resistant to the development of
AA compared to 90% of the wild-type mice, who developed alope-
cia. It was hypothesized that, with no IFN-γ produced, T-cells were
not activated in the knockout mice, confirming that IFN-γ may play
a key role in activating autoreactive T-cells (Freyschmidt-Paul 2004).
Alopecia areata (AA) is now discussed as an autoimmune disease of
the hair follicle, especially expressing the Th-1 cytokines interleukin-
1β, interleukin-2, and interferon-γ (Arca et al. 2004). Progressive AA
patients’ peripheral blood mononuclear cells display an increased per-
centage of activated T cells and IL-12 and IFN-γ expression (Zoller
et al. 2004), a phenomenon frequently observed in autoimmune diseases
(Chinon and Shearer 2003).

1.3.3 Vitiligo

Of four vitiligo patients who received intradermal injections around the
lesion, two responded with repigmentation in the treated area (Skurko-
vich et al. 2002b, 2002c, 2003c). In the other two patients, an additional
course of intramuscular injections led to a gradual diminishment of
the border between the depigmented area and normal skin. Vitiligo
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lesions also cleared up in a patient treated for AA with anti-IFN-γ.
As with psoriasis and alopecia, vitiligo is considered a Th-1-mediated
autoimmune disease. Perilesional T-cell clones derived from patients
with vitiligo show a predominant Th-1-like cytokine secretion profile
(Wankowicz-Kalinska et al. 2003), and vitiligo patients demonstrate
a statistically significant increase in the expression of IFN-γ in involved
and adjacent uninvolved skin (Grimes et al. 2004).

1.3.4 Acne Vulgaris

IFN-γ may play a central role in the immunopathogenesis of acne
(Mouser et al. 2003). The normal skin commensal bacterium Propi-
onibacterium acnes (P. acnes), which is implicated in the pathogenesis
of inflammatory acne, appears to stimulate a typical Th-1 response.
T cell lines from inflamed acne lesions were shown to proliferate in
response to P. acnes extract and expressed IFN-γ in response to P. acnes
stimulation (Mouser et al. 2003).

In a small study, patients with acne vulgaris with multiple infiltrated
pustules and elements on the cheeks or forehead were treated with
topical anti-IFN-γ. A wet gauze compress soaked with anti-IFN-γ in
liquid form was applied with mild pressure to the affected areas for
1 min, three times a day, for 4 days. By the 2nd day, nearly all pustular
elements had dried up with no fresh elements appearing. After 4 days
of treatment, the infiltrated elements remained but had paled in color. In
another patient, fresh pustules in smaller quantity than before appeared
on the 5th day after treatment. Further studies are warranted, and in
future, for severe acne, we plan to prepare a complex of anti-IFN-γ,
an antibiotic, and a retinoid and to test different methods of delivery,
including oral, topical, and parenteral.

1.3.5 Herpes Simplex Virus Type 1

Herpes simplex is a common virus affecting the skin, mucous mem-
branes, nervous system, and the eye. Herpes simplex type1 virus has been
found to induce certain autoimmune conditions. Autoreactive T cells
triggered by herpes simplex type 1 virus play an important role in the
pathogenesis of herpes-associated erythema multiforme (HAEM) (Aure-
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lian et al. 2003), in which IFN-γ is expressed in the lesions (Kokuba et al.
1999). Herpes stromal keratitis, an autoimmune disease characterized
by T-cell-dependent destruction of the corneal tissue, is thought to be
due to an epitope expressed by a coat protein of the herpes simplex virus
being recognized by autoreactive T cells that target corneal antigens in
a mouse model (Zhao et al. 1998). Herpes simplex virus type 1 lesions of
the mouth and lips may also be Th-1-mediated. In preliminary studies,
we found a close association between topical application of anti-IFN-γ
to herpes lesions and reduction in burning and pain in the lesion area.
Thus removal of IFN-γ or possibly TNF-α or IL-1 could be beneficial.

Patients with severe, chronic recurring herpes simplex on the lips
presenting with erythema and blisters unresponsive to standard treatment
were treated with an anti-IFN-γ-soaked gauze compress applied to the
lesions every 2 h for 1–2 min. After 3–3.5 h, the patients noted rapid
reduction of the burning and pain in the area of the lesion. After 2 days,
scabs formed, which quickly faded in 5 days. In future, different methods
of delivery, including topical (especially on the eyes), oral, and parenteral
will be tested.

1.4 Genetic Skin Diseases in Which Cytokines
May Be Involved

1.4.1 Dystrophic Epidermolysis Bullosa (DEB)

DEB is a genetic disease involving a defect in the gene for type VII col-
lagen (Gardella et al. 1996). However, it may also involve autoimmune
mechanisms in the period of mutation or afterward. IFN-γ could also
be involved by altering gene expression (Buntinx et al. 2004). Based
on evidence in the literature of immune system involvement and signs
of inflammation in a patient suffering severely from DEB, we treated
two cases with striking results. For example, in one case a 14-year-old
boy with DEB from birth was given a course of anti-IFN-γ antibodies
intramuscularly. Before treatment, his temperature was 39.2◦C. Skin on
the back of his neck, lower back, and upper and lower extremities was
covered with erosive, ulcerative lesions up to 15 cm in diameter with
pustular, hemorrhagic scabs. Around the lesions were painful areas of
hyperemia and swelling, on the mucous membranes of the mouth and
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genitals were erosive lesions, and nails were absent from the fingers
and toes. After the second injection of anti-IFN-γ, his temperature nor-
malized. On day 2 after the start of treatment, the pain, swelling, and
hyperemia around the ulcerative lesions at the back of the neck disap-
peared, as did signs of infectious damage to the skin on the back. By
day 5 of the treatment, the erosive lesions on the mucous membrane of
the mouth epithelialized. Seven days after the start of treatment, active
epithelialization of the ulcerative skin lesions was observed. The child
began to eat, his general sense of well-being significantly improved, and
his sleep normalized (Korotky et al. 2004).

Very low levels of IFN-γ, IL-1, and IL-2 have been found to be
produced in vitro by peripheral blood mononuclear cells from patients
with severe forms of EB (recessive dystrophic and dominant dystrophic)
as compared to sex- and age-matched controls (Chopra et al. 1992).
Low cytokine production in vitro is typical of autoimmune diseases
and may in those cases be due to exhaustion from overproduction of
these cytokines. In addition, persons with more severe forms of EB have
demonstrated significant reductions in natural-killer (NK) cell activity
(Tyring et al. 1989). Deficiencies in NK cells have been shown to be
associated with certain autoimmune diseases (Baxter and Smyth 2002).
This case brought us strong emotional satisfaction. In future, we plan
to test the treatment using humanized monoclonal antibodies to various
cytokines and anti-CD20.

1.5 Other Th-1-Mediated Skin Diseases in Which Testing
of Anticytokine Therapy Is Warranted

Other skin diseases that appear to involve a Th-1-mediated immune re-
sponse include seborrheic dermatitis (SD), rosacea, oral lichen planus,
and dermatophytosis. SD has upregulated expression of proinflamma-
tory cytokines in skin biopsies of SD lesions (Molinero et al. 2003).
T-cell subsets are also found in the dermal infiltrates of rosacea lesions
(Rufli and Buchner 1984), and IFN-γ-producing cells are found in der-
matophytosis (Koga et al. 2001). In oral lichen planus, mononuclear
cells express IFN-γ in the superficial lamina propria (Khan et al. 2003).
Our near-term goal is to test anticytokine therapy in these conditions.
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1.6 Beneficial Effect of Anti-IFN-γ in Possibly
Non-Th-1-Mediated Skin Diseases

1.6.1 Herpes Simplex Virus Type 2

IFN is generally known to prevent viral replication. Recurrent herpes
simplex virus type 2 genital lesions, on the other hand, may be a special
case in which dysregulated production of IFN-γ appears to exert a patho-
logical effect on the organism by paradoxically helping the virus survive
or replicate (Singh et al. 2003). We have proposed that some viruses may
belong to a special category in which IFNs or TNF-α production is dys-
regulated, and in some cases these cytokines may help sustain the virus
(Skurkovich et al. 1987). In this category may belong oncogenic viruses,
the HIV, rubella virus, papillomavirus, possibly certain other viruses and
bacteria, and some chemical agents. Herpes simplex virus type 2 may
also belong in this class. IFN-γ may also directly damage cells in this
disease. Thus, removal of IFN-γ, TNF-α, or IL-1 may help destroy the
viruses or other agents sustained by these cytokines and ameliorate the
condition. We have very preliminary positive data from the topical ap-
plication of anti-IFN-γ in a patient with a herpes simplex virus type 2
lesion. Pain was immediately relieved upon application of the antibody,
and the skin began to quickly epithelialize. Further studies using anti-
IFN-γ need to be undertaken to confirm this very preliminary finding
and in addition to test topical use of antibodies to TNF-α and IL-1 in dif-
ferent combinations in this condition. Parenteral and oral administration
of a special form of the preparation should also be tested.

1.7 Skin Diseases Involving Th-1/Th-2 Cytokines

Atopic dermatitis is a disease in which Th-1 and Th-2 cytokines are
involved depending on the phase of the disease. IFN-γ-positive cells are
predominant in the skin lesions. In the initiation phase, IL-4 production
by Th-2 and Th-0 cells is predominant over IFN-γ production by Th-1
cells, while in the late and chronic phase, the situation is reversed with
IFN-γ production dominant over IL-4, IL-5, and IL-13 production by
Th-2 and Th-0 cells (Thepen et al. 1996). Thus, in the initiation phase,
antibodies to IL-4, IL-5, and IL-13 alone or in combination could be
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beneficial while use of anti-IFN-γ may be rational in the later phase
of this disease. According to the literature, anti-TNF-α therapy has,
however, triggered atopic dermatitis (Mangge et al. 2003). In this case,
the anti-TNF-α may have been administered during the wrong phase
for such treatment. Blocking Th-2 cytokines may be beneficial in the
initiation phase.

1.8 Discussion

IFN-γ is a cytokine released mainly by certain T cells and natural killer
cells. It drives the immune response by directing CD4+ T cells toward
a Th-1 phenotype, activating macrophages to kill pathogens, enhancing
or inducing MHC class I and class II molecules and stimulating B cells
to mature and secret antibodies (Snapper 1996). In many autoimmune
diseases, IFN-γ appears to play a key role in activating autoreactive
T cells (Buntinx et al. 2002). Thus different clinical manifestations of
these diseases may depend on the cell territory in which these cytokines
are hyperproduced (Skurkovich et al. 1994). High levels of IFN-γ or
IFN-γ-producing T cells compared to controls have been found in the
disease sites of many Th-1 autoimmune diseases, such as in the synovial
fluid in rheumatoid arthritis (Canete et al. 2000), in the cerebrospinal
fluid and plaques in multiple sclerosis (Woodroofe and Cuzner 1993;
Traugott and Lebon 1988), in the aqueous humor and corneal infiltrating
cells in cases of corneal transplant rejection (Yamagami et al. 1998), in
the islet β cells in type I diabetes (von Herrath and Oldstone 1997),
in the ocular cells in uveitis (Whitcup et al. 1992), and in the lesions
of various autoimmune skin diseases, such as psoriasis (Barker et al.
1991), vitiligo (Grimes et al. 2004), and acne (Mouser et al. 2003).
Though the exact mechanism of autoimmunity is not well understood,
evidence is rapidly accumulating that IFN-γ, IFN-α, and TNF-α may not
only participate in the disease process but also directly increase disease
progression. As mentioned, we first found circulating IFNs in patients
with various autoimmune diseases (Skurkovich et al. 1975). In humans,
IFN-γ can, for example, trigger or exacerbate multiple sclerosis (Panitch
et al. 1987), rheumatoid arthritis (Seitz et al. 1988), psoriasis (Fierlbeck
et al. 1990), and others. IFN-α can also induce underlying autoimmune
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diseases, including autoimmune thyroid disease (Murakami et al. 1999),
type I diabetes (Fabris et al. 1998), and rheumatoid arthritis (Pittau et al.
1997). In multiple sclerosis, evidence points to IFN-γ as having a direct
role in inducing central nervous system demyelination (Horwitz et al.
1997). IFN-γ in chronic high levels may set in motion the autoimmune
process. Some pathological action is mediated by the induction by IFN-γ
of nitric oxide synthetase, which produces nitric oxide (NO), which can
cause neurodegeneration (Moncada et al. 1991). NO is produced in large
amounts by activated macrophages in response to high levels of IFN-γ
acting synergistically with other cytokines such as TNF-α and IL-1, in
whose induction IFN-γ participates (Goodwin et al. 1995). NO damages
melanocytes in vitiligo (Rocha and Guillo 2001) and β cells in diabetes
(Thomas et al. 2002).

Certain endogenous and exogenous factors (genetic, viruses, bac-
teria, fungi, in some cases sex hormones, parasites, and others) may
be involved in the initiation of autoimmune diseases and may induce
IFN-γ. Scientists have implicated Epstein-Barr virus, mycobacteria, Pro-
teus, and Escheria coli, for example, in the pathogenesis of rheumatoid
arthritis (Harrison and McColl 1998). Human endogenous retroviruses
(HERV) have been found in patients with multiple sclerosis (Christensen
et al. 2001) and schizophrenia (Karlsson et al. 2001). Coxsackie viruses
may help bring about type I diabetes (Harrison and McColl 1998). Cer-
tain pediatric autoimmune neuropsychiatric diseases are associated with
streptococcus (PANDAS), including obsessive-compulsive disorder and
Tourette’s syndrome (Snider and Swedo 2003). A protein of Group A
β-hemolytic streptococci has been implicated in psoriasis (Prinz 1997).
Certain other skin diseases also appear to be associated with particu-
lar viruses, bacteria, fungi, possibly parasites, and sex hormones that
may induce Th-1 cytokines. As mentioned, IFN-γ, TNF-α, and Th-1-
positive cells or mRNA expression of IFN-γ and other Th-1 cytokines
are found in skin lesions of autoimmune skin diseases, such as alopecia,
psoriasis, and vitiligo. P. acnes, implicated in acne, when injected into
horses, increases IFN-γ expression (Davis et al. 2003). Sex hormones
also act in acne, possibly as inducers of IFN-γ. Since estrogen upregu-
lates IFN-γ production (Karpuzoglu-Sahin et al. 2001), hormones may
act together with P. acnes to increase IFN-γ production. It is possible
to consider acne a temporary autoimmune condition that may depend
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in part on the effects of high levels of sex hormones in such periods as
adolescence, the premenstural period, and pregnancy. SD is associated
with the fungus Pityrosporum ovale (Malassezia furfur) (Faergemann
et al. 1996). IFN-γ has been implicated in SD through the detection
of IFN-γ induced protein 10 (IP-10) in keratinocytes in biopsies of SD
lesions (Smoller et al. 1990). Antimycotics or antibiotics are effective to
some extent in SD (Reichrath 2004), possibly because by removing the
fungus, one removes the possible inducer of proinflammatory cytokine
production. IFN-γ-positive cells are also present in the skin lesions of
dermatophytosis (Koga et al. 2001), and in rosacea T-cell subsets in the
dermal infiltrates of lesions are frequently associated with the parasite
Demodex folliculorum (Rufli and Buchner 1984). Though there is lit-
tle research on this parasite as an inducer of proinflammatory cytokines,
chronic dermatitis was found associated with large numbers of Demodex
ectoparasites, and pronounced CD4 and CD8 T-cell infiltrates in the der-
mis and lymphadenopathy associated with increased IFN-γ and IL-12
expression were observed (Liu et al. 2004).

Drugs that have some positive effect in certain skin diseases inhibit
proinflammatory cytokines IFN-γ and/or TNF-α, which may be behind
the effective action of these drugs. Acne and psoriasis respond to vita-
min A, which inhibits IFN-γ release by peripheral blood mononuclear
cells (Wauben-Penris et al. 1998). The drug pimecrolimus, used to treat
atopic dermatitis and psoriasis, also inhibits synthesis of IFN-γ and
TNF-α (Wolff and Stuetz 2004). Topical tacrolimus, effective in bring-
ing about repigmentation in vitiligo, appears to work by suppressing
TNF-α production (Grimes et al. 2004). In a psoriasis mouse model,
mechlorethamine, a drug that inhibits IFN-γ, TNF-α/β, and IL-12, in-
hibited psoriasis (Tang et al. 2003). Certain natural factors may help to
stabilize IFN-γ production, such as vitamins A and D (Cippitelli and
Santoni 1998; Muller and Bendtzen 1996). This action of vitamin D
may be an important factor in multiple sclerosis, in which a gradient
of increasing prevalence with increasing latitude has been observed;
the lower prevalence in southern climates is attributed to an ultra-violet
radiation-induced increase in serum vitamin D levels, which may have
a protective effect (Ponsonby et al. 2002). Normal intake of vitamins,
minerals and microelements from food possibly helps maintain the bal-
ance between Th-1 and Th-2 cytokine production – possibly one of the
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functions of vitamins in the human and other living organisms (Albers
et al. 2003). This suggests specific targeting of IFN-γ or TNF-α, and
IL-1 may have an even stronger, positive effect in treating these diseases.

Thus, IFN-γ plays a fundamental role in the regulation of the metab-
olism and immunological status of cells in a healthy state. A disturbed
IFN-γ production with hyperproduced IFN-γ is found in different sites in
the organism and can bring many somatic and neuropsychiatric diseases.
In healthy people, IFN-γ is not found in the blood. The disturbance of
IFN-α production in addition to other pathological actions may, as we
have hypothesized before (Skurkovich et al. 1993, 1994, 1998, 2002d),
also play a key role in the development of the autoantigen and the
autoantigen complex. We have proposed that possibly, besides IFN-α,
IFN-γ may play a similar role (Skurkovich et al. 2002d). There may
exist more than one type of IFN connected with antigen stimulation, as
was suggested before (Skurkovich et al. 1998). Possibly some groups of
autoimmune diseases are connected with a special or defective type of
IFN-γ or an altered IFN-γ pathway. There may also be cases in which
cytokines are hypoproduced, which could also lead to disturbances in
health. Every change in the production of IFN-γ and other cytokines can
lead to pathology, but in particular to autoimmune conditions, including
a temporary autoimmune condition. The main goal for rational treatment
of Th-1-, Th-2-, and combined Th-1/Th-2-mediated diseases is to return
the organism to homeostasis or a Th-1–Th-2 balance by suppressing
or removing the hyperproduced cytokines with the help of antibodies,
soluble receptors, vitamins, minerals and microelements, and different
agents that suppress cytokine synthesis.

In conclusion, Th-1-mediated autoimmune diseases share certain
characteristics. First, anti-IFN-γ or anti-TNF-α may generally be univer-
sal treatments for Th-1 autoimmune diseases, particularly skin diseases.
Second, every Th-1 autoimmune disease develops through a pathologi-
cal immune cascade. In general, removing one member of the cascade
can have some therapeutic effect. Third, all autoimmune diseases de-
velop with a reduced ability of the mononuclear cells to induce in vitro
IFN-γ in response to stimulation. Fourth, deficiencies in natural killer
cells are associated with autoimmune disease (Oikawa et al. 2003; Bax-
ter and Smyth 2002). Fifth, in general autoimmune diseases are chronic,
but in some cases can be temporary.
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In autoimmune diseases, cytokines are often hyperproduced at the
pathological site and then circulate in the blood, though finding cytokines
in the blood is not always possible.

According to our investigations, anticytokine therapy holds great
promise for treating many diseases, especially skin diseases. As de-
scribed, we had good, sometimes striking, results with anti-IFN-γ and
will continue testing this approach with other skin diseases. In our opin-
ion, most skin diseases have a Th-1, Th-2, or Th-1/Th-2 genesis, and
we feel our research, which introduced anticytokine therapy in 1974
(Skurkovich et al. 1974, 1989), will contribute to the understanding and
treatment of these diseases. In this article, we have not discussed other
cytokines besides IFN-γ, TNF-α, and IL-1 because of limited space and
because we think these cytokines are most involved in the development
of Th-1 autoimmune diseases.
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Abstract. Targeting TNFα provided proof of concept for the role of pro-
inflammatory cytokines in promoting cutaneous inflammation, particularly pso-
riasis. Recent studies have elucidated the presence of numerous cytokine and
chemokine activities in psoriatic skin and synovium. There is considerable in-
terest in the potential of such activities as novel therapeutic targets. IL-15 is
an innate response cytokine that activates leukocyte subsets via binding to its
unique IL-15Rα and shared β and γ chain receptors. IL-15 promotes T cell
memory and sustains local T cell activation, in part via prevention of apoptosis
and mediates activation of monocytes, neutrophils and NK cells. IL-15 is up-
regulated in psoriatic skin and psoriatic arthritis synovium. IL-15 blockade in
a murine model of psoriasis led to marked suppression of typical psoriatic skin
features. Clinical intervention in other chronic inflammatory disease states is
now ongoing with encouraging early efficacy, raising the possibility for the first
time of targeting this novel inflammatory moiety in psoriasis.
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2.1 Introduction

Psoriasis is characterised by chronic cutaneous inflammation in up to
3% of the population. A variable proportion (8%–35%) of such patients
develop articular involvement that in turn exhibits a clinical spectrum
including dactyilits, synovitis, enthesitis, spondyloarthritis and arthritis
mutilans. Topical and systemic immune modulatory agents used in var-
ious protocols form the current therapeutic state-of-the-art dependent
upon disease severity and treatment resistance. The utility of thera-
peutic neutralisation of single cytokines in chronic inflammatory and
autoimmune diseases has been unequivocally demonstrated in the suc-
cess of biologic agents such as etanercept and infliximab. These agents
target TNFα and have proven efficacy now across a range of diseases
including rheumatoid arthritis, inflammatory bowel disease and uveitis
(Taylor et al. 2001). Recent studies suggest that TNFα blockade is ef-
ficacious in psoriasis with remarkable responses detected via a number
of clinical outcome measures in a substantial proportion of patients
(Chaudhari et al. 2001; Leonardi et al. 2003). Similarly, improvements
in articular disease in psoriatic arthritis is observed with etanercept and
infliximab, and importantly the rate of articular destruction assessed
by radiographic progression appears retarded, or arrested in some pa-
tients (Mease et al. 2000). Disease, however, recurs on discontinuation
of therapy and partial or nonresponders remain problematic. In other
inflammatory diseases, response rates may be improved with combi-
nation of methotrexate and/or treatment earlier in the disease course
(Taylor et al. 2001; Klareskog et al. 2004). At present, it is uncertain
whether combination therapies, revised dose schedules or indeed thera-
peutic strategies will be required to improve on existing response rates
in psoriasis. It is clear, however, that there remains unmet clinical need.
In particular, there is a critical requirement for agents that might not
only suppress inflammation but also promote long-term recovery of pe-
ripheral tolerance and thereby disease remission, eventually achieved by
‘drug-free’ means.

Vital lessons have been learned in the therapeutic targeting of TNFα

and of additional cytokines, particularly IL-1. Since single cytokine
blockade can be successful despite the well-recognised functional over-
lap and pleiotropy of many described pro-inflammatory cytokines, this
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speaks to synergy whereby some cytokines may operate as ‘keystones’ or
‘critical checkpoints’ in the inflammatory cascade. Moreover, there ap-
pears to be an achievable therapeutic window in which critical immune
suppression can be avoided whilst therapeutic response is achieved.
A model has recently emerged that provides for rational choice of cy-
tokines as targets. Cytokine expression should be examined in the tissue
of interest in which functional bioactivities may be defined. There-
after cytokines may be targeted in rodent models believed to reflect
some component of human disease activity. Finally proof of concept
trials may provide necessary data prior to continuing with appropriately
powered placebo-controlled clinical trials. Pitfalls are evident in this
approach, e.g. the relative disappointment of IL-1 blockade in humans
relative to animal model studies. Nevertheless, this approach provides
a useful basis upon which to discuss cytokine activities proposed as
potential targets in chronic inflammatory diseases. This chapter will
describe the basic biology of interleukin-15, an innate response cy-
tokine that exhibits broad functional pleiotropy and that has been im-
plicated in inflammatory dermatoses and malignancies. Thereafter it
will describe current understanding of the role played by IL-15 in au-
toimmunity. Finally, it will describe our current understanding of the
biology of IL-15 in the context of psoriatic inflammation in skin and
joints.

2.2 Interleukin-15

2.2.1 Basic Biology

IL-15 was simultaneously described by Grabstein et al. and by Wald-
mann et al. in 1994. IL-15 (14–15 kDa) is a 4-α helix cytokine with
structural similarities to IL-2 (Grabstein et al. 1994; Bamford et al.
1994). IL-15 mRNA is found in numerous normal human tissues and
cell types, including activated monocytes, dendritic cells and fibrob-
lasts (reviewed in Waldmann et al. 1999). Protein expression is more
restricted, reflecting tight regulatory control of translation and secretion.
IL-15 is subject to significant post-transcriptional regulation via 5′UTR
AUG triplets, 3′ regulatory elements and a further putative C-terminus
region regulatory site. Two isoforms of IL-15 with altered glycosylation
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are described – a long signalling peptide form (48-αα), which is secreted
from the cell, and a short signalling peptide (21–αα) form, which remains
intracellular, localised to nonendoplasmic regions in both cytoplasmic
and nuclear compartments (Waldmann et al. 1999). Cell membrane ex-
pression may be crucial in mediating extracellular function rather than
secretion and in part explains the difficulty in detecting soluble IL-15 in
biologic systems.

IL-15 functions via a widely distributed heterotrimeric receptor (IL-
15R) that consists of a β-chain (shared with IL-2) and common γ-
chain, together with a unique α-chain (IL-15α) that in turn exists in
eight isoforms (Waldmann 1999). This structure-function relationship
has now been defined – IL-15 binds IL-15Rα via regions in the B helix
and the C helix. A further region in the D-helix is involved in function but
not α chain binding and presumably accounts for βγ chain interactions
(Bernard et al. 2004). Of interest peptides generated in these studies
offer potent inhibitory and agonistic IL-15 modulatory potential. The
IL-15 receptor complex may form in cis or trans orientation allowing for
receptor component sharing between adjacent cells (Dubois et al. 2002).
Like IL-2, the IL-15Rαβγ complex signals through JAK1/3 and STAT3/5
(Giri et al. 1995; Waldmann et al. 1998). Additional signalling through
src-related tyrosine kinases and Ras/Raf/MAPK to fos/jun activation
is also proposed. High affinity (1011M−1) with slow off-rate makes
IL-15Rα in soluble form a useful and specific inhibitor in biologic
systems. Recently, a native soluble IL-15Rα has been identified that is
present in plasma and is generated via proteolytic cleavage of membrane-
expressed IL-15Rα by a matrix metalloproteinase (Mortier et al. 2004).
Such cleavage occurs in part through activity of TACE (Budagian et al.
1994a). The natural sIL-15Rα has high affinity for native IL-15, and is
capable of inhibiting IL-15 binding to membrane receptor, preventing
effector cell function including proliferation. Whether such soluble IL-
15Rα can contribute to receptor complex formation is unclear at this
time.

Several intriguing recent observations suggest that IL-15 can func-
tion as a signalling molecule itself. Thus, membrane IL-15 exists as
a membrane-bound moiety that is not dependent upon the presence of
IL-15Rα. Such IL-15 was capable of promoting cytokine release in
monocytes (Budagian et al. 2004b) and increased monocyte adhesion
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via the small molecular weight Rho-GTPase Rac3 (Neely et al. 2004).
Several data suggest involvement also of MAPK pathways including
erk1/2 and p38. Intriguing parallel analysis of the structure of IL-15LSP
with TNFα reveals striking similarities in the presence of predicted
transmembrane and cytoplasmic domains for both cytokines, suggest-
ing that functional relationships for IL-15 may lie closer to TNFα than
IL-2 (Budagian et al. 2004b).

2.2.2 Immunologic Activities of IL-15

Commensurate with the broad expression of IL-15R, diverse pro-inflam-
matory activities have been attributed to IL-15. Effects on natural killer
(NK) and T cells are most prominent. IL-15 induces proliferation of
mitogen-activated CD4+ and CD8+ T cells, T-cell clones and γδ T cells,
with release of soluble IL-2Rα, and enhances cytotoxicity both in CD8+
T cells and lymphokine-activated killer cells (Grabstein et al. 1994;
Bamford et al. 1994; Nishimura et al. 1996: Treiber-Held et al. 1996).
CD69 expression is upregulated on CD45RO+ but not CD45RA+ T-cell
subsets, consistent with the distribution of IL-2Rβ expression (Kanegane
and Tosato 1996). IL-15 also induces NK cell activation, measured
either by direct cytotoxicity, antibody-dependent cellular cytotoxicity or
production of cytokines. It has been directly implicated in promoting NK
cell mediated shock in mice. Moreover, IL-15 is implicated in thymic
development of T cell and, particularly, NK cell lineages. IL-15 likely
also functions as an NK cell survival factor in vivo by maintaining Bcl-2
expression (reviewed by Fehniger and Caligiuri 2001).

IL-15 exhibits T-cell chemokinetic activity and induces adhesion
molecule (e.g. intercellular adhesion molecule [ICAM]-3) redistribu-
tion (Wilkinson and Liew 1995; Nieto et al. 1996). It further induces
chemokine (CC-, CXC- and C-type) and chemokine receptor (CC but
not CXC) expression on T cells (Perera and Waldmann 1999). Thus,
IL-15 can recruit T cells and, thereafter, modify homo- or heterotypic
cell–cell interactions within inflammatory sites. Whether IL-15 preju-
dices T helper 1 (Th1) or Th2 differentiation in addition to recruitment
is controversial. IL-15 primes naive CD4+ T cells from TCR-transgenic
mice for subsequent IFNγ expression, but not IL-4 production (Seder
1996). Antigen-specific responses in T cells from human immunod-
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eficiency virus-infected patients in the presence of high-dose IL-15
exhibit increased IFNγ production, particularly if IL-12 is relatively
deficient (Seder et al. 1995). Similarly, IL-15 induces IFNγ/IL-4 ra-
tios which favour Th1 dominance in mitogen-stimulated human T cells.
However, IL-15 induces IL-5 production from allergen-specific human
T-cell clones, implying a positive role in Th2-mediated allergic responses
(Mori et al. 1996). Moreover, administration of soluble IL-15-IgG2b fu-
sion protein in murine hypersensitivity models clearly implicates IL-15
in Th2 lesion development (Ruckert et al. 1998). Thus, through its func-
tion as a T-cell growth factor, IL-15 can probably sustain either Th1 or
Th2 polarisation.

IL-15 mediates potent effects beyond T/NK cell biology. It promotes
B-cell proliferation and immunoglobulin synthesis in vitro, in com-
bination either with CD40 ligand (CD40L), or immobilised anti-IgM
(Armitage et al. 1995). IL-15 has also been proposed as an autocrine reg-
ulator of macrophage activation, such that low levels of IL-15 suppress,
whereas higher levels enhance pro-inflammatory monokine production
(Alleva et al. 1997). Moreover, since human macrophages constitutively
express bioactive membrane-bound IL-15, such autocrine effects are
likely of early importance during macrophage activation (Musso et al.
1999). Similarly, neutrophils express IL-15Rα, and IL-15 can induce
neutrophil activation, cytoskeletal rearrangement and protection from
apoptosis (Girard et al. 1998). IL-15 has been proposed to promote
angiogenesis and amplify fibroblast function via reversal of apoptosis.
Finally, addition of IL-15 to rat bone marrow cultures induces osteoclast
development and upregulates calcitonin receptor expression (Ogata et al.
1999).

IL-15 apparently represents a mechanism whereby host tissues can
contribute to the early phase of immune responses, providing enhance-
ment of polymorphonuclear and NK-cell responses, and subsequently
T-cell responses, prior to optimal IL-2 production. The corollary to such
pleiotropic activity may be a propensity to chronic, rather than self-
limiting, inflammation should IL-15 synthesis be aberrantly regulated.
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2.3 IL-15 in Chronic Inflammation

The foregoing description clearly renders IL-15 an intriguing candidate
in the context of chronic inflammation. This has now been tested in
a number of chronic inflammatory disease states (Table 1). Although
expression data pertain to many of these diseases, most functional char-
acterisation has been performed in inflammatory arthritis. We and other
groups identified IL-15 and IL-15Rα expression at mRNA and protein
levels in inflamed synovium and in peripheral blood from patients with
RA (McInnes et al. 1997, 2003). Recently, IL-15 serum expression has
been shown to rise progressively with RA disease duration (Gonzalez-
Alvaro et al. 2003)]. IL-15 levels are also higher in juvenile idiopathic
arthritis and correlate with CRP. IL-15 expression is also reported in RA
nodule tissues together with a predominantly Th1 cytokine milieu (Hes-
sian et al. 2003). It is clear therefore that IL-15 is expressed at the site
of pathology. The functional importance of IL-15 in inflammatory syn-
ovitis is now established. IL-15 enhances synovial T cell proliferation,
cytokine release, and optimises cognate interactions between T cells
and macrophages that in turn lead to local monokine release including
TNFα (McInnes et al. 2000). Additional effects on RA synovial fluid
neutrophil activation, synovial NK cell granule release and fibroblast

Table 1. Targeting IL-15 in human disease

Effector function Disease state

Enhance immune function Human immunodeficiency virus
Neoplastic disease

Suppress immune function Transplantation
Rheumatoid arthritis
Psoriasis
Psoriatic arthritis
Inflammatory bowel disease
Uveitis
Sarcoidosis

Modify leukocyte growth Lymphoma
Haemopoietic disorders
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apoptosis, proliferation and endothelial cell activation/migration have
also been reported (reviewed in McInnes et al. 2003). High levels of
serum cytokines including IL-15 correlate with T cell responses to type
II collagen (CII) in vitro. In addition, CII-driven T cell/synovial fibrob-
last cross-talk amplified the release of IL-15, IL-17 and IFNγ via cell
contact and CD40-dependent pathways (Cho et al. 2004). Moreover, IL-
15 and TNF together promote expression of NKG2D on CD4+ CD28−
RA T cells that in turn were stimulated by synoviocyte expression of
MIC ligands of NKG2D. IL-15 thereby opposes the effects of native
regulators of this pathway and provides a potential route to enhanced
autoreactivity (Groh et al. 2003).

Several approaches are in development to inhibit IL-15 in arthritis in-
cluding neutralising monoclonal antibody, mutant IL-15:Fc fusion pro-
tein and soluble forms of the IL-15Rα (Table 2). A fully human antibody,
HuMax-IL15 (Genmab A/C; antibody now termed AMG714) has been
developed that is capable of binding not only soluble but also membrane-
bound IL-15. AMG714 binds IL-15Rα-bound IL-15 and in vitro, effec-
tively neutralises IL-15-mediated lymphocyte reversal of apoptosis and
pro-inflammatory cytokine release. AMG714 is currently in phase I and
II clinical trials in patients with active RA. Preliminary data indicate
that this agent, administered by sc injection, is well tolerated in patients
and when given weekly for 4 weeks produces encouraging ACR20 and
ACR50 responses (Baslund et al., OP0008; EULAR 2003, Ann Rheum
Dis 2003). However, the study design did not include a placebo agent
throughout and so caution should be exercised in interpreting these data.

Table 2. Agents designed to modify IL-15 function

Enhance immune function Recombinant IL-15

Suppress immune function Anti-IL-15 (AMG714) antibody
Soluble IL-15 receptor α

IL-15:Fc mutant (CRB-15)
Anti-IL-2/15 receptor β antibody
Signalling molecular targets

JAK3
STAT3/5
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In vivo targeting of IL-15 demonstrates that rodent CIA can be effec-
tively ameliorated using soluble IL-15Rα. Treated DBA/1 mice exhibit
reduced inflammation and suppression of histologic articular destruction
(Ruchatz et al. 1998). We recently conducted a pilot study in collagen-
induced arthritis in cynomolgus monkeys with sIL-15Rα and demon-
strated reduction in CRP with suggestive effects on swollen joint count
(unpublished data). This approach has not, however, been taken at this
stage to human trials. A further intriguing possibility is the use of an IL-
15:Fc fusion protein in which the IL-15 component is mutated to form
a competitive antagonist. This moiety (designated CRB-15) suppresses
delayed-type hypersensitivity in rodent models and delays cardiac trans-
plant rejection (Kim et al. 1998; Ferrari-Lacraz et al. 2001). Thus, IL-15
clearly exhibits a suggestive bioactivity profile, is expressed in RA syn-
ovial tissues, is tractable in arthritis models and in early clinical trials
shows promise as a target. It is clearly important to test the effect of
IL-15 neutralisation in appropriately powered phase II clinical trials –
such data will be available in the near future.

IL-15 function has been tested across a range of inflammatory con-
ditions including pulmonary inflammation in which it is unlikely to
represent a target in asthmatic conditions, but may offer promise in
sarcoidosis or even COPD (reviewed in McInnes and Gracie 2004).
Beneficial effects have been reported in models of diabetes and in trans-
plantation across minor and major MHC incompatibility, in the latter
utilised with either anti-CD4 or agonistic IL-2 and rapamycin (Zheng
et al. 2003).

2.4 IL-15 in Psoriasis and Psoriatic Arthritis

IL-15 exhibits a plausible bioactivity profile in skin inflammation and
has been detected in high levels in a range of inflammatory dermatoses.
Thus, keratinocytes express both IL-15 and IL-15Rα, suggesting a role
in autocrine regulation of keratinocytes in dermal inflammatory re-
sponses (Ruckert et al. 2000). Dermal IL-15 is upregulated by UVB
irradiation and overexpression is associated with cutaneous malignancy
(Mohamadzadeh et al. 1995). IL-15 has also been reported in bullous
lesions, post-burn injury and in chronic cutaneous infection (Ameglio
et al. 1999; Castagnoli et al. 1999). Whereas reduced levels are reported
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in atopic dermatitis that has been associated with propensity to enhanced
Th2-mediated inflammation, increased IL-15 expression is consistently
reported in psoriatic lesions (Ruckert et al. 2000; Ong et al. 2002). Pso-
riatic dermal pathology is characterised by local T cell, macrophage
and neutrophil infiltration and activation, angiogenesis and epidermal
hyperplasia, all features to which IL-15 may plausibly contribute. Prior
studies associated dermal IL-15 with reduction in keratinocyte apopto-
sis together with promotion of T cell activation (Ruckert et al. 2000).
Further insight as to the mechanisms whereby IL-15 mediates such ef-
fects emerged using the keratinocyte cell line HaCaT (Yano et al. 2003).
IL-15-enhanced HaCaT proliferation was sensitive to addition of the
MEK inhibitor U0126 or PI3-K inhibitor, LY294002. Erk1/2 and Akt
phosphorylation, but not JNK, p38, STAT1 or STAT3, were observed in
IL-15-treated epidermal cells and UVB-induced apoptosis was reversed.
These data suggest that IL-15-mediated rescue from apoptosis previ-
ously observed in T cells could operate to promote epidermal prolifera-
tion in psoriasis. Complex interactions between T cells and keratinocytes
mediated via cytokine networks including the Fas/FasL pathways have
been proposed (Arnold et al. 1999). Similarly, direct IL-15-dependent
interactions between skin fibroblasts and T cells have been proposed
whereby TNF-exposed dermal fibroblasts upregulate membrane IL-15
to thereby activate adjacent T cells and suppress their apoptosis (Rappl
et al. 2001). Thus TNFα and IL-15 cross-regulation of local inflamma-
tion is likely.

We extended these studies in an arthroscopic study of synovial mem-
branes obtained prior to and after methotrexate therapy for 3 months.
These studies showed that IL-15 mRNA and protein were modified but
not abrogated by methotrexate treatment, raising the possibility that
IL-15 targeting together with methotrexate might be reasonable (Kane
et al., personal communication).

In vivo data suggesting a role for IL-15 first emerged in the psori-
asis SCID model. A psoriatic patient derived CD94+/CD161+ T cell
line injected into prepsoriatic skin engrafted on SCID mice induced
development of psoriaform lesions characterised by local cytokine pro-
duction. This cytokine network was of Th1 phenoytpe and predominated
by IFNγ and IL-15 expression (Nickoloff et al. 2000). Definitive pre-
clinical evidence for a pro-inflammatory role for IL-15 in psoriasis was
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subsequently derived using a human anti-IL-15 monoclonal antibody
(146B7, Humax-IL15 above, now termed AMG714) raised in a human
immunoglobulin transgenic in a xenograft murine model (Villadsen et al.
2003). AMG714 bound IL-15Rα that was in turn bound to IL-15 and
in vitro, effectively neutralised IL-15-mediated lymphocyte reversal of
apoptosis and pro-inflammatory cytokine release. Thereafter, human
psoriatic skin (shown to express IL-15) was grafted onto SCID mice
that in turn were treated with AMG714, cyclosporin or PBS. Significant
reduction in histologic score, epidermal thickness, mononuclear infiltra-
tion, grade of parakeratosis and of keratinocyte cycling (via ki67 stain-
ing) were observed compared with either CyA or PBS-treated control
grafts. These data are of importance for two reasons. They functionally
implicate IL-15 in psoriatic pathogenesis. Moreover, they demonstrate
for the first time the efficacy in vivo of antibody-mediated IL-15 neutral-
isation. Importantly, AMG714 apparently functions without interfering
with IL-15:IL-15Rα interactions, operating through a nonclassical neu-
tralisation pathway that allows blockade of the activities of prebound
IL-15. This will theoretically facilitate interactions operating both on
cis- and trans-configured IL-15Rαβγ complexes (Dubois et al. 2002).

2.5 Conclusion

TNF blockade has provided substantial advances in therapeutic options
and pathogenetic insight in psoriasis. Novel cytokine entities offer fur-
ther clinical utility to address remaining unmet clinical need, either as
single agents or in potential immune modulatory combinations. IL-15
is expressed in psoriatic skin and when targeted in vivo provides sub-
stantial improvement in skin inflammation. Antibodies that target IL-15
are in phase II clinical trials in RA and are under consideration in other
inflammatory conditions. This therapy offers not only amelioration of
inflammatory activity but also potential effects on T cell memory that
may provide the potential for promoting immune tolerance in due course.
This represents the ultimate goal of current immune modulatory strate-
gies in the treatment of autoimmune diseases. Innovative trial designs
will be required to test the latter possibility.
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Abstract. This review addresses the issue of histone deacetylase (HDAC) in-
hibitors as developed for the treatment of cancer and for the investigation of
the inhibition of inflammation. The review focuses on both in vitro and in vivo
models of inflammation and autoimmunity. Of particular interest is the inhibi-
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tion of pro-inflammatory cytokines. Although the reduction in cytokines appears
paradoxical at first, upon examination, some genes that are anti-inflammatory
are upregulated by inhibition of HDAC. Whether skin diseases will be affected
by inhibitors of HDAC remains to be tested.

3.1 Introduction

In order to maintain the compact nature of DNA, chromatin is tightly
wrapped around nuclear histones in distinct units called nucleosomes.
The enzyme family called histone deacetylases (HDAC) maintains the
histone proteins in a state of deacetylation so that DNA can bind tightly.
A natural balance exists between histone acetylases (HAC) and HDAC.
Synthetic inhibitors of histone deacetylases result in hyperacetylation
of histones and the unraveling of the chromatin tightly wrapped in the
nucleosome and allow transcription factors to bind and initiate gene
expression. Developed for the treatment of cancer, inhibitors of HDAC
increase the expression of a variety of genes, which are silenced in
malignant cells. As such, the anti-tumor effects of HDAC inhibitors
increase the expression of genes driving cell cycle, tumor suppression,
differentiation and apoptosis (Marks et al. 2000, 2001; Richon et al.,
1998, 2000, 2001). Suberoylanilide hydroxamic acid (SAHA) belongs
to the class of hydroxamic acid-containing hybrid polar molecules that
inhibit HDAC. SAHA suppresses the proliferation of cancer cells in
vitro and reduces the growth of experimental tumors in vivo (Butler
et al. 2000; Marks et al. 2001; Richon et al. 2001). SAHA, trichostatin
A and butyrate are well-studied inhibitors of nuclear HDAC. However,
SAHA also binds to S3 protein in the cytosol, a component of the
ribosome (Webb et al. 1999). There are ongoing clinical trials of SAHA
(Marks et al. 2001), and patients with cancer have been injected with
increasing doses of SAHA (300–600 mg/m2) intravenously (O’Connor
et al. 2001). Although solid tumors are treated in clinical trails with
HDAC inhibitors, leukemias and multiple myeloma are often cancers
that are first studied for treatment with HDAC inhibitors.
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3.1.1 HDAC Inhibitors as Anti-tumor Agents

A large number of studies have revealed that inhibitors of HDAC re-
duce the proliferation of transformed cells in vitro as well as the growth
of experimental tumors in vivo. The HDAC inhibitor depsipeptide has
been administered to three patients with cutaneous T-cell lymphoma
associated with clinical responses (Pierart et al. 1988). SAHA has also
advanced to clinical studies in patients with prostatic cancer and lym-
phoma. The physical property of SAHA to inhibit HDAC is its binding
of the hydroxamic acid moiety to the zinc-containing pocket of HDAC
(Finnin et al. 1999). This results in increased acetylated histones. SAHA
inhibits HDAC 1 and 3 and there is hyperacetylation of histones 3 and
4 (Richon et al. 1998). As a consequence of hyperacetylation, SAHA
and other inhibitors of HDAC increase the expression of approximately
1%–2% of genes (Marks et al. 2000). Increased gene expression for the
cell cycle kinase inhibitor p21 (Richon et al. 2000), as well as other
mechanisms of tumor cell apoptosis, account for the anti-tumor proper-
ties of SAHA (Said et al. 2001; Vrana et al. 1999). In vitro, micromolar
concentrations of SAHA result in selective apoptotic cell death, terminal
differentiation and growth arrest for tumor cells, without toxicity on nor-
mal cells. In mice, growth of transplanted human prostatic cancer cells
was suppressed by 97% by daily administration of SAHA at 50 mg/kg
per day (Butler et al. 2000).

3.1.2 HDAC Inhibition and Expression of Latent Viral Genes

In addition to suppressing tumor growth, inhibitors of HDAC may affect
other regulatory pathways. Trichostatin, and other inhibitors of HDAC,
for example, increases viral expression, particularly latent viral genes.
However, the most commonly used HDAC inhibitor, butyrate, is not
associated with increased expression of Herpes viruses. Some studies
in vitro suggest that HDAC inhibitors can be used to express genes
in vectors used for gene therapy. However, the greatest interest in the
therapeutic use of HDAC inhibitors for increased expression of viral
genes is that of HIV-1 (Demonte et al. 2004; Hsia and Shi 2002; Van
Lint et al. 1996). Since the onset of highly active anti-retroviral therapy
for HIV-1, suppression of HIV-1 infection has resulted in a remarkable
prolongation of life and a return, in part, of CD4+ T cells.
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Despite the near absence of HIV-1 mRNA in the serum and even the
inability to detect HIV-1 in peripheral blood mononuclear cells (PBMCs)
and even tonsillar tissue, withdrawal of anti-retroviral therapy precip-
itates a near immediate return of viral mRNA into the circulation. It
has become clear that latent virus exists in a cellular compartment not
accessible to therapy. Forcing the expression of HIV-1 incorporated into
genomic DNA in sequestered cells serves as a reservoir of the infection.
In order to “force” expression of HIV-1, which results in the death of the
infected cell, cytokines such as IL-2 have been given to patients while on
anti-retroviral therapy. The use of cytokines to “force” expression and to
increase HIV-1 expression depends upon signal transduction following
cell surface cytokine receptor activation. This mechanism is thought to
be useful in “purging” HIV-1-infected cells to express latent virus from
the host. But this approach has failed. One explanation for the failure of
cytokine therapy to purge HIV-1 infection is that the reservoir of latently
infected cells may not express the receptor for the particular cytokine.
For example, it is unlikely that epithelial cells express receptors for IL-2.
The advantage of HDAC inhibitors for purging HIV-1 is twofold: these
inhibitors are small molecules and may have access to cellular compart-
ments not accessible to cytokines. Second, HDAC inhibitors enter cells
via a cell surface receptor-independent mechanism. HDAC inhibition
may be a useful in HIV-1 treatment since the agents can be administered
in cycles with anti-retroviral agents given immediately after the purge
to prevent infection of new cells.

3.2 HDAC Inhibitors in Models of Inflammatory Diseases

3.2.1 Models of Lupus Erythematosus

An unexpected finding of HDAC inhibitors was the reduction in disease
severity of models of murine autoimmune disease. The mouse model for
systemic lupus erythematosus is the lpr/lpr mouse that develops a spon-
taneous disease characterized by nephritis, proteinuria and early death.
Trichostatin A was injected into these mice before the onset of signifi-
cant disease for 5 weeks. Because trichostatin A in water is insoluble, the
vehicle was also used for 5 weeks of treatment. Trichostatin A treatment
resulted in significantly less proteinuria; in addition, there was histolog-
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ical evidence of decreased glomerulonephritis (Mishra et al. 2003), as
well as a reduction in spleen weight. A concomitant decreased expres-
sion of steady state levels of mRNA for IL-12, IFNγ, IL-6, and IL-10
was observed as well as protein levels for these cytokines. Not unex-
pected, total cellular chromatin contained an accumulation of acetylated
histones H3 and H4.

These mouse studies were consistent with a similar effect of tricho-
statin A in peripheral T cells from patients with systemic lupus erythe-
matosus (Mishra et al. 2001). In T-helper cells from patients with the
disease, there is overexpression of the T-helper 2 cytokine IL-10 and
the pro-inflammatory cytokine CD40 ligand (also known as CD154).
However, incubation of the cells from these patients with trichostatin
A decreased spontaneous IL-10 and CD40 ligand. As a consequence
of decreased IL-10, there was an increase in IFNγ production. Further
studies in the lpr/lpr mouse model were carried out using the water-
soluble SAHA compound. SAHA was injected into lpr/lpr mice from
age 10–20 weeks. Although this treatment did not affect the level of
auto-antibodies that develop in these mice and although the deposition
of anti-glomerular immunoglobulin was unaffected by SAHA treatment,
there was a marked reduction in the histological abnormalities of the
kidneys and a decrease in the proteinura (Reilly et al. 2004). In ad-
dition, spleen weight was decreased as well as fewer CD4-CD8 cells,
both pathological indicators for the disease. Mesangial cells from mice
treated with SAHA, when stimulated with LPS plus IFNγ, produced
less spontaneous nitric oxide (Reilly et al. 2004).

IFNγ is an important cytokine in several autoimmune diseases but
is of particular importance in the pathogenesis of lupus erythematosus.
The animal model for this disease is the lpr/lpr mouse, which develops
a spontaneous proteinuria and lethal nephritis. Neutralization of IL-18
reduced the proteinuria and decreased the lethality (Bossu et al. 2003).
In human PBMCs, SAHA reduces IFNγ induced by endotoxin or by the
combination of IL-12 plus IL-18 (Leoni et al. 2002). Although there was
an increase in IFNγ production in T cells from lupus patients exposed
to trichostatin (Mishra et al. 2001), the effect was most likely due to
a reduction in IL-10.
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3.2.2 Graft-Versus-Host Disease

Relevant to the issue of HDAC inhibition of IFNγ production is the
mouse model of graft-versus-host disease (GVHD), a model for GVHD
in humans following bone marrow transplantation. GVHD and leukemic
relapse are the two major obstacles to successful outcomes after allo-
geneic bone marrow transplantation. Human and mouse studies have
demonstrated dysregulation of proinflammatory cytokines with the loss
of gastrointestinal tract integrity contributing to GVHD. In mice with
acute GVHD, the administration of SAHA at low doses reduced IFNγ,
TNFα, IL-1β and IL-6 production (Reddy et al. 2004). In addition,
intestinal histopathology, clinical severity, and mortality were reduced
compared with vehicle-treated animals (Reddy et al. 2004). However,
SAHA did not impair graft versus leukemia responses and significantly
improved leukemia-free survival by using two different tumors (Reddy
et al. 2004). These findings are consistent with the ability of SAHA to
suppress LPS-induced TNFα and IFNγ as well as IL-12/IL-18-induced
IFNγ and IL-6, but also with the failure of SAHA to reduce IFNγ and
other cytokines stimulated by anti-CD3 agonistic antibodies.

3.2.3 Models of Arthritis

The therapeutic benefit of blocking pro-inflammatory cytokines in the
progression of rheumatoid arthritis has been based on models of the
disease in mice and rats. Two models have been used: collagen-induced
arthritis and adjuvant arthritis. In the latter, the pathological effects are
the destruction of bone and cartilage. The role of cytokines in this process
is well established. For example, IL-1β and IL-18 are potent inducers
of metalloproteinases and inhibitors of proteoglycan synthesis (Bakker
et al. 1997; Joosten et al. 2003; van den Berg et al. 1994). Using the model
of rat adjuvant arthritis, treatment with phenylbutyrate or trichostatin
A resulted in decreased expression of TNFα (Chung et al. 2003). This
was associated with a decrease in joint swelling, synovial mononuclear
cell infiltration, synovial hyperplasia, and pannus formation. There was
also a remarkable absence of cartilage or bone destruction, commonly
observed in adjuvant arthritis (Chung et al. 2003).
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The HDAC inhibitor depsipeptide (FK228) was used to treat mice us-
ing a model of rheumatoid arthritis induced by autoantibody. Following
the establishment of the arthritis, mice were injected intravenously with
2.5 mg/kg and clinical scores were obtained. A single dose injection
of FK228 reduced joint swelling, synovial cell infiltration and also de-
creased bone and cartilage destruction (Nishida et al. 2004). There was
a reduction in TNFα and IL-1β production associated with histone hy-
peracetylation in the synovial cells. However, at the doses used, FK228
inhibited the in vitro proliferation of synovial fibroblasts, by a mech-
anism that may result in arrest of cell cycle. Indeed, FK228 increased
acetylation of p21 in synovial cells (Nishida et al. 2004). An important
concept is that inhibitors of HDAC at high doses act as anti-proliferative
agents and must be distinguished from a purely anti-cytokine effect.

3.2.4 Hepatitis Induced by Intravenous Con A

The in vivo model of ConA-induced hepatic injury, a model that is
TNFα- and IL-18-dependent, is a model of activated CD4+ T cells
that may represent autoimmune hepatitis and possibly most cytokine-
mediated hepatic injury (Faggioni et al. 2000; Fantuzzi et al. 2003). In
this model, a single dose of 50 mg/kg SAHA given orally reduced the
injury by more than 70% as determined by a reduction in circulating
levels of ALT by (Leoni et al. 2002).

3.3 Reducing Cytokines by HDAC Inhibitors

3.3.1 Low Concentrations of HDAC Inhibitors
are Anti-inflammatory Whereas High Concentrations
are Needed for Anti-tumor Effects

It is interesting to note that the inhibitory effect of SAHA appears to
be particularly effective for reducing proinflammatory cytokines at rel-
atively lower doses compared to the doses used for inhibition of tumors.
In fact, the in vitro concentrations of SAHA that inhibited proliferation
of tumor cell lines by 50% were 1–5 µM (Leoni et al. 2002), similar to
those described by others (Butler et al. 2000). However, at nanomolar
concentrations (50–200 nM), a 50%–85% reductions in LPS-induced
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secretion of TNFα, IL-1β, IFNγ, and IL-12 in freshly isolated human
PBMCs was reported (Leoni et al. 2002). Similar to the reduction in
protein levels of TNFα and IFNγ, the steady state mRNA levels for
these two cytokines were reduced, particularly those of IFNγ. In addi-
tion, the in vitro production of nitric oxide in primary mouse peritoneal
macrophages stimulated with the combination of TNFα and IFNγ was
suppressed by SAHA at 200–400 nM (Leoni et al. 2002). Therefore,
the anti-inflammatory effect of SAHA is evident at concentrations lower
than those needed to suppress tumor cell growth in vitro and in vivo.

IFNγ production triggered by the T-cell receptor using anti-CD3 was
unaffected by SAHA (Leoni et al. 2002). In contrast, when stimulated
by either LPS or the combination of IL-18 plus IL-12, IFNγ production
was markedly reduced by SAHA. The intracellular and extracellular
levels of the anti-inflammatory cytokine IL-1 receptor antagonist were
unaffected by SAHA in LPS-stimulated human PBMCs and there was no
reduction in circulating IL-10 levels in mice injected with LPS. SAHA
also did not reduce the production of the proinflammatory chemokine
IL-8. Consistent with this finding, steady-state mRNA for IL-8 was
unaffected by SAHA (Leoni et al. 2002).

3.3.2 Effect of SAHA on Secretion of IL-1β

Pretreatment with SAHA resulted in reduced secretion of mature IL-1β

from PBMCs and the level of circulating IL-1β in LPS-injected mice
(Leoni et al. 2002). However, SAHA did not affect steady state levels
of IL-1β mRNA or the intracellular levels of precursor IL-1β. In the
same PBMC cultures, SAHA reduced both the secretion of TNFα and
IFNγ as well as their mRNA levels. Therefore, the reduction in IL-1β

by SAHA appears to be primarily at the level of secretion of mature
IL-1β. Although the pathway(s) for secretion of IL-1β remains unclear,
there is no dearth of evidence that inhibition of caspase-1 results in
decreased secretion of mature IL-1β, particularly in LPS-stimulated
human monocytes (reviewed in Dinarello 1996). When tested, SAHA
at concentrations as high as 10 µM did not inhibit casapse-1 enzymatic
activity. However, SAHA may increase gene expression and synthesis
of the intracellular inhibitor of ICE, serpin proteinase inhibitor 9 (Young
et al. 2000).
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3.3.3 Other Cytokines

Butyrate reduces IL-12 production but upregulates IL-10 in human blood
monocytes (Saemann et al. 2000), although millimolar concentrations
are needed. Butyrate also inhibits the proliferation of the Caco-2 colon
cancer epithelial cells and reduces spontaneous gene expression of IL-8
in these cells (Huang et al. 1997). Using the same cell line, others have
reported that butyrate or trichostatin increase IL-8 production (Fusunyan
et al. 1999). It is not uncommon for trichostatin and butyrate to have
paradoxical effects on IL-8 production by Caco-2 cells; this is likely due
to the state of cell activation. For example, IL-8 secretion was increased
by 145% by trichostatin and butyrate alone, whereas in TNFα-stimulated
cells IL-8 was inhibited to levels below unstimulated levels (Gibson et al.
1999).

In PBMCs from healthy subjects stimulated with LPS or the combi-
nation of IL-12/IL-18 in vitro, there is a consistently observed marked
reduction in gene expression and synthesis of IFNγ by SAHA. Other
investigators have reported that at apoptosis-inducing concentrations
of trichostatin and butyrate, IFNγ production in T lymphocytes is re-
duced (Dangond and Gullans 1998). In addition, butyrate or trichostatin
inhibited IL-1β-dependent induction of the acute phase protein gene
haptoglobin as well as the binding of transcription factors to the hap-
toglobin promoter (Desilets et al. 2000). Butyrate and trichostatin also
suppress IL-2 induction of c-myc, bag-1, and LC-PTP gene expression
(Koyama et al. 2000). The IL-2 enhancer and promoter were suppressed
by trichostatin by 50% at 73 nM, whereas at the same concentration there
was increased expression directed by the c-fos enhancer and promoter
(Takahashi et al. 1996).

Most in vitro studies on inhibitors of HDAC have been carried out
using cell lines, particularly cell lines of malignant origin. In contrast, the
effects of HDAC inhibitors on primary cells or in vivo studies are more
likely to be applied to clinical uses of the agents to treat inflammatory and
autoimmune diseases. Diseases of auto-immune/inflammatory nature
have altered gene expression profiles as compared to health, and thus
one must look at the effect of HDAC inhibitors in stimulated cells
rather than resting cells. In the absence of exogenous stimuli, SAHA
has no effect on the production of cytokines and steady-state mRNA
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levels of cytokines are unaffected (Leoni et al. 2002). In contrast, LPS-
induced TNFα and IFNγ mRNA were decreased by treatment with
SAHA. Therefore, the anti-inflammatory effects of SAHA and possibly
other inhibitors of HDAC is selective and likely dependent on the level
of activation, particularly in primary cells. Alternatively, SAHA may
have anti-inflammatory properties independent of its ability to inhibit
nuclear HDAC, for example, hyperacetylation of nonhistone proteins
such as ribosomal S3 or the Rel A subunit of NFκB (Takahashi et al.
1996).

3.3.4 LPS-Induced Cytokines In Vivo

LPS-induced circulating TNFα and IL-1β, as well as IFNγ, were sup-
pressed by SAHA (Leoni et al. 2002). The use of LPS as an inducer
of cytokines is widely accepted as a model of disease. However, with
the exception of inflammatory bowel disease, most cytokine-mediated
autoimmune diseases are triggered by nonmicrobial products such as
autoantibodies and several endogenous cytokines themselves, particu-
larly CD4+ T cell products. IL-12 and IL-18 are primarily macrophage
products, which in turn stimulate T lymphocytes to produce IFNγ and
IL-6. SAHA reduces both LPS- as well as IL-12/IL-18-induced IFNγ

and IL-6. IL-6 is an important mediator of inflammation, primarily as
a B-cell growth factor and an inducer of hepatic acute-phase protein syn-
thesis in diseases such a multiple myeloma (Lust and Donovan 1999),
and antibodies to the IL-6 receptor are used to treat multiple myeloma,
rheumatoid arthritis, and other autoimmune diseases (Iwamoto et al.
2002). Gene expression for IFNγ in resting PBMCs stimulated with
LPS was nearly completely absent 24 h after treatment with SAHA.
However, either in vitro or in vivo, direct stimulation of T-cell recep-
tor using agonistic anti-CD3-induced IFNγ was unaffected by SAHA
(Leoni et al. 2002). It appears that IL-12/IL-18 induces IFNγ via a path-
way, which is sensitive to inhibition by SAHA, whereas the pathway for
IFNγ via the T-cell receptor is not.
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3.4 Mechanism of Action of HDAC Inhibition
in Reducing Inflammation

It is important to distinguish between the effects of HDAC inhibition
on cytokine production in transformed cell lines with those in primary
cells or effects in vivo. Of the several genes coding for the different
isoforms of HDAC, HDAC3, a Class I deacetylase, has been studied
for its effects on the transcription of TNFα. Overexpression of HDAC3
reduced the ability of the p65 component of NFκB to transcribe the
TNFα gene (Miao et al. 2004), whereas inhibition of HDAC, in this
particular model, stimulated TNFα expression. Others have reported
that HDAC3 associates with a nonhistone substrate, acetylated RelA
(p65) and deacetylates the molecule (Chen et al. 2001). In doing so,
acetylation/deacetylation of p65 controls the transcriptional responses
by affecting the binding to inhibitory κB (Chen et al. 2001). Nonhistone
interaction of HDAC3 has been described with mitogen activated protein
kinase (MAPK) 11 (Mahlknecht et al. 2004), in which the deacetylation
of this kinase prevents activation of MAPK11 (also known as MAPK
p38) participation in LPS-induced gene expression. Inhibition of phos-
phorylation of MAPK11 prevents transcription of TNFα and other proin-
flammatory cytokines by blocking the binding of activating transcription
factor-2 (ATF-2). It was demonstrated that overexpression of HDAC3
suppresses LPS-induction of TNF gene expression (Mahlknecht et al.
2004). Not unexpectedly, it was shown that inhibition of trichostatin
A overcomes the deacetylation by HDAC3 and increases the production
of TNFα in LPS-stimulated macrophage cell lines (Mahlknecht et al.
2004).

Also in macrophage cell lines, TNFα production is increased upon
inhibition of HDAC (Lee et al. 2003) due to acetylation of H3 and H4. In
primary monocytes, it is only upon maturation during 7 days of culture
that a similar acetylation takes place and increased expression of TNFα

is observed (Lee et al. 2003). The inhibition of TNFα production by
p50 homodimers binding to the TNFα promoters is well established.
However, this inhibition is reversed by HDAC inhibition and increased
TNFα is observed (Wessells et al. 2004). In order to resolve the discrep-
ancies between increased or decreased TNFα production by inhibition
of HDAC, one may conclude that in cell lines increases in TNFα produc-
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tion are consistently observed and may be due to acetylation of cellular
proteins or nuclear histone. On the other hand, inhibition of TNFα gene
expression or synthesis by SAHA is consistently observed in primary
cells in vitro and in vivo models of disease.

Clearly, from the present studies and also from previous reports
(Mishra et al. 2003), inhibition of HDAC3 is not a likely target of SAHA
at concentrations that suppress cytokines. The treatment of lupus-prone
mice with trichostatin A reduced proteinuria, the infiltration of destruc-
tive inflammatory cells into the glomerulus, and reduced spleen weight
(Mishra et al. 2003). The clinical benefit of trichostatin A in these mice
was associated with decreases in IL-12, IFNγ, and IL-6. The evidence
that SAHA primarily suppresses inflammation in animal models of dis-
ease (Leoni et al. 2002; Mishra et al. 2003; Reddy et al. 2001; Reilly
et al. 2004) via suppression of TNFα, IL-1β, IFNγ, and IL-6 transcrip-
tion is consistent with a histone rather than a nonhistone target for
hyperacetylation in primary cells.
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Abstract. The dendritic cell lineage comprises cells at various stages of func-
tional maturation that are able to induce and regulate the immune response
against antigens and thus function as initiators of protective immunity. The sig-
nals that determine the given dendritic cell functions depend mostly on the local
microenvironment and on the interaction between dendritic cells and microor-
ganisms. These interactions are complex and very different from one pathogen
to another; nevertheless, both shared and unique responses have been observed
using global genomic analyses. In this review, we have focused on the study of
host–pathogen interactions using a genome-wide transcriptional approach with
a focus on cytokine family members.
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Immunity is the result of coevolution of microorganisms and the immune
system; microorganisms have learned how to manipulate the immune
response to their own advantage. Therefore, host–parasite interaction
studies should reveal the molecular mechanisms that control the initia-
tion, persistence, and polarization of immune responses.

In host–parasite interactions, dendritic cells (DCs) play a central role
since they are located in close contact with the mucosal surfaces where
they can sample incoming pathogens. If the amount of pathogen exceeds
a certain threshold level for an extended period of time, DCs become
activated and acquire a migratory capacity; during this “maturation”
process, DCs undergo an extensive gene transcription reprogramming
that involves the differential expression of up to 1,000 genes with the
sequential acquisition of immune regulatory activities.

The immune response is extraordinarily complex, and it involves dy-
namic interaction of a wide array of tissues, cells and molecules. The
diversity of innate immune mechanisms is in large part conserved in
multicellular organisms (Mushegian and Medzhitov 2001). Some ba-
sic principles of microbial recognition and response are emerging, and
recently, the application of computational genomics has played an im-
portant role in extending such observations from model organisms, such
as Drosophila, to higher vertebrates, including humans. The analysis
of gene expression in tissues, cells, and biological systems has evolved
in the last decade from the analysis of a selected set of genes to an
efficient high throughput whole-genome screening approach of poten-
tially all genes expressed in a tissue or cell sample. Development of
methodologies such as microarray technology allows an open-ended
survey to identify comprehensively the fraction of genes that are dif-
ferentially expressed between samples and define the samples’ unique
biology (Schena et al. 1995; Duggan et al. 1999; Lipshultz et al. 1999).
This discovery-based research provides the opportunity to characterize
either new genes with unknown function or genes not previously known
to be involved in a biological process.
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4.1 Dendritic Cells Recognize Perturbations of the Immune
System

Dendritic cells are cells of the innate immunity characterized by broad
functional properties (Fig. 1). These cells are divided into myeloid and
plasmacytoid DC subsets, but the definition of dendritic cell subset
phenotypes and the attribution of specific functions to defined DC stages
has been a very difficult task; the definition of DC functional stages
as mature versus immature or semi-mature DCs or activated versus
steady-state DCs has raised a real language issue. In fact, DCs are
characterized by a very high functional plasticity and can adapt their
responses upon antigen encounter; they are also able to segregate in
time different functions, which will dictate the outcome of the immune
response.

DCs are located in nonlymphoid tissues, close to the mucosal sur-
faces, where they sample the environment to sense the infectious agents.
For this task, DCs use a broad innate receptor repertoire and their phago-
cytic activity. These cells are named myeloid immature DCs and they
are mostly resident in those tissues where they have originally seeded.
Cells that have been conditioned by the microbial encounter migrate to

�� Sampling the environmentSampling the environment

�� Activating inflammatory responsesActivating inflammatory responses

�� Activating NK cellsActivating NK cells

�� Presenting selfPresenting self--and non selfand non self--antigensantigens

�� Activating appropriate T cellActivating appropriate T cell
responsesresponses

�� Regulating immune responsesRegulating immune responses

DCs regulate bothDCs regulate both

innate and adaptive immunity by:innate and adaptive immunity by:

Dendritic cell

Fig. 1. DCs regulate both innate and adaptive immunity
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the lymph nodes (LNs), where antigen is presented to specific T cells
and where initiation of acquired immunity takes place. Thus, mature
migratory DCs derive from the immature DCs, and are characterized by
a limited degree of plasticity, a limited life span, and by the activation of
an irreversible differentiation program ending with apoptotic cell death
(Fig. 2).

The functional properties of immature resident DCs are characterized
by the ability to sense the environment and to sample microbes at the
mucosal sites. Indeed, DCs are particularly abundant in the respiratory
tract and in the lungs as well as in the gut where, in addition to the Peyer’s
patches, they can be found in the lamina propria of the intestinal villi. We
have shown that in order to sample the gut lumen and sense the intestinal
flora, DCs are able to extend cytoplasmic protrusions in the lumen by
opening the tight junctions of the epithelial cells and to preserve the
integrity of the epithelial barrier by expressing, in a regulated way, tight

Fig. 2. DCs regulate immune responses by bridging innate and acquired immu-
nity
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junction proteins, such as the occludin (Rescigno et al. 2001). In the
skin, the DCs, named Langerhans cells, form a tight network of cells
continuously monitoring this tissue for invading parasites (Geissmann
et al. 2002). Finally, in the liver and the spleen where blood-derived
antigens are continuously brought and sampled, resident DCs are also
particularly abundant.

To exert this sampling and sensing functional activities, DCs have
a broad innate receptor repertoire for the recognition of infectious non-
self antigens (Janeway and Medzhitov 2002). Indeed, in the mouse this
receptor repertoire consists in the expression of the Toll-like receptor
(TLR) family members that bind a variety of microbial ligands (Takeda
et al. 2003). The signaling through these receptors is either mediated via
the MyD88 adaptor molecule or via an independent pathway involving
the TRIF molecule and the IRF-3 transcription factor (Beutler 2004). As
a result of microbial activation through TLRs, the NFkB family mem-
bers are activated and translocated to the nucleus (Hofer et al. 2001),
inducing the transcription of many NFkB-dependent genes, mostly im-
mune and inflammatory genes such as cytokines and chemokines. In
addition, the microbial activation may also lead to the transcription of
the interferon inducible genes via IRF-3 (Trottein et al. 2004). DCs can
also display surface molecules such as the MARCO receptor that we
have shown to be involved in a profound re-modeling of the actin cy-
toskeleton (Granucci et al. 2003b). Other receptors expressed by DCs
are DC-SIGN and C-type lectin receptors capable of binding a variety
of microorganisms, including viruses such as HIV and pathogenic bac-
teria such as Mycobacterium tuberculosis (Van Kooyk and Geijtenbeek
2003; Tailleux et al. 2003). Finally, resident DCs express the receptors
for opsonized microbes such as FcR and CR, which have a key role in
the phagocytosis process.

The study of host–pathogen interactions is instrumental for the con-
trol of infectious diseases. Host eukaryotes are constantly exposed to
attacks by microbes seeking to colonize and propagate in host cells.
To counteract them, host cells utilize a whole battery of defense sys-
tems to combat microbes. However, in turn, successful microbes evolved
sophisticated systems to evade host defense. As such, interactions be-
tween hosts and pathogens are perceived as evolutionary arms races
between genes of the respective organisms (Bergelson et al. 2001; Kahn
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et al. 2002; Woolhouse et al. 2002). Any interaction between a host
and its pathogen involves alterations in cell signaling cascades in both
partners. These alterations may be mediated by transcriptional or post-
translational changes. The challenge of the postgenomic era is how to
select target genes to be studied in detail from the thousands of genes
encoded in the genome.

4.2 Host–Pathogen Gene Profiling

The interaction between a host and microbial pathogens are diverse and
regulated. The molecular mechanisms of microbial pathogenesis show
common themes that involve families of structurally and functionally re-
lated proteins such as adherence factors, secretion systems, toxins, and
regulators of microbial pathogens. The interaction between pathogen
and host uncovers unique mechanisms and molecules. Microarray ex-
pression analysis of pathogen infected cells and tissues can identify,
simultaneously and in the same sample, host and pathogen genes that
are regulated during the infectious process.

A major challenge to innate immune cells is the discrimination
of foreign pathogens from self. As originally described by Janeway
(Janeway 1989; Jandeway and Medzhitov 1998), innate immune cells
such as DCs possess germline-encoded pattern recognition receptors
(PRRs) that recognize and are triggered by evolutionary conserved
molecules essential to pathogen function but absent in the host. These
pathogen-associated molecular patterns (PAMPs) are widespread and
include cell wall components such as mannans in the yeast cell wall,
lipopolysaccharide (LPS) in Gram-negative bacteria, lipoproteins, pep-
tidoglycans, and DNA containing unmethylated CpG motifs. There are
at least two distinct classes of PRRs: those that mediate acute phago-
cytosis such as scavenger receptors and the mannose receptor and
those that cause immediate cell activation such as TLRs. Upon cel-
lular pathogen uptake, members of the TLR family become recruited
to early phagosomes to screen their contents for ligands from foreign
pathogens and subsequently to trigger cell activation upon ligand recog-
nition (Underhill et al. 1999). This apparent “division of labor” (in-
ternalization versus cell activation) between scavenger receptors and
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TLRs bears a caveat, given that cross-linking of the scavenger receptor
CD36 profoundly modulates LPS-driven DC maturation (Urban et al.
2001).

Recent studies have shown a stereotyped range of host immune re-
sponses after infection with phylogenetically diverse organisms. Both
bacterial and mammalian (mouse, human) genome sequences can be
used in microarray technology to define the expression profile of patho-
gens and the host cells. The global transcription effects on host cells of
the innate immunity by various bacterial pathogens, including Listeria
monocytogenes, Salmonella, Pseudomonas aeruginosa, and Bordetella
pertussis have been analyzed by using microarray technology (Rappuoli
2000). The infection of macrophages with Salmonella typhimurium iden-
tified novel genes whose level of expression are altered (Rosenberger
et al. 2000). Similarly, L. monocytogenes-infected human promyelocytic
THP1 cells identified 74 up-regulated RNAs and 23 down-regulated host
RNAs (Cohen et al; 2000).

Many of the up-regulated genes encode proinflammatory cytokines
(e.g., IL-8, IL-6), and many of the down-regulated genes encode tran-
scriptional factors and cellular adhesion molecules. Understanding the
molecular basis of the host response to bacterial infections is critical
for preventing disease and tissue damage resulting from the host re-
sponse. Furthermore, an understanding of host transcriptional changes
induced by the microbes can be used to identify specific protein tar-
gets for drug development. PBMC transcriptomes have been studied by
using cDNA microarrays after in-vitro stimulation with killed Borde-
tella pertussis, Staphylococcus aureus, and Escherichia coli (Boldrick
et al. 2002). This study shows a core of 205 commonly expressed genes.
These genes included those with both systemic and local effects. Highly
represented were genes encoding intercellular immunoregulatory and
signaling molecules such as cytokines and chemokines. These genes
are regulated by NFκB, which orchestrates both innate and adaptive
immune responses. Gram-negative bacteria induced stronger expression
than Gram-positive bacteria. Moreover, the study describes 96 genes
that were commonly repressed after a delay of about 2 h: a subset of
monocyte-attracting chemokines, genes involved in cell–cell adhesion,
diapedesis, and leucocyte extravasation, and those involved in recogniz-
ing bacteria and antigen presentation.
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Therefore, it is possible to distinguish between different species and
even individual strains of B. pertussis and S. aureus. The same group
also showed that different expression responses to the same strain of B.
pertussis depended on whether it was live or killed and, if live, whether
it carried a toxin gene (Manger and Relman 2000). Also the host re-
sponse to extracellular and intracellular parasites can be assessed by
microarrays (Chaussabel et al. 2003; Blader et al. 2002; de Avalos et al.
2002). The gene expression program in response to Trypanosoma cruzi
infection showed that while 106 genes were expressed at 24 h, none
were induced more than twofold by 2 or 6 h. This was in contrast with
a previous study investigating the host response to another intracellular
pathogen, Toxoplasma gondii, where 63 known genes were up-regulated
by 2 h after infection (Blader et al. 2001). The authors postulated that the
time lag may be due to a parasite-dependent event that is required before
the host cell “sees” and responds to the invasion with gene transcrip-
tion, thus showing the use of microarrays in generating novel biological
hypotheses.

Microarray technology can provide insights into the interaction be-
tween the pathogen and host by revealing global host expression re-
sponses to a range of pathogenic stimuli. Pathogens may manipulate
host-cell gene expression, for example by causing upregulation of cel-
lular support for pathogen replication and downregulation of MHC ex-
pression to allow pathogens to evade the immune system (de la Fuente
et al. 2002; Shaheduzzaman et al. 2002). In conclusion, the amount of
data generated by microarray experiments is enormous. Such quantities
of data require statistical expertise and software to decipher patterns
from these new expression repertoires, now stored in many different
databases.

4.3 Dendritic Cells and Pathogen Interaction

When higher organisms are exposed to pathogenic microorganisms,
innate immune responses occur immediately, both in terms of cell acti-
vation and inflammation. The initial response is characterized by uptake
(that is, phagocytosis or endocytosis) and subsequent destruction or
degradation of pathogens. At the initial stage of primary infection, DCs
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constitute an integral part of the innate immune system, supported by the
activity of bone-marrow-derived nonspecific immune cells and various
resident tissue cells. DCs and macrophages are acutely activated, and
during this process they upregulate costimulatory cell surface molecules
and major histocompatibility complex (MHC) class I and II molecules;
they produce pro-inflammatory cytokines, such as tumor necrosis factor-
α (TNF-α) and interleukins (IL1-β and effector cytokines, such as IL-
12p40 and type I interferon); and they enhance presentation of the prod-
ucts of pathogen degradation (antigenic peptides) via the MHC class
I or II presentation pathway to antigen reactive T cells (Aderem and
Underhill 1999) and they produce bactericidal effector substances such
as nitric oxide. Thus, innate immune cells and in particular DCs repre-
sent not only a first line of defense toward infections but also play an
instructive role in shaping the adaptive immune responses (Fearon and
Locksley 1996).

Adaptive immunity is controlled by the generation of MHC-restricted
effector T cells and production of cytokines (Abbas et al. 1996). DCs are
able to stimulate naı̈ve T helper (Th) cells, which in turn may differenti-
ate into Th1- versus Th2-polarized subsets; Th1 cells secrete primarily
interferon IFNγ, whereas Th2 cells produce IL-4, IL-5, IL-10, and IL-
13. Upon activation, DCs upregulate the expression of costimulatory
molecules, such as CD80 and CD86, thereby increasing immunogenic-
ity of peptide antigens presented. Finally, DC activation triggers pro-
duction of cytokines, such as IL-12, IL-18, IL-4, or IL-10, that are able
to polarize emerging T cell responses. Adding to the complexity, it is to
date not clear whether all forms of activation of DCs necessarily result
in increased immunogenicity. Furthermore, DCs can produce different
cytokines in response to different activating stimuli (Moser and Mur-
phy 2000). An example is shown by the observation that murine DCs
phagocytosing either yeast or hyphae of Candida albicans produce ei-
ther IL-12 or IL-4, and in vivo drive either Th1 or Th2 differentiation,
respectively (d’Ostiani et al. 2000). Therefore DCs and macrophages are
important at the interface in bridging the innate and adaptive immune
system (Banchereau and Steinman 1998).
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4.4 Dendritic Cells as Sensors of Infection

The immune system has developed mechanisms to detect and initiate re-
sponses to a continual barrage of immunological challenges. Dendritic
cells play a major role as immunosurveillance agents. To accomplish
this function, DCs are equipped with highly efficient mechanisms to de-
tect pathogens, to capture, process, and present antigens, and to initiate
T cell responses. The recognition of molecular signatures of poten-
tial pathogens, in DCs, is accomplished by membrane receptor of the
toll-like family (TLRs), which activates dendritic cells, leading to the
initiation of adaptive immunity. TLR signaling in DCs causes an increase
in display of MHC peptide ligands for T cell recognition, upregulation
of costimulatory molecules important for T cell clonal expansion and
secretion of immunomodulatory cytokines, which direct T cell differen-
tiation into effectors. Remarkably, ligation of distinct TLRs can trigger
differential cytokine production in a single DC type or result in differ-
ent cytokines in distinct DC subtypes. Studying the complexity of DC
responses to TLR ligands illuminates the link between innate recogni-
tion and adaptive immunity, paving the way for improved vaccines and
strategies to induce tolerance to autoantigens or allografts.

DCs comprise a distinct subset: human blood contains at least two
distinct DC types, the myeloid DC CD11c+ and the plasmacytoid DC
(PDC), as well as the monocyte precursors of Mon-DC (Shortman and
Liu 2002). Unlike CD11c+ DC and Mon-DC, PDCs may have primarily
an innate role in regulating antiviral responses, although they can also
act as antigen-presenting cells. Mon-DC, monocytes, and neutrophils,
expressed mRNA for TLRs 1, 2, 4, and 5 but only Mon-DCs expressed
a TLR3 message (Muzio et al. 2000). Similarly, subsequent studies re-
ported a decrease in expression of TLRs 1, 2, 4, 5, and 8 but an increase
in TLR3 during monocyte differentiation into DCs (Visintin et al. 2001;
Means et al. 2003). In contrast, human PDCs do not express a mes-
sage for TLRs 2, 3, 4, 5, and 8 and are unresponsive to peptidoglycan,
lipoteichoic acid, poly I:C, and LPS (Jarrossay et al. 2001; Kadowaki
et al. 2001). PDCs express TLR9, which is not found in monocytes,
granulocytes, Mon-DC, and CD11c+ DC.

The situation is different in mouse: mouse spleen PDCs express TLR7
and TLR9 but, in contrast to human, they also express mRNA for most
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other TLRs (Edwards et al. 2003). TLR9 is expressed by both murine
plasmacytoid and nonplasmacytoid DCs. Thus, discussion of TLR reper-
toires should be restricted to particular cases where a given DC subset
does not express detectable mRNA or respond to ligands for a particular
TLR. We can use information about TLR repertoires and DC subset
biology to predict some of the functions of TLRs in the immune system.

4.5 Dendritic Cell Transcriptional Profile Induced
by Pathogens Include Cytokines and Chemokines

DCs have a crucial role in linking the class of immune response to the
invading pathogen through the differential expression of T cell polarizing
signals upon the ligation of selective pattern recognition receptors. The
detailed mechanisms are still unknown. It is emerging that Th1 responses
are initiated by intracellular TLR (TLR3, 7, 8, and 9) on DCs, resulting
in high expression of the IL-12 gene family.

The microarray analysis has been used to study the DC transcriptome
upon infection, by comparing the gene expression responses of den-
dritic cells to a bacterium (E. coli), a virus (influenza A), and a fungus
(C. albicans) (Huang et al. 2001). In this work, a core of 166 genes that
were induced by each organism in dendritic cells was described. The
expression pattern of these genes indicated the sequence of events and
coordination of pathways involved in immune responses.

Genes whose transcripts declined soon after pathogen contact in-
clude those involved in pathogen recognition and phagocytosis. Also
at this stage, there was upregulation of genes expressing cytokines,
chemokines, and immune cell receptors, which allows recruitment of
other innate immune cells to the site of infection and genes modulat-
ing the cytoskeleton, which the authors postulated may be involved in
dendritic cell migration. By 12 h after infection, there was increased
expression of transcription factors and signaling molecules involved in
lymphoid tissue regulation, antigen processing, and presentation. By
18 h, there was upregulation of chemokine receptor expression, thought
to be related to the migration of dendritic cells to lymph nodes. In the
time frame analyzed there was a sustained upregulation of production of
reactive oxygen species, suggesting that there was continued killing of
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organisms by dendritic cells. This common core response was indepen-
dent of pathogen characteristics and occurred in a coordinated fashion
modulating innate and adaptive responses.

Expression analyses have shown that after microbial interaction, DCs
undergo a multistep maturation process (Granucci et al. 2001) and ac-
quire specific immune functions (Fig. 3), depending on the type of mi-
crobe they have encountered. The DC transcriptome has been described
with a variety of different maturation stimuli. We have defined in detail
the transcriptome induced in murine DCs by different pathogens such
as Schistosoma mansoni and Leishmania mexicana. The data clearly
demonstrate that individual parasites induce both common and indi-
vidual regulatory networks within the cell. This suggests a mechanism
whereby host-pathogen interaction is translated into an appropriate host
inflammatory response.

Shistosoma mansoni, is a helminth parasite, has a complex life cycle
that is initiated by the transcutaneous penetration of the larvae fol-
lowed by its rapid transformation into schistosomula (SLA) (Pearce

Fig. 3. DCs accomplish a number of tasks because they segregate in time two
genetic programs
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and MacDonald 2002; MadDonald et al. 2001). Once in the skin, SLA
closely interact with immunocompetent cells, including DCs, to ma-
nipulate the host immune response (Ramaswamy et al. 2000; Angeli
et al. 2001). SLA then begin a long vascular journey to reach the in-
trahepatic venous system, where they mature into adult male and egg-
producing female worms. Eggs that accumulate in the liver, spleen,
and lungs induce inflammation and an intense granulomatous hyper-
sensitivity reaction (Rumbley and Phillips 1999). We have investigated
DC–schistosome interactions using a genome-wide expression study.
We have used a near-homogeneous source of mouse DCs, the well-
defined, long term D1 splenic population (Winzler et al. 1997). The
kinetic global gene expression analysis of mouse DCs stimulated with
eggs or SLA indicated that genes encoding inflammatory cytokines,
chemokines, and IFN-inducible proteins were oppositely regulated by
the two stimuli (Trottein et al. 2004). Interestingly, eggs, but not SLA,
induced the expression of IFN-β that efficiently triggered the type I
IFN receptor (IFNAR) expressed on DCs, causing phosphorylation of
STAT-1 with consequent upregulation of IFN-induced inflammatory
products.

Clustering techniques applied to 283 differentially expressed genes
revealed two signatures: the egg time-course experiment was compati-
ble with a progressive cell differentiation process, such as maturation,
whereas observations from SLA-stimulated DC samples suggested the
occurrence of a stable blocking event within the first 4 h. Moreover, eggs
modulated different amounts and subsets of genes in comparison with
SLA, indicating that the two developmental stages of S. mansoni affected
distinct intracellular pathways in DCs possibly by triggering specific re-
ceptors. The egg stage sustains the maximization of Ag presentation
efficiency in DCs by inducing the upregulation of H-2M, which plays
a crucial role in the peptide loading of MHC class II molecules (Kovats
et al. 1998) and of the costimulatory molecules CD40 and ICAM-1.
Cathepsins D and L, which are believed to remove the invariant chain
from its complex with MHC class II molecules (Villadangos et al. 1999),
are downregulated by SLA, but are not modulated by eggs, suggesting
a reduction in the Ag processing capacity exerted by the larval stage
on DCs. Moreover, the egg stage induced the expression of proinflam-
matory cytokine transcripts, such as TNF-α, and chemokines, such as
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IP-10 (CXCL10), monocyte chemoattractant protein-5 (CCL12), MIP-
1α (CCL3), MIP-1β (CCL4), MIP-1γ (CCL9), and MIP-2 (CXCL2),
which are known to collectively attract granulocytes, immature DCs,
NK cells, and activated T cells (Greaves and Schall 2000). S. mansoni
eggs, but not SLA, induced the production of high amounts of IL-2,
which could be important for DC-mediated activation of NK cells (Fer-
nandez et al. 1999) or NKT cells (Fujii et al. 2002) as well as for priming
naive T cells (Granucci et al. 2003a).

Mouse myeloid DCs, in response to helminth eggs, activate a strong
interferon response compared to SLA. We have observed that the DC-
derived IFNβ molecule efficiently triggered the IFNAR expressed on
DCs, thus providing an autocrine and/or paracrine stimulation mecha-
nism. Therefore, our data indicate myeloid DCs as one possible medi-
ator of type I IFN signaling as well as one plausible source of IP-10
and MIP-1 production, also in response to helminth infections. The
comparative gene expression analysis revealed two different DC global
transcriptional modifications induced by either Schistosoma eggs or
SLA, consistent with the different responses induced in vivo by these
two parasite stages. Taken as a whole, these observations have provided
new molecular insights into the host–parasite interaction established in
the course of schistosomiasis leading to the identification of a type I
IFN-dependent mechanism by which DCs may amplify inflammatory
reactions in response to helminth infection.

As mentioned above, immature DCs express receptors that bind to
microbes and microbial products, which are then internalized and pro-
cessed for presentation to T cells. Whole bacteria and microbial products
have all been found to induce cytokine and chemokines production by
DCs. We have also used live bacteria to perturb immature DCs in the
attempt to identify the kinetics of the DC reprogramming. DC functions
are indeed determined according to a precise time frame. We observed
that most of the changes in gene expression occur very early (2–4 h) after
microbial encounter. A detailed analysis of the induced DC transcrip-
tome has shown that at early time points following microbial exposure,
the genes that are differentially expressed include those of the inflam-
matory and immune response pathway (IL1β, IL1ra, TNFα, IL-12 p40,
IL-6, MIP-1α, β, γ, MIP-2α, I-309, C10, MCP-5, MIF, IP-10, GRO-1),
as well as those involved in the interferon-inducible response.
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In these transcriptional analyses, the most unexpected finding was
the ability of R-DCs to produce IL-2 between 4 and 6 h after microbial
exposure (Granucci et al. 2001). The IL-2 has been described as a NK,
B, and T cell growth factor, and for this reason it may represent a key
molecule conferring to DCs the unique ability to activate cells of the
innate response. In agreement with this hypothesis, we have shown
that IL-2-deficient DCs are severely impaired in their ability to activate
NK cell responses both in vitro and in vivo as revealed by measuring
antibacterial and anti-tumor responses (Aebischer et al. 2005).

4.6 Activation of NK Cells by Dendritic Cells Is Mediated
by Dendritic Cell-Derived IL-2

The observation that DCs can produce IL-2 opens new possibilities for
understanding the mechanisms by which DCs control innate immunity.
Only microbial stimuli, and not inflammatory cytokines, are able to
induce IL-2 secretion by DCs (Granucci et al. 2003a), indicating that
this IL-2 production is tightly regulated by microbial signals and that
DCs can distinguish between the actual presence of an infection and
a cytokine-mediated inflammatory process. Thus, the adjuvant property
of bacteria is explained by inducing in DCs immediate IL-2 production.
This seems to be a unique feature of DCs, as macrophages are unable
to produce IL-2 after bacterial activation. The ability of DCs to rapidly
respond to microbial interaction with IL-2 production is also shown with
parasites (e.g., Leishmania mexicana) and helminth (e.g., Schistosoma
species) (Aebischer et al. 2005; Trottein et al. 2004). Of interest, only
inflammatory stages of these two organisms (Schistosoma eggs or Leish-
mania promastigote) can induce IL-2 transcription in DCs (Aebischer
et al. 2005; Trottein et al. 2004).

The cross-talk between DCs and NK cells has been described in
the context of immune responses to infectious agents and tumors. IL-2
produced early by bacterially activated mouse DCs seems to play a fun-
damental role in the activation of NK cell-mediated immunity in vitro
and in vivo (Granucci 2004). This indicates that in addition to its well-
defined function in acquired immunity, IL-2 is also necessary, at least
after bacterial infections, for the regulation of innate immune responses.
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The biological relevance of NK cell activation mediated by DCs during
bacterial infections resides mainly in the secretion of IFN-γ, which repre-
sents the principal phagocyte-activating factor. In addition, the secretion
of IFN-γand TNF-α by activated NK cells in response to interaction with
DCs provides a cytokine milieu promoting a strong cell-mediated innate
immune response most beneficial in defense against microbial infec-
tions. Thus, DCs, through their ability to limit the spread of pathogens
via innate cytokines, including IL-2 and type I IFNs, and to recruit in-
nate cells via chemokine production, effectively participate in the early
phases of the immune response. At later phases of the immune response,
they also mediate immune-regulatory functions that will promote and
shape acquired immune responses.

References

Abbas AK, Murphy KM, Sher A (1996) Functional diversity of helper T lym-
phocytes. Nature 383:787–793

Aderem A, Underhill DM (1999) Mechanisms of phagocytosis in macrophages.
Annu Rev Immunol 17:593–623

Aebischer T, Bennett CL, Pelizzola M, Vizzardelli C, Pavelka N, Urbano M,
Capozzoli M, Luchini A, Ilg T, Granucci F, Blackburn CC, Ricciardi-
Castagnoli P (2005) A critical role for lipophosphoglycan in proinflamma-
tory responses of dendritic cells to Leishmania mexicana. Eur J Immunol
35:476–486

Angeli V, FaveeuwC, Roye O, Fontaine J, Teissier E, Capron A, Wolowczuk I,
Capron M, Trottein F (2001) Role of the parasite-derived prostaglandin D2
in the inhibition of epidermal Langerhans cell migration during schistoso-
miasis infection. J Exp Med 193:1135–1147

Bachem CW, van der Hoeven RS, de Bruijn SM, Vreugdenhil D, Zabeau M,
Visser RG (1996) Visualization of differential gene expression using a novel
method of RNA fingerprinting based on AFLP: analysis of gene expression
during potato tuber development. Plant J 9:745–753

Banchereau J, Steinman RM (1998) Dendritic cells and the control of immunity.
Nature 19:245–252

Bergelson J, Kreitman M, Stahl EA, Tian D (2001) Evolutionary dynamics of
plant R-genes. Science 292:2281–2284

Beutler B (2004) Inferences, questions and possibilities in Toll-like receptor
signaling. Nature 430:257–263



Dendritic Cell Interactions and Cytokine Production 77

Birch PRJ, Kamoun S (2000) Studying interaction transcriptomes: coordinated
analyses of gene expression during plant–microorganism interactions. In
New technologies for life sciences: a trends guide (supplement to Elsevier
Trends Journals, December 2000) London: Elsevier, pp 77–82

Blader IJ, Manger ID, Boothroyd JC (2001) Microarray analysis reveals previ-
ously unknown changes in Toxoplasma gondii-infected human cells. J Biol
Chem 276:24223–24231

Boldrick JC, Alizadeh AA, Diehn M et al. (2002) Stereotyped and specific gene
expression programs in human innate immune responses to bacteria. Proc
Natl Acad Sci U S A 99:972–977

Brenner S, Johnson M, Bridgham J, Golda G, Lloyd DH, Johnson D et al.
(2000) Gene expression analysis by massively parallel signature sequencing
(MPSS) on microbead arrays. Nat Biotechnol 18:630–634

Chaussabel D, Tolouei SR, McDowell MA, Sacks D, Sher A, Nutman TB (2003)
Unique gene expression profiles of human macrophages and dendritic cells
to phylogenetically distinct parasites. Blood 102:672–681

Cohen P, Bouaboula M, Bellis M, Baron V, Jbilo O, Poinot-Chazel C, Galiegue S,
Hadibi EH, Casellas P (2000) 190 Monitoring cellular responses to Listeria
monocytogenes with oligonucleotide arrays. J Biol Chem 275:11181–11190

De Avalos SV, Blader IJ, Fisher M, Boothroyd JC, Burleigh BA (2002) Im-
mediate/early response to Trypanosoma cruzi infection involves minimal
modulation of host cell transcription. J Biol Chem 277:639–644

De la Fuente C, Santiago F, Deng L et al. (2002) Gene expression profile
of HIV-1 Tat expressing cells: a close interplay between proliferative and
differentiation signals. BMC Biochem 3:14

D’Ostiani CF, Del Sero G, Bacci A, Montagnoli C, Spreca A, E Mencacci A,
Ricciardi-Castagnoli P, Romani L (2000) Dendritic cells discriminate be-
tween yeasts and hyphae of the fungus Candida albicans. Implications
for initiation of T helper cell immunity in vitro and in vivo. J Exp Med
191:1661–1674

Duggan DJ, Bittner M, Chen Y, Meltzer P, Trent JM (1999) Expression profiling
using cDNA microarrays. Nature Genet 21:10–14

Edwards AD, Diebold SS, Slack EMC, Tomizawa H, Hemmi H, Kaisho T et al.
(2003) Toll-like receptor expression in murine DC subsets: lack of TLR7
expression by CD8+ DC correlates with unresponsiveness to imidazoquino-
lines. Eur J Immunol 33:827–833

Fearon DT, Locksley RM (1996) The instructive role of innate immunity in the
acquired immune response. Science 272:50–53

Fernandez NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D, Suter M,
Perricaudet M, Tursz T, Maraskovsky E, Zitvogel L (1999) Dendritic cells
directly trigger NK cell functions: cross-talk relevant in innate anti-tumor
immune responses in vivo. Nat Med 5:405–411



78 M. Foti, F. Granucci, P. Ricciardi-Castagnoli

Fujii S, Shimizu K, Kronenberg M, Steinman RM (2002) Prolonged IFN-
gamma-producing NKT response induced with alpha-galactosylceramide-
loaded DCs. Nat Immunol 3:867–874

Geissmann F, Dieu-Nosjean MC, Dezutter C et al. (2002) Accumulation of
immature Langerhans cells in human lymph nodes draining chronically
inflamed skin. J Exp Med 196:417–430

Granucci F, C Vizzardelli N, Pavelka S, Feau M, Persico E, Virzi M, Rescigno G,
Moro P, Ricciardi-Castagnoli (2001) Inducible IL-2 production by dendritic
cells revealed by global gene expression analysis. Nat Immunol 2:882–888

Granucci F, Feau S, Angeli V, Trottein F, Ricciardi-Castagnoli P (2003a) Early
IL-2 production by mouse dendritic cells is the result of microbial-induced
priming. J Immunol 170:5075–5081

Granucci F, Petralia F, Urbano M et al. (2003b) The scavenger receptor MARCO
mediates cytoskeleton rearrangements in dendritic cells and microglia.
Blood. 102:2940–2947

Granucci F, Zanoni I, Pavelka N, Van Dommelen S,Andoniou C, Belardelli F,
Degli Esposti MP, Ricciardi-Castagnoli P (2004) A contribution of mouse
dendritic cell-derived IL-2 for NK cell activation. J Exp Med 200:287–295

Greaves DR, Schall TJ (2000) Chemokines and myeloid cell recruitment. Microb
Infect 2:331–336

Hofer S, Rescigno M, Granucci F et al. (2001) Differential activation of NF-
kappa B subunits in dendritic cells in response to Gram-negative bacteria
and to lipopolysaccharide. Microbes Infect 3:259–265

Huang Q, Liu D, Majewski P et al. (2001) The plasticity of dendritic cell
responses to pathogens and their components. Science 294:870–875

Janeway CA Jr (1989) Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol 54:1–13

Janeway CA Jr, Medzhitov R (1998) Introduction: the role of innate immunity
in the adaptive immune response. Semin Immunol 10:349–350

Janeway CA Jr, Medzhitov R (2002) Innate immune recognition. Annu Rev
Immunol 20:197–216

Jarrossay D, Napolitani G, Colonna M, Sallusto F, Lanzavecchia A (2001)
Specialization and complementarity in microbial molecule recognition by
human myeloid and plasmacytoid dendritic cells. Eur J Immunol 31:3388–
3393

Kadowaki N, Antonenko S, Liu YJ (2001) Distinct CpG DNA and polyinosinic-
polycytidylic acid double-stranded RNA, respectively, stimulate CD11c–
type 2 dendritic cell precursors and CD11c+ dendritic cells to produce type
I IFN. J Immunol 166:2291–2295

Kahn RA, Fu H, Roy CR (2002) Cellular hijacking: a common strategy for
microbial infection. Trends Biochem Sci 27:308–314



Dendritic Cell Interactions and Cytokine Production 79

Kamoun S, Hraber P, Sobral. B, Nuss D, Govers F (1999) Initial assessment of
gene diversity for the oomycete pathogen Phytophthora infestans based on
expressed sequences. Fungal Genet Biol 28:94–106

Kovats S, Grubin CE, Eastman S, deRoos P, Dongre A, Van Kaer L, Ruden-
sky AY (1998) Invariant chain-independent function of H-2M in the for-
mation of endogenous peptide-major histocompatibility complex class II
complexes in vivo. J Exp Med 187:245–251

Liang P, Pardee AB (1992) Differential display of eukaryotic messenger RNA
by means of the polymerase chain reaction. Science 257:967–971

Lipshultz RJ, Fodor SPA, Gingeras TR, Lockhart DJ (1999) High-density syn-
thetic oligonucleotide arrays. Nature Genet 21:20–24

MacDonald AS, Araujo MI, Pearce EJ (2002) Immunology of parasitic helminth
infections. Infect Immun 70:427–433

Manger ID, Relman DA (2000) How the host “sees” pathogens: global gene
expression responses to infection. Curr Opin Immunol 12:215–218

Means TK, Hayashi F, Smith KD, Aderem A, Luster AD (2003) The Toll-like
receptor 5 stimulus bacterial flagellin induces maturation and chemokine
production in human dendritic cells. J Immunol 170:5165–5175

Moser M, Murphy KM (2000) Dendritic cell regulation of TH1-TH2 develop-
ment. Nat Immunol 1:199–205

Mushegian A, Medzhitov R (2001) Evolutionary perspective on innate immune
recognition. J Cell Biol. 155:705–710

Muzio M, Bosisio D, Polentarutti N, D’Amico O, Stoppacciaro A, Mancinelli R,
et al. (2000) Differential expression and regulation of toll-like receptors
(TLR) in human leukocytes: selective expression of TLR3 in dendritic cells.
J Immunol 164:5998–6004

Pearce EJ, MacDonald AS (2002) The immunobiology of schistosomiasis. Nat
Rev Immunol 2:499–511

Ramaswamy K, Kumar P, He YX (2000) A role for parasite-induced PGE2
in IL-10-mediated host immunoregulation by skin stage schistosomula of
Schistosoma mansoni. J Immunol 165:4567–4574

Rappuoli R (2000) Pushing the limits of cellular microbiology: microarrays
to study bacteria-host cell intimate contacts. Proc Natl Acad Sci U S A
97:13467–13469

Rescigno M, Urbano M, Valzasino B et al. (2001) Dendritic cells express tight
junction proteins and penetrate gut epithelial monolayers to sample bacteria.
Nat. Immunol 2:361–367

Rosenberger CM, Scott MG, Gold MR, Hancock RE, Finlay BB (2000)
Salmonella typhimurium infection and lipopolysaccharide stimulation in-
duce similar changes in macrophage gene expression. J Immunol 164:5894–
5904



80 M. Foti, F. Granucci, P. Ricciardi-Castagnoli

Rumbley CA, Phillips SM (1999) The schistosome granuloma: an immunoreg-
ulatory organelle. Microb Infect 1:499–504

Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of
gene expression patterns with a complementary DNA microarray. Science
270:467–470

Shaheduzzaman S, Krishnan V, Petrovic A et al. (2002) Effects of HIV-1 Nef
on cellular gene expression profiles. J Biomed Sci 9:82–96

Shortman K, Liu Y (2002) Mouse and human dendritic cell subtypes. Nat Rev
Immunol 2:151–161

Tailleux L, Schwartz O, Herrmann JL et al. (2003) DC-SIGN is the major
Mycobacterium tuberculosis receptor on human dendritic cells. J Exp Med
197:121–127

Takeda K, Kaisho T, Akira S (2003) Toll like receptors. Annu Rev Immunol
21:335–376

Trottein F, Pavelka N,Vizzardelli C, Angeli V, Zouain C, Pellizzola M, Capron M,
Belardelli F, Granucci F, Ricciardi-Castagnoli P (2004) A type I IFN-
dependent pathway induced by Schistosoma mansoni eggs in mouse myeloid
dendritic cells generates an inflammatory signature. J Immunol 172:3011–
3017

Underhill DM, Ozinsky A, Hajjar AM, Stevens A, Wilson CB, Bassetti M,
Aderem A (1999) The Toll-like receptor 2 is recruited to macrophage phago-
somes and discriminates between pathogens. Nature 401:811–815

Urban BC, Willcox N, Roberts DJ (2001) A role for CD36 in the regulation of
dendritic cell function. Proc Natl Acad Sci U S A 98:8750–8755

Van Kooyk Y, Geijtenbeek TB (2003) DC-SIGN: escape mechanism for
pathogens. Nat Rev Immunol 3:697–709

Velculescu V, Zhang L, Zhou W, Vogelstein B, Basrai MA, Basette DE et al.
(1997) Characterization of the yeast transcriptome. Cell 88:243–251

Villadangos JA, Bryant RA, Deussing J, Driessen C, Lennon-Dumenil AM,
Riese RJ, Roth W, Saftig P, Shi GP, Chapman HA et al. (1999) Proteases
involved in MHC class II antigen presentation. Immunol. Rev. 172:109–120

Visintin A, Mazzoni A, Spitzer JH, Wyllie DH, Dower SK, Segal DM (2001)
Regulation of ToH-like receptors in human monocytes and dendritic cells.
J Immunol 166:249–255

Winzler C, Rovere P, Rescigno M, Granucci F, Penna G, Adorini L, Zimmer-
mann VS, Davoust J, Ricciardi-Castagnoli P (1997) Maturation stages of
mouse dendritic cells in growth factor-dependent long-term cultures. J Exp
Med 185:317–328

Woolhouse MEJ, Webster JP, Domingo E, Charlesworth B, Levin BR (2002)
Biological and biomedical implications of the co-evolution of pathogens
and their host. Nature Genet 32:569–577



5 Lysosomal Cysteine Proteases
and Antigen Presentation

A. Rudensky, C. Beers

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 The MHC Class II Pathway . . . . . . . . . . . . . . . . . . . . . 82
5.3 Lysosomal Cysteine Proteases . . . . . . . . . . . . . . . . . . . . 85
5.4 MHC Class II Invariant Chain Degradation

by Lysosomal Cysteine Proteases . . . . . . . . . . . . . . . . . . 87
5.5 Role of Cathepsin S and L in Generation

of MHC Class II-Bound Peptides . . . . . . . . . . . . . . . . . . 89
5.6 Regulation of Cathepsin S and L Activity

and Their Role in Ii Degradation in Macrophages . . . . . . . . . 90
5.7 Role of Cathepsin S and L in MHC Class II Presentation

by Nonprofessional Antigen-Presenting Cells . . . . . . . . . . . 91
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Abstract. Lysosomal proteinases are involved in two critical stages of MHC
class II-mediated antigen presentation, i.e., degradation of invariant chain,
a chaperone molecule critical for MHC class II assembly and transport, and
generation of class II-binding peptides in the endocytic compartment. We found
that two lysosomal cysteine proteinases, cathepsins S and L, were found to be
differentially expressed in different types of “professional” and “nonprofession-
al” antigen presenting cells, including B cells, macrophages, specialized thymic
epithelium, intestinal epithelium, and dendritic cells. In this chapter, our recent
studies on the role of cathepsin S and L in MHC class II-mediated antigen
processing and presentation in these cells types are highlighted.
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5.1 Introduction

T lymphocytes recognize antigens in the form of short peptides bound
to major histocompatibility complex (MHC) molecules displayed on
the surface of antigen-presenting cells (APCs). MHC molecules sample
products of proteolysis in two major sites of constitutive protein break-
down within the cells: MHC class I molecules present peptides generated
in the cytosol and MHC class II molecules present peptides generated
in the endosomal/lysosomal compartment. Peptides presented by MHC
class I are recognized by CD8+ T cells, while peptides generated in
the endosomal/lysosomal compartment are presented in the context of
MHC class II to CD4+ T cells (Cresswell 1994).

CD4+ T cell development is dependent upon recognition of self-
MHC class II-peptide complexes in the thymus by TCR receptors ex-
pressed on immature thymocytes. Thymocytes capable of recognition
of relatively low avidity MHC class II-self-peptide ligands expressed on
cortical TECs proceed further with their differentiation program. Thy-
mocytes displaying TCR with a high avidity for MHC class II-peptide
complexes, expressed primarily by thymic bone marrow-derived cells,
are subjected to deletion via apoptosis in the process dubbed negative se-
lection. Elimination of these precursors of autoreactive T cells serves as
a critical mechanism of autoimmunity prevention. Dendritic cells repre-
sent the most efficient type of bone marrow-derived antigen-presenting
cells mediating negative selection in the thymus and presenting foreign
and self-antigens in the periphery.

In this review, we discuss results of our recent studies of proteolytic
mechanisms involved in MHC class II-mediated pathway of antigen
presentation. Specifically, we focus on the role of lysosomal cysteine
proteinases cathepsin S and L in maturation of MHC class II molecules
and antigen processing in different types of antigen-presenting cells
(APCs), including thymic cortical epithelial cells, dendritic cells, B cells,
macrophages, and intestinal epithelial cells.

5.2 The MHC Class II Pathway

MHC class II molecules are constitutively expressed on the surface of
professional antigen-presenting cells (APCs) of the immune system, i.e.,
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B cells, dendritic cells (DCs), macrophages (Mφs), and cortical thymic
epithelial cells (TECs), which present proteolytic fragments of self and
foreign protein antigens to the CD4+ T helper cells (Cresswell 1994;
Watts 1997; Steimle et al. 1994). Expression of MHC class II can also
be transiently induced by inflammatory signals in other cell types such
as endothelial cells, fibroblasts, and different types of epithelial cells
(Hershberg and Mayer 2000; Sartor 1994).

MHC class II molecules assemble in the endoplasmic reticulum with
the help of the chaperone molecule invariant chain (Ii), a type II gly-
coprotein that promotes the proper folding and assembly of the MHC
α/β heterodimer (Anderson and Miller 1992; Cresswell 1996) (Fig. 1).
Alpha-beta heterodimers associate with the Ii binding to a particular
region of Ii, termed CLIP (class II-associated Ii peptide), within the
peptide-binding groove. The roles of Ii include stabilization of the
nascent MHC class II heterodimers and prevention of the premature
binding of polypeptides or partially folded proteins within the ER. Ii
also facilitates intracellular trafficking of newly synthesized MHC class
II molecules to the endosomes. The latter function of Ii is mediated
by its cytoplasmic tail, which contains an endosomal/lysosomal tar-
geting motif (Bakke and Dobberstein 1990; Lotteau et al. 1990; see
for review Cresswell 1996). Upon arrival at the endosomal/lysosomal
compartment, the invariant chain is degraded by lysosomal proteases
in a step-wise fashion. Initial cleavage results in generation of the p22
and p18 Ii degradation intermediates followed by generation of the p12
fragment, all of which are still associated with the α/β heterodimer. At
the late stages of Ii degradation, the p12 fragment is removed, leaving
only CLIP associated with the MHC class II peptide binding groove
(Maric et al. 1994; Neefjes and Ploegh 1992; Riese et al. 1996) (Fig. 2).
The MHC class II-like chaperone molecule HLA-DM (H-2M in mice)
mediates removal of CLIP in exchange for the diverse array of peptides
derived from self or foreign protein antigens generated in the endosomes
and lysosomes. Upon peptide binding, MHC class II-peptide complexes
traffic to the plasma membrane via a poorly understood mechanism or
retrograde transport from the late aspects of the endosomal/lysosomal
compartment (Denzin and Cresswell 1995; Martin et al. 1996) (Fig. 1).
Thus, lysosomal proteases are involved in two critical processes within
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Fig. 1. The MHC class II presentation pathway. MHC class II α/β heterodimers
assemble in the endoplasmic reticulum (ER) with the assistance of invariant
chain (Ii). The cytoplasmic tail of Ii contains a motif that targets the MHC
class II:Ii complex to the endosomal/lysosomal pathway. Maturation of the
early endosomes leads to activation of lysosomal enzymes, including cysteinal
proteases, which degrade endogenous and exogenous internalized proteins and
Ii. Following Ii cleavage, the MHC class II peptide-binding groove remains
occupied by the class II-associated invariant chain peptide (CLIP), which
prevents peptide loading. Removal of CLIP and loading of peptides is mediated
by the MHC-like molecule H-2M (DM). These newly assembled peptide:MHC
class II complexes then traffic to the plasma membrane
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Fig. 2. Invariant chain degradation. Invariant chain (Ii) is degraded in a step-wise
manner in the endosomes. The initial cleavage is likely mediated by a leupeptin-
insensitive cysteine protease or by an aspartyl protease, whereas subsequent
steps are mediated by leupeptin-sensitive cysteine proteases. Upon proteolytic
removal of the bulk of Ii, MHC class II peptide-binding groove remains occupied
by Ii-derived CLIP peptide (class II associated Ii peptide). In addition to Ii,
lysosomal proteases degrade internalized exogenous and endogenous proteins
in the endosomal/lysosomal compartment. MHC-like molecule H-2M (DM)
facilitates exchange of CLIP for the peptides generated by these enzymes

MHC class II presentation pathway, i.e., degradation of invariant chain
and generation of MHC class II binding peptides.

5.3 Lysosomal Cysteine Proteases

Lysosomal proteases belonging to a diverse protease family, known as
the cathepsins, are involved in a number of important cellular processes.
A number of these enzymes are cysteine proteases with an acidic pH



86 A. Rudensky, C. Beers

optimum characteristic of the lysosomal compartment (Turk et al. 2000,
2001). Development of irreversible inhibitors binding to the active site
cysteine residue allowed for utilization of their radio-labeled or biotiny-
lated derivatives as specific probes to assess the levels of active cysteine
proteases in different cell types, and even in different intracellular com-
partments (Bogyo et al. 2000; Driessen et al. 1999; Shi et al. 2000).
Some lysosomal cysteine proteases, such as cathepsin B, are ubiqui-
tously expressed in different tissues, whereas expression of others is
restricted to certain tissue types (Chapman et al. 1997; Nakagawa and
Rudensky 1999). Active cathepsin S (Cat S) can be detected in the thy-
roid and the spleen, but not in the thymic tissue, while active cathepsin
L (Cat L) is found in kidney, liver, and thymic tissue but not in the
spleen (Chapman et al. 1997; Nakagawa and Rudensky 1999; Villadan-
gos et al. 1999). The distinct expression patterns of Cat S and Cat L
activity in lymphoid tissues led us and others to further investigate the
specific cell type distribution and to analyze the nonredundant function
of these enzymes in MHC class II presentation pathway. In the course
of these studies, we found Cat S activity in B cells and DCs, while Cat
L activity was lacking in these cells. Cortical thymic epithelial cells
revealed the opposite pattern of expression of these two enzymes upon
investigation of mRNA, protein, and enzymatic activity using active site
labeling. In contrast to the above cell types, Mφs express both Cat S and
Cat L activity (Nakagawa et al. 1998, 1999; C. Beers and A. Rudensky,
unpublished observations) (Fig. 3).

It has been anticipated that function of any given cathepsin is redun-
dant, since none of the cathepsin-deficient mice studied so far exhibit
a generalized defect in lysosomal protein degradation (Deussing et al.
1998; Nakagawa et al. 1998, 1999; Pham and Ley 1999; Roth et al.
2000; Saftig et al. 1998; Shi et al. 1999). However, our analysis of Cat
L and Cat S knockouts as well as studies by others have demonstrated
that these lysosomal cysteine proteases play a specific nonredundant
function in the MHC class II pathway.
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Expression of Active Cathepsin S and Cathepsin L
in Professional APCs

(detected by 125labelled inhibitor active site labeling)

Cathepsin S Cathepsin L

Macrophage + +

B cells + –

Splenic/thymic DCs +

cTECs – +

–

Fig. 3. Expression of Cathepsin S and Cathepsin L in professional antigen-
presenting cells. Cysteine protease activity is detected using a substrate-analog
inhibitor that covalently binds to the active site cysteine residue of the cathep-
sins. Macrophages, B cells, splenic and thymic DCs, and cTECs were purified
from wild-type mice and incubated with the 125I-labeled substrate-analog in-
hibitor for 3 h. Active cathepsin S and cathepsin L were detected by separating
cellular lysates using 12% SDS/PAGE. 125I-labeled cathepsins were visualized
by autoradiography

5.4 MHC Class II Invariant Chain Degradation
by Lysosomal Cysteine Proteases

Biochemical analyses of Cat S-deficient mice revealed a prominent ac-
cumulation of MHC class II-associated Ii degradation intermediates,
p12 and p18, in Cat S-deficient B cells and DCs (Nakagawa et al. 1999;
Shi et al. 1999). Proteolytic conversion of p12 Ii into CLIP is required
for efficient loading of antigenic peptides and surface delivery of MHC
class II peptide complexes. Therefore, antigen presentation studies uti-
lizing a panel of MHC class II-restricted T cell hybridomas showed that
the impaired Ii degradation in Cat S−/− bone marrow-derived APCs
was associated with diminished presentation of the majority of exoge-
nous antigens tested as compared to wild-type mice. Despite a defect in
antigen presentation by B cells and DCs, the numbers of CD4+ T cells
remain normal in Cat S−/− mice (Nakagawa et al. 1998, 1999).
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In contrast to Cat S-deficient mice, B cells and DCs from Cat L-
deficient mice exhibit normal Ii degradation and MHC class II anti-
gen processing and presentation consistent with the expression pattern
of these two enzymes. However, a profound defect in Ii degradation
became apparent upon analysis of Ii degradation intermediates in the
thymic epithelium and purified cortical TECs, cells that mediate posi-
tive selection of CD4+ T cells (Benavides et al. 2001; Nakagawa et al.
1998). These cells show impaired late-stage Ii degradation and a marked
decrease in CD4+ T cell numbers to about one-quarter of those present
in littermate wild type animals. Overall expression of MHC class II on
the cell surface of cortical TECs is normal. However, a substantial pro-
portion of these MHC class II molecules is bound to p12 Ii fragments.
Furthermore, the accumulation of Ii intermediates p12 and p18 within
the endosomal/lysosomal compartment most likely prevents the proper
loading of endogenous peptides, thereby limiting positive selection (Be-
navides et al. 2001; Nakagawa et al. 1998).

These data indicate that both Cat S and Cat L are required for late
stages of Ii degradation in professional APCs, yet they function in dis-
tinct cell types. Cat L is critical for Ii processing in cortical TECs, cells
that mediate positive selection of immature double-positive thymocytes,
while Cat S plays a similarly critical role in bone marrow-derived cells
that induce immune responses in the periphery and mediate central and
peripheral tolerance. It is puzzling to speculate as to why there are two
lysosomal cysteine proteases with an apparently similar role in the MHC
class II presentation pathway, albeit functioning in separate cell types.
One explanation is that these enzymes may also be involved in the gener-
ation of peptide fragments presented by MHC class II molecules. It can
be further speculated that differences in the peptide repertoires displayed
by positively selecting thymic cortical epithelial cells and tolerogenic
dendritic cells in the thymus and in the periphery may be essential for
development of a sizable peripheral CD4 T cell compartment and/or for
diminishing potential risk of autoimmunity.
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5.5 Role of Cathepsin S and L in Generation
of MHC Class II-Bound Peptides

As discussed above, cathepsins have been implicated in the processing
of exogenous and endogenous proteins for presentation by MHC class
II molecules to CD4+ T cells in addition to their role in late stages of Ii
degradation.

We have taken a direct approach to determine the role of Cat S and
Cat L in the generation of T cell epitopes by engineering fibroblast cell
lines that express either Cat S or Cat L, or neither enzyme. Peptides were
eluted from purified MHC class II molecules and analyzed using tandem
mass spectrometry (Hsieh et al. 2002). It was observed that the majority
of abundant peptides expressed by MHC class II molecules were not
dependent upon expression of either Cat S or Cat L, although their
relative expression varied in Cat S, Cat L, and control cells. However,
a subset of MHC class II eluted peptides was significantly affected by
the presence or absence of these enzymes. Specifically, the generation
of some peptides required Cat S, while others were dependent on Cat L
expression. The majority of peptides were generated in the presence of
either Cat S or Cat L. In addition, the level of distinct subsets of MHC
class II binding peptides was greatly diminished in the presence of Cat S
or Cat L or both of these enzymes. In aggregate, studies utilizing these
model APC lines indicate that Cat S and Cat L are able to influence
endogenous MHC class II peptides.

By generating mice deficient in both Cat S or Cat L and Ii, the effect of
these enzymes on generation of the MHC class II-binding peptide in vivo
can be assessed directly as the lack of Ii abolishes the need to discriminate
between the effects of these enzymes on the peptide processing from
a defect in Ii degradation. The results of such an analysis indicate that
Cat L influences the generation of T cell peptide epitope repertoire
expressed by cortical TECs in vivo. Therefore, Cat L is essential not only
for late stages of Ii degradation in thymic cortical epithelial cells, but also
for generation of class II-bound peptides involved in positive selection
of CD4 T cells. Cat S does not seem to have such a nonredundant
role because overall peptide generation in DCs from mice lacking both
Cat S and Ii appeared normal. However, generation of some peptide
epitopes was affected. For example, Cat S was shown to destroy a known
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endogenously generated IgM T cell epitope (Honey et al. 2002; Hsieh
et al. 2002). A separate study implicated Cat S in generating some, but
not all hen egg lysozyme T cell epitopes in B cells (Pluger et al. 2002). In
summary, these studies indicate that Cat L is involved in the generation
of the majority of peptides involved in positive selection of CD4+ T cells
in cortical TECs, while Cat S influences some, but not the bulk, of MHC
class II-bound peptides presented by DCs and B cells.

5.6 Regulation of Cathepsin S and L Activity
and Their Role in Ii Degradation in Macrophages

Since macrophages display both Cat S and Cat L activity, we attempted
to further investigate the relative involvement of these enzymes in MHC
class II presentation in these cells, specifically, their contribution to the
late stages of Ii degradation. In our earlier studies, we have observed
a role for Cat S in regulating MHC II presentation of some exoge-
nous antigens by Mφs (Nakagawa et al. 1999). In contrast, we failed
to observe a detectable role for Cat L in invariant chain cleavage in
IFN-γ-stimulated macrophages. In more recent experiments employing
biosynthetic pulse-chase labeling of Cat S-, Cat L-deficient, or Cat S–
Cat L double-deficient Mφs in combination with immunoprecipitation
of MHC class II molecules, we confirmed that Cat S is the predominant
enzyme processing Ii in these cells (Beers et al. 2003). Furthermore, we
discovered that lack of a detectable role of Cat L in this process is due to
a substantial downregulation of its enzymatic activity upon IFN-γ stim-
ulation. Although this decline in Cat L activity coincided with a decrease
in Cat L mRNA and an increase in secretion of mature Cat L protein,
the level of intracellular mature Cat L protein did not change in IFN-γ
stimulated pMφs. This finding suggests that Cat L activity is diminished
due to induced expression of a Cat L-specific inhibitor. Previously, the
p41 isoform of Ii was shown to exhibit Cat L-specific inhibitory activity
due to the presence of a characteristic thyroglobulin-like domain. Since
IFN-γ stimulation results in a drastic upregulation of MHC class II and
associated accessory molecules including Ii, p41 was a logical candi-
date responsible for the observed inhibition of Cat L activity. However,
we found that the p41 isoform of Ii did not contribute significantly to
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downregulation of Cat L activity in pMφs as comparable inhibition of
Cat L activity was also observed in Ii-deficient pMφs upon IFN-γ in-
duction. More recently, our preliminary studies implicate cystatin F as
a specific inhibitor of Cat L activity in IFN-γ activated pMφs (C. Beers
and A. Rudensky, unpublished observations). These results indicate that
upon activation of pMφs in response to pro-inflammatory stimuli such
as IFN-γ, enzymatic activity of Cat L is specifically inhibited, such that
Cat S mediates Ii degradation and regulates MHC class II maturation.
Notably, a similar phenomenon was observed in DCs isolated from mice
expressing Cat L transgene driven by DC-specific CD11c promoter. In
the latter cells, like in IFN-γ-stimulated pMφs, very little Cat L activity
was observed, while high levels of the mature form of Cat L protein were
present (Beers et al. 2003). Thus, during Th1 immune response domi-
nated by IFN-γ production, inhibition of Cat L activity in macrophages
results in preferential usage of cathepsin S for MHC class II presen-
tation by all types of bone marrow derived antigen-presenting cells.
This suggests that as a result of differential regulation of Cat L and
Cat S, the latter enzyme governs MHC class II presentation by all bone
marrow-derived APCs in secondary lymphoid organs.

These findings open up the possibility of manipulating the efficiency
of antigen presentation by MHC class II molecules.

5.7 Role of Cathepsin S and L in MHC Class II Presentation
by Nonprofessional Antigen-Presenting Cells

As mentioned above, MHC class II expression can also be induced by
bacterial cell products and inflammatory cytokines on different types of
nonprofessional APCs, including intestinal epithelium, fibroblasts, and
endothelium (Hershberg and Mayer 2000; Sartor 1994). Interestingly,
expression of MHC class II molecules on these nonprofessional APCs
has been implicated in immune-mediated inflammation and progression
of, or resistance to, autoimmunity (Hershberg and Blumberg 1999). In
particular, it has been suggested that antigen presentation by intestinal
epithelial cells (IECs) may play an important role in MHC class II-
mediated presentation to immunoregulatory T cells (Campbell et al.
1999; Hershberg et al. 1997).
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Epithelial cells at environmental interfaces provide protection from
potentially harmful agents including pathogens. In addition to serving as
a physical barrier and to producing soluble mediators of immunity such
as antimicrobial peptides, these cells frequently function as “nonprofes-
sional” antigen-presenting cells. In this regard, intestinal epithelial cells
(IECs) are particularly prominent because they express MHC class II
molecules at a site of massive antigenic exposure, where antigens could
be presented to a large number of intraepithelial and lamina propria T
lymphocytes expressing either γδ or αβ TCR. However, unlike bone
marrow-derived professional APCs such as dendritic cells or B cells,
little is known about the mechanisms of MHC class II presentation by
IEC. Since thymic cortical epithelial cells, but not bone marrow-derived
APCs, employ Cat L for Ii degradation and MHC class II peptide genera-
tion, we anticipated finding a similar role for Cat L in intestinal epithelial
cells. Unexpectedly, we detected Cat S activity in epithelial cells of the
small and large intestine. In contrast, Cat L activity was missing despite
the presence of high levels of mature Cat L protein, indicating that Cat L
activity is downmodulated. Further analysis revealed that Cat S is crucial
for Ii degradation and antigen presentation by IEC (Beers et al. 2005).

In aggregate, our studies demonstrate that in vivo both professional
and nonprofessional MHC class II-expressing APC utilize Cat S, but
not Cat L, for MHC class II-mediated antigen presentation. In con-
trast, thymic cortical epithelial cells involved in positive selection of
thymocytes are making use of Cat L for Ii degradation and generation
of positively selecting ligands for CD4 T cells. The biological signifi-
cance of differential expression of these two enzymes in distinct types
of antigen-presenting cells in vivo remains unknown and needs to be
addressed in future studies.
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Abstract. Regulatory T cells (Treg) in broader terms consist of different subsets
of T cells that are characterized by their ability to suppress proliferation of
conventional effector T cells by various means. To date, three main groups of
Treg can de distinguished, mainly by their functional properties (for review
see Jonuleit and Schmitt 2003) Briefly, T regulatory (Tr)-1 cells as well as
T helper (Th)-3 T cells express common T cell markers such as CD4 and are
characterized by secretion of IL-10 and TGF-β, which provides a means by
which proliferation of conventional CD4+ cells is blocked. In contrast, genuine
Treg that are characterized by their expression of CD25 block T cell proliferation
by an unknown cell-to-cell contact-dependent mechanism. However, there are
many overlapping features shared by the different subtypes of regulatory T cell
and the common denominator is the production of regulatory cytokines such as
IL-10 and TGF-β.
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6.1 Interleukin-10 Modulates DCs for Tolerance Induction

IL-10 was originally described as cytokine-synthesis-inhibiting factor
(CSIF) with regard to its effects exerted on IFNγ production of TH1
T cells. Meanwhile, it has been found to exert suppressive effects on
a wide range of different populations of lymphocytes. When human or
murine DCs are exposed to IL-10 in vitro culture systems, the cells
display reduced surface expression of MHC class I and MHC class II
molecules and reduced expression of T cell costimulatory molecules of
the B7 family. In addition, the release of pro-inflammatory cytokines,
i.e., IL-1α, IL-6, TNFα and most markedly IL-12, is abolished after
IL-10 treatment (Griffen et al. 2001; ten Dijke and Hill 2004). However,
all of these effects could only be recorded when immature DCs were
exposed to IL-10. In contrast, mature DCs are insensitive to IL-10 and
display a stable phenotype in the presence of IL-10 once they have
matured (Gorelik et al. 2002; Skapenko et al. 2004).

According to their reduced MHC and B7 expression, the IL-10 treated
DCs are inferior in T cell stimulation as opposed to their fully activated
counterparts, but IL-10 does not merely keep DCs in an immature state;
instead there is evidence that IL-10 modulates DC maturation, enabling
DCs to induce T cells with regulatory properties. For example, freshly
isolated Langerhans cells inhibit proliferation of TH1 cells after ex-
posure to IL-10 but had no effect on TH2 cells (Szabo et al; 2002).
Moreover, it has been shown that IL-10 modulated DCs from peripheral
blood induce alloantigen specific anergy or anergy in melanoma-specific
CD4+ and CD8+ T cells (Foussat et al; 2003; Cottrez et al; 2000). Fur-
ther analysis of these anergic T cells revealed reduced IL-2 and IFN-γ
production and in contrast to genuine Treg, reduced expression of the IL-
2 receptor α-chain CD25. However, in addition to these anergic T cells,
some authors have also observed the emergence of genuine Treg after
injection of IL-10, as indicated by CD25+ upregulation and cell-to-cell
contact requirement for their suppressive activity (Wakkach et al. 2003).

The therapeutic use of these IL-10 modulated DCs is under investi-
gation since injection of in vitro-generated, IL-10-modified DCs is able
to prevent autoimmunity in a murine model of multiple sclerosis (EAE)
and prolonged graft survival significantly in an murine GVHD model
(Muller et al. 2002; Sato et al. 2003). Although most of these protocols
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involved in vitro exposure of DCs to IL-10, there is recent evidence
that IL-10-driven DC modulation may also play a role in generation
of regulatory T cells in vivo. For instance, Wakkach et al. were able
to not only confirm previous in vitro results showing that addition of
IL-10 to in vitro cultures differentiated DCs to a CD45high tolerogenic
phenotype, but they also demonstrated that this tolerogenic phenotype,
along with regulatory Tr1 cells, is significantly enriched in spleens of
IL-10 transgenic mice (Wakkach et al. 2003). Thus these data show
that IL-10 plays an important role in rendering DCs not merely im-
mature but also modifies their ability to induce regulatory T cells in
vivo.

6.2 IL-10-Dependent Feedback Mechanisms
Between Treg and DCs

Many results support the concept that DCs are inducers of Treg un-
der certain circumstances. However, recent results imply that Treg,
on the other hand, also affect DC functions (Serra et al. 2003). For
example, Misra et al. have shown that DC cocultured with Treg re-
main in an immature state as judged by surface marker expression
(Misra et al. 2004). These “Treg-exposed” DCs were inferior in in-
duction of T cell proliferation and produced significant amounts of
IL-10. In another murine cardiac transplantation model, increased num-
bers of splenic CD4+/CD25+ Treg and immature DCs were observed
after treatment of the recipients with 15-deoxyspergualin, a commonly
used antirejection drug (Min et al; 2003). As expected, these imma-
ture DCs purified from tolerant recipients induced the generation of
CD4+/CD25+ Treg when incubated with naive T cells. Surprisingly,
when these Treg isolated from tolerant recipients were incubated with
DC progenitors, generation of DCs with tolerogenic properties, i.e., in-
ferior T cell stimulatory capacity and IL-10 production, was observed.
In conclusion, these results support the notion that IL-10 is a critical
factor in a self-maintaining feed back loop, i.e., IL-10 derived from reg-
ulatory T cells has been shown to play a role in locking immature DCs
in a tolerogenic state, which in turn induces further regulatory T cells
that may contribute to IL-10 production (Misra et al. 2004). However,
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this positive feed back loop can ensure prolonged immunosuppression
and does not only rely on the cell-to-cell contact required by genuine
Treg.

6.3 TNFα and “Semi-mature” DCs

The term “immature” is not accurately defined in many aspects, and
according to a long-standing definition, “real” immature DCs are only
found in peripheral tissues; whereas the impetus to migrate toward re-
gional lymph nodes requires at least some activation. Indeed there are
reports showing that lung-derived “migratory” DCs (and hence “partly”
activated DCs) account for the induction of regulatory T cells (Akbari
et al. 2001). Therefore, tolerogenic DCs found in the lymph node may
be differentially activated or “semi-mature”.

In this regard, TNFα may play a role, since it has been shown that
injection of DCs cultivated in presence of TNFα acted in a tolerogenic
fashion (Menges et al. 2002). In these experiments, DCs were able to
block autoimmunity in a murine model of multiple sclerosis (EAE). This
suppressive effect was mediated by the induction of IL-10-producing
regulatory T cells. The subsequent phenotypic analysis revealed that the
DCs expressed regular amounts of MHC class II, and T cell costim-
ulatory molecules, i.e., according to the authors, these DCs displayed
a mature phenotype as judged by their surface marker expression. In
contrast, these DCs failed to secrete IL1β, IL-6, TNFα, and in partic-
ular IL-12. The importance of IL-12 production for full maturation of
DCs and acquisition of an immunstimulatory phenotype is further sub-
stantiated by results showing that IL-10 as well as cAMP are potent
agonists of IL-12p70 secretion. And in fact, DCs treated with these
agents are resistant to terminal maturation and induce T cell unrespon-
siveness in vitro (Griffin et al. 2001). In conclusion, maturity of DCs
may not merely be judged by their surface marker expression, instead
cytokine expression also has to be taken into account and only upregu-
lation of several different indicators warrant a fully activated phenotype
of DCs.
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6.4 Suppressive Effects Mediated by TGF-β

Transforming growth factor (TGF)-β comprises different members of
a larger family of similar molecules and can be divided into three closely
related members: TGF-β1, TGF-β2, TGF-β3. All three members have
an important role in regulation of an immune response. Most of the
effects of these different TGFs are indistinguishable in in vitro cultures,
because of their similar signaling pathway: i.e., all TGF-βs engage the
same receptor complex that eventually activates transcription factors of
the Smad family (ten Dijke and Hill 2004). Many studies have shown that
TGF-β has the ability to block proliferation of effector T cells by limiting
IL-2 production and upregulation of cell cycle inhibitors. Moreover,
TGF-β can block differentiation of TH1 and TH2 subsets (Gorelik et al.
2002) by blocking IFN-β and IL-4 production, respectively. The latter is
mediated by blocking the transcription factors T-bet (IFN-γ) and GATA-
3 (IL-4) (Skapenko et al. 2004; Szabo et al. 2002).

These immunosuppressive qualities make TGF-β an ideal candidate
molecule to convey suppression mediated by regulatory T cell. Despite
its immunosuppressive activities, the direct involvement of TGF-β in
effects induced by naturally occurring CD25+CD4+ Treg is still being
debated since the main immunosuppressive mechanism seems to rely on
cell-to-cell contact and is independent of soluble factors such as TGF-β.

However, so-called Tr1 cells display a unique cytokine profile since
they neither express typical TH1 (IFN-β) nor TH2 (IL-4) cytokines,
but produce sizable amounts of IL-10 and TGF-β. These cytokines are
responsible for the suppressive effects exerted by Tr1 cells. Accordingly,
via the secretion of TGF-β (and IL-10), Tr1 cells are able to suppress
TH1- as well as TH2-mediated pathologies (Fousat et al. 2003; Cottrez
et al; 2000). The differentiation of Tr1 cells is supposedly dependent
on TGF-β too. It is thought that in a first step, naive CD4+ T cells
can be activated by antigen-presenting cells (APCs) in the presence of
IL-10 and/or TGF-β, resulting in an anergic state that is already able to
suppress effector T cells in a cell contact-dependent manner. However,
in a second differentiation step, limited in vivo proliferation of these
otherwise anergic T cells occurs and “fully differentiated” Tr1 cells
will develop that produce IL-10 and TGF-β, but still remain unable to
produce IL-2 and IL-4 (Levings et al. 2001).
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Even more recently, a model has been proposed in which the pro-
duction of TGF-β is a key factor leading to renewal of “Treg” in a self-
sustained cascade of events. In this model, Zheng et al. (Zheng et al.
2004) showed that CD4+/CD25− T cells develop into CD4+/CD25+
Treg after proliferation in presence of TGF-β. Thereafter these cells
acquire immunosuppressive capacity along with the ability to secrete
TGF-β and IL-10. As outlined above, these two cytokines are able
to further generate “fresh” CD4+/CD25+ Tregs from a pool of naive
CD4+/CD25− T cells, which via secretion of TGF-β can then further
propel the generation of third-, fourth-, fifth-, etc. generation Tregs.

Further evidence that TGF-β has potent effects on sustaining Treg-
mediated suppression derives from the investigations of Jonuleit et al.
(Jonuleit et al. 2002), which demonstrate the importance of TGF-β
in so-called infectious tolerance. Here the authors have shown that
CD4+/CD25+ Treg can “educate” naive CD4+/CD25− T cells to ac-
quire regulatory capabilities. Briefly, naive CD4+ T cells were incubated
with naturally occurring CD25+ Treg, then recovered from these cocul-
tures and finally coincubated with CD4+ effector T cells. In stimulation
assays, these precultured T cells were now able to suppress prolifera-
tion of the freshly isolated effector T cells. Thus, these data show that
contact to naturally occurring CD25+ Treg “infected” naive T cells to
gain regulatory capacity. However, these second-generation regulatory
T cells do not express the marker CD25 and the suppressive activity is
cell-to-cell contact-independent. In fact, it has been shown that TGF-β
is critically involved in mediating suppression of infectious tolerance. In
summary, these data show that TGF-β plays a major role in maintenance
of regulatory T cell function.

As outlined above, the effects of TGF-β on T cells is well documented;
however, TGF-β also has immunosuppressive activity on APCs. To this
end, it has been shown that Tr1-derived TGF-β is able to reduce the
antigen presenting capacity of DCs in vitro (Geissmann et al. 1999)
and Tr1 clones are able to limit production of immunoglobulin by B
cells (Roes et al. 2003). Therefore, in addition to the direct effects on
T cells, TGF-β can further augment immunosuppression in vivo by
downregulating APC functions and thus further limiting the activation
of effector T cells in vivo.



DCs and Cytokines Cooperate for the Induction of Tregs 103

6.5 Pharmaceuticals Interfere with DC Maturation

In accordance with the concept that immature DCs induce Treg rather
than effector T cells, several pharmaceuticals have been tested for their
ability to induce Treg by affecting the maturation status of DCs. Among
them are the vitamin D3 methobolite 1α,25-(OH)2D3, n-acethyl-l-
cysteine and common immunosuppressive drugs such as corticosteroids,
cyclosporin A, rapamycin, and aspirin (Greissman et al. 1999; Roes et al.
2003; Piemonti et al. 1999, 2000; Hackstein et al. 2001); Matyszak et al;
2000; Verhasselt et al. 1999). All of them have been shown to suppress
DC maturation and as a consequence, anergy and/or regulatory T cells
were induced. The effects are numerous and in the following examples
are depicted only.

Direct induction of Treg in vitro by pharmacologically treated DCs
has been observed after exposure of DCs to n-acetyl-l-cysteine and in-
jection of DCs exposed to a mixture of vitamin D3 and mycophenolate
mofetil, which induced full tolerance in an murine allograft model (Gre-
gori et al. 2001). Interestingly, adoptive transfer of T cells from such
tolerant mice into previously untreated mice prevented the rejection of
respective allografts, thus indicating that probably regulatory T cells
had been induced by vitamin D3-treated DCs in vivo. Furthermore, ad-
ministration of rapamycin in clinically relevant doses prevented the full
maturation of DCs and downregulated their IL-12 secretion and their
capacity to induce T cell proliferation in vitro. Upon adoptive transfer
of these rapamycin-treated DCs, an allo-antigen-specific T cell hypore-
sponsiveness could be observed in the recipients (Hackstein et al. 2003).
In sum, there is abundant evidence showing that drugs affecting DC
maturation by means of preventing DC maturation are also most likely
inducers of Treg in vivo.
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Abstract. The interleukin (IL)-12 family is composed of three heterodimeric
cytokines, IL-12 (p40p35), IL-23 (p40p19), and IL-27 (EBI3p28), and of mon-
omeric and homodimeric p40. This review focuses on the three heterodimeric
members of the IL-12 family. The p40 and p40-like (EBI3) subunits have homol-
ogy to the IL-6R, the other subunits (p35, p19, and p28) are homologous to each
other and to members of the IL-6 superfamily. On the basis of their structural
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similarity, it was expected that the members of the IL-12 family have over-
lapping pro-inflammatory and immunoregulatory functions. However, it was
surprising that they also show very distinct activities. IL-12 has a central role as
a Th1-inducing and -maintaining cytokine, which is essential in cell-mediated
immunity in nonviral infections and in tumor control. IL-23 recently emerged
as an end-stage effector cytokine responsible for autoimmune chronic inflam-
mation through induction of IL-17 and direct activation of macrophages. Very
recently, IL-27 was found to exert not only a pro-inflammatory Th1-enhancing
but also a significant anti-inflammatory function.

7.1 Structure of IL-12 Family Members

Interleukin (IL)-12 was discovered as “natural killer cell stimulatory
factor (NKSF)” in 1989 (Kobayashi et al. 1989) and by another group as
“cytotoxic lymphocyte maturation factor (CLMF)” in 1990 (Stern et al.
1990). It was the first cytokine to be found with a heterodimeric struc-
ture (Gately et al. 1998; Trinchieri 1998). IL-12 is composed of a p35
and a p40 subunit. Both subunits are covalently linked. Each subunit is
expressed by its own gene, whereby the p35and p40 genes are located
on different chromosomes. The sequence of p35 shows homology with
that of IL-6 and G-CSF (Merberg et al. 1992) and encodes a p35 sub-
unit that shows a four-α-helix bundle structure typical of cytokines. The
sequence of the p40 subunit is homologous to the extracellular portion
of members of the hemopoietin receptor family, in particular to the IL-6
receptor α-chain (IL-6Rα) and the ciliary neurotrophic factor recep-
tor (CNTFR) (Gearing and Cosman 1991). Therefore, IL-12 represents
a heterodimeric cytokine with one chain (p35) having the actual cytokine
structure and the other chain (p40) showing the structure of a cytokine
receptor. While IL-12 might have evolved from the IL-6/IL-6R family,
it has meanwhile established its own family (Fig. 1). In 2000, a novel
p40p19 heterodimeric molecule was found and designated IL-23 (Opp-
mann et al. 2000). Only 2 years later, another IL-12 family member
termed IL-27 was described, which consists of the p40-like subunit
EBI3 noncovalently linked to a p28 subunit (Pflanz et al. 2002). Thus,
the novel IL-12 family consists of cytokines with a p40 or a p40-like
(EBI3) receptor component together with members of the long-chain
four-α-helix bundle cytokine family (p35, p19, and p28) (Fig. 1). This
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Fig. 1. Members of the heterodimeric IL-12 family. This figure focuses on
the three heterodimeric IL-12 family members and does not show monomeric
and homodimeric IL-12p40, which can be secreted in molar excess relative
to the secretion of IL-12 and IL-23. The four-α-helix bundle cytokine p35 is
shown in purple, p19 and p28 are shown in blue. For p40 and EBI3, an Ig-like
domain (green) and cytokine receptor homology domains (red) are shown. Parts
of Figs. 1–3 have kindly been provided by Rob Kastelein (DNAX Research
Institute)

review focuses on the three heterodimeric IL-12 family members and
does not elaborate on monomeric and homodimeric IL-12p40 with their
antagonistic and agonistic properties.

7.2 Expression of IL-12 Family Members
and Their Receptors

All IL-12 family members are produced by activated dendritic cells
(DCs) and macrophages, which function as antigen-presenting cells.
Expression of p35, p19, and p28 is found in many different cell types.
However, p40 transcription appears to be restricted to antigen-presenting
cells. Coexpression of both chains of IL-12, IL-23, and IL-27 in one
cell is required to generate the bioactive form of either member of the
IL-12 family (Gubler et al. 1991; Oppmann et al. 2000; Pflanz et al.
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2002). Free subunits of p35, p19, and p28 chains are not or only ineffi-
ciently secreted in humans or mice. In contrast, p40 can be secreted as
monomer, homodimer, or polymer in a 10- to 1,000-fold excess relative
to heterodimeric IL-12 (D’Andrea et al. 1992). Stimuli for expression of
IL-12 family members include pathogen-associated molecular patterns
(PAMPs), which are ligands for toll-like receptors (TLRs) on phagocytes
and DCs. In addition, optimal production of IL-12 (and probably also
of IL-23 and IL-27) requires cytokines (IFN-γ, IL-4, IL-13) (Trinchieri
2003). Activated T cells can enhance IL-12 production not only by cy-
tokine secretion but also by direct cell-to-cell contact via CD40L/CD40
interaction (Schulz et al. 2000).

Target cells for all IL-12 family members are natural killer (NK) and
T cells. In addition, macrophages and DCs appear to express functional
receptors for IL-12 and IL-23 (Belladonna et al. 2002; Grohmann et al.
1998, 2001). For IL-27, a receptor has also been described on monocytes,
Langerhans’ cells, activated DCs, and endothelial cells (Pflanz et al.
2004; Villarino et al. 2004). The activities of IL-12 are mediated by
a high-affinity (50-pM) receptor composed of two subunits, designated
IL-12Rβ1 and IL-12Rβ2 (Gately et al. 1998) (Fig. 2). Both receptor
chains are members of the class I cytokine receptor family and are most
closely related to glycoprotein gp130, the common receptor β-chain of
the IL-6-like cytokine superfamily. IL-23 was found to bind to IL-12Rβ1
but not IL-12Rβ2 (Oppmann et al. 2000). Instead, a novel gp130-like
subunit designated IL-23R was identified, which together with IL-12Rβ1
allows for high-affinity binding of IL-23 (Parham et al. 2002). One chain
of the IL-27 receptor complex is the WSX-1/TCCR chain (Pflanz et al.
2002). In 2004, the second chain of the IL-27 receptor complex was
found to be gp130 (Pflanz et al. 2004).

The individual members of the IL-12 family have overlapping, but
also distinct, activities. This may partially be based on different recep-
tor components expressed on different target cells or during different
developmental stages of the target cells (naı̈ve vs. memory Th cells).
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Fig. 2. Receptors for the members of the IL-12 family. The receptor subunits
can carry an Ig-like domain (green), cytokine receptor homology domains (red)
and fibronectin-like domains (brown)

7.3 Signal Transduction

IL-12 induces via its IL-12Rβ1/β2 receptor complex tyrosine phospho-
rylation of the Janus-family kinases Jak2 and Tyk 2, which in turn ac-
tivate signal transducer and activator of transcription (STAT) 1, STAT3,
STAT4, and STAT5 (Presky et al. 1996) (Fig. 3). Activation of STAT4
is essential for the specific cellular effects of IL-12. STAT4−/− mice
show a phenotype that is identical to the phenotype of IL-12p35−/−
mice (Kaplan et al. 1996).

Binding of IL-23 to its receptor complex IL-12Rβ1/IL-23R results
in tyrosine phosphorylation of Jak2 and Tyk2, leading to activation of
STAT1, STAT3, and STAT4. In contrast to the IL-12-induced predom-
inant formation of STAT4 homodimers, IL-23 rather induces STAT3/
STAT4 heterodimers (Fig. 3) (Parham et al. 2002). Formation of differ-
ent DNA-binding STAT dimers by IL-12 and IL-23 appears to contribute
to their distinct functional properties.
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Fig. 3. Signal transduction components activated by IL-12 family members. Dif-
ferential formation of STAT dimers might be essential for the distinct activities
of the individual members of the IL-12 family

Upon binding of IL-27 to its receptor complex WSX-1/gp130, Jak1,
STAT1 and STAT3 are activated (Pflanz et al. 2004). Activation of
STAT1 and STAT3 by IL-27 might be the basis for its capability of
downregulating T cell hyperactivity and IFN-γ production (Villarino
et al. 2003; Hamano et al. 2003). In addition, it is of particular interest
that IL-27-induced activation of STAT1 can directly induce expression
of the transcription factor T-bet, which can regulate IL-12 responsive-
ness of T cells by upregulating IL-12Rβ2 (Takeda et al. 2003). Current
and future research will help to further clarify the pleiotropic effects of
IL-27-dependent signaling and link it to biological functions.
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7.4 Biology of IL-12 Family Members

The biological functions of the individual members of the IL-12 family
are surprisingly distinct and overlap only partially. Initially after the dis-
covery of the latest members of this family, very similar immunological
functions were expected of the individual family members based on their
structural resemblance. However, more recent studies indicate distinct
activities. The three heterodimeric members of the IL-12 family are pro-
inflammatory cytokines. IL-12 represents the prototypic molecule for
induction and maintenance of T helper 1 (Th1) cells secreting IFN-γ.
On the basis of the expression of the individual receptor complexes for
IL-12, IL-23, and IL-27, it appears that the three family members act on
Th cells at different stages of the Th1 differentiation pathway. Naı̈ve Th
cells express the receptors for IL-27 and IL-12, but not for IL-23 (Brom-
bacher et al. 2003). On the other hand, memory Th cells express the
receptor for IL-23, but have only low or no expression of the receptors
for IL-27 or IL-12 (Oppmann et al. 2000; Chen et al. 2000). Mullen et al.
showed that T-bet expression in committed Th1 cells precedes exposure
to IL-12 (Mullen et al. 2001). This argues for a role of IL-27 for the
induction and IL-12 for the maintenance of a Th1 response. Indeed, two
studies looking at murine models of Leishmania major and Toxoplasma
gondii infection also demonstrate that IL-12 is required for the expansion
and the fixation of Th1 cells (Park et al. 2000; Yap et al. 2000).

Distinct functions of the individual members of the IL-12 family not
only apply to distinct time points of Th1 cell differentiation or activation.
They also apply to distinct effector mechanisms initiated by IL-12, IL-23,
and IL-27. There is ample evidence for an IL-12/IFN-γ axis (Gately et al.
1998; Trinchieri 1998) (Fig. 4). However, it is clear that murine IL-23
does not regulate IFN-γ production (Cua et al. 2003). Also, human
IL-23 induces only modest amounts of IFN-γ in naı̈ve and memory
T cells compared to IL-12 (Oppmann et al. 2000). Moreover, IL-23 but
not IL-12 can activate murine memory T cells for production of the
pro-inflammatory cytokine IL-17 (Aggarwal et al. 2003) (Fig. 4). The
activation of IL-17 production by IL-23 appears to be the key mechanism
for the emerging role of IL-23 in chronic inflammation (see Sect. 7.7).
IL-17 plays an important role in tissue destruction during autoimmune
diseases such as multiple sclerosis, rheumatoid arthritis, and psoriasis
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Fig. 4. Th cell differentiation pathways initiated by IL-12 or IL-23. Shown are
the IL-12/IFN-γ axis and the IL-23/IL-17 pathway. There is evidence for cross-
regulation of these two pro-inflammatory responses (Murphy et al. 2003). The
dashed arrow indicates that it is presently unclear whether IL-23 drives naı̈ve
precursor Th cells or already differentiated Th cells

(Kolls and Linden 2004; Matusevicius et al. 1999; Ziolkowska et al.
2000; Teunissen et al. 1998).

Further evidence for distinct actions of the three IL-12 family mem-
bers was recently provided by studies shedding light on an unexpected
anti-inflammatory potential of IL-27 (Villarino et al. 2003; Hamano
et al. 2003). It was found that activation of WSX-1 exerts a powerful
negative feedback mechanism that limits T cell hyperactivity and IFN-γ
production. The molecular basis for this protective immunoregulatory
role of IL-27 might be its ability to activate preferentially STAT1 and
STAT3 (Villarino et al. 2004) (Fig. 3).

7.5 Role of IL-12 Family Members in Host Defense

While the role of IL-12 in host defense has been characterized exten-
sively (Gately et al. 1998; Trinchieri 1998; Brombacher et al. 2003), the
analysis of the function of IL-23 and IL-27 in resistance and immunity
to pathogens is still in the initial phase.
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The property of IL-12 to stimulate IFN-γ production during innate
and adaptive immune responses is the basis for its essential role in
resistance to different types of pathogens. IL-12 has a key role in pro-
tection against intracellular protozoan, fungal, and bacterial infections
(Brombacher et al. 2003). The role of IL-12 in protection during vi-
ral infections appears to be minor (Schijns et al. 1998; Oxenius et al.
1999). For viral infections, type I IFN (IFN-α/β) is of great importance
(Guidotti and Chisari 2001). Thus, IL-12 has a pathogen-dependent role
in host defense. The data from murine experimental infections were con-
firmed by the analysis of patients with mutations in the IL-12p40 or the
IL-12Rβ1 gene (Ottenhoff et al. 1998). These patients responded nor-
mally to standard viral immunizations but developed chronic courses of
salmonellosis or mycobacteriosis (Ottenhoff et al. 1998). It is intriguing
that IFN-γ deficiency of humans predisposes them primarily against my-
cobacterial infection (Maclennan et al. 2004). In contrast, patients with
IL-12/IL-12Rβ1 deficiency developed salmonellosis (Maclennan et al.
2004). This strongly suggests that IL-12/IL-23 mediate their actions in
salmonellosis partly through IFN-γ-independent pathways.

In some murine models of intracellular infection, IL-12p35−/− mice
(deficient in IL-12) showed higher resistance than IL-12p35/40−/− mice
(deficient in IL-12 and IL-23) (Brombacher et al. 2003). This pointed to
a role of IL-23 in host responses against these intracellular pathogens. To
address this question more directly, very recently infection experiments
using IL-23p19−/− have been started. Initial results looking at T. gondii
infection show a limited role of IL-23 in protection (Lieberman et al.
2004). A significant role of IL-23 (or other p40-dependent proteins
such as monomeric or homodimeric p40) in intracellular infection is
more evident in the absence of IL-12 (Decken et al. 1998; Lehmann
et al. 2001; Lieberman et al. 2004). Presently it is too early to draw final
conclusions for the role of IL-23 in innate and adaptive immunity during
infection.

First studies looking at the role of IL-27 in host defense were con-
ducted with WSX1/TCCR−/− mice. In Listeria monocytogenes, Leish-
mania major, or mycobacterial BCG infection, a role of WSX-1/TCCR
signaling in IFN-γ production as well as in granuloma formation was
proposed (Chen et al. 2000; Yoshida et al. 2001). However, more re-
cent studies in Trypanosoma cruzi or Toxoplasma gondii infection show
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that WSX-1/TCCR is not required for Th1/IFN-γ-mediated immunity
to these parasitic infections, but rather for the suppression of exces-
sive production of IFN-γ and T cell hyperactivity (Villarino et al. 2003;
Hamano et al. 2003). On the other hand, EBI3−/− mice have a defect
in a Th2-mediated colitis model but show an unaltered phenotype in
a Th1-mediated colitis model (Nieuwenhuis et al. 2002). This extends
the action of IL-27 to Th2 induction (unless EBI-3 could associate with
a different subunit than p28, forming a cytokine different from IL-27).
Presently it is not clear how these pleotropic effects by IL-27/WSX-1
signaling can be reconciled. It was suggested that the outcome of
IL-27/WSX-1 signaling depends on the intensity of Th1 polarization.
In a weakly Th1-biased situation such as leishmaniasis, enhancement of
early IFN-γ production (Yoshida et al. 2001; Artis et al. 2004) occurs
by the IL-27/WSX-1 interaction. However, in extremely polarized Th1
situations such as trypanosomiasis or toxoplasmosis WSX-1 appears to
mediate a protective immunosuppressive effect (Villarino et al. 2004).

7.6 Antitumor Activity of IL-12 Family Members

Both endogenous IL-12 and treatment with exogenous IL-12 have been
shown to exert profound antitumor and antimetastatic activity in murine
models of transplantable and chemically induced tumors (Colombo and
Trinchieri 2002). These antitumor activities include innate and adap-
tive immune mechanisms. In all tumor studies, the antitumor effect of
IL-12 was at least partially dependent on IFN-γ (Brunda et al. 1995).
IFN-γ and a number of cytokines and chemokines induced by IFN-γ
(e.g., IFN-inducible protein 10) have a direct toxic effect on the tumor
cells and/or can induce anti-angiogenic mechanisms. Both Th1 cells
and cytotoxic T cells contribute to the tumor antigen-specific responses
initiated by IL-12. This results in protective immunity to challenge with
the same type of tumor (Brunda et al. 1993) and might provide the basis
for potential tumor-specific vaccination using IL-12 as an adjuvant. The
induction of Th1 cells by IL-12 not only results in elevated IFN-γ pro-
duction, but also in higher levels of opsonizing and complement-fixing
IgG antibody isotypes that have been demonstrated to contribute to anti-
tumor responses (Quaglino et al. 2002). Unfortunately, the induction of
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efficient in vivo antitumor responses requires high doses of recombinant
IL-12. Since IL-12 is a pro-inflammatory cytokine, high-dose treatment
led to considerable toxicity in mice and humans (Trinchieri 1998). It
remains a challenge to translate the promising preclinical data obtained
with IL-12 immunotherapy to human cancer patients and at the same
time minimize the toxicity by IL-12 treatment.

The antitumor potential of IL-23 was recently started to be studied
in models of colon carcinoma cells and melanoma cells (Lo et al. 2003;
Wang et al. 2003). Potent activities were found in these initial stud-
ies. CD8+ T cells but not CD4+ T cells or NK cells were found to be
required for the IL-23-induced antitumor effects and the induction of
systemic immunity. Interestingly, compared with IL-12-expressing tu-
mor cells, IL-23-transduced tumor cells lacked an early host response
but achieved comparable antitumor and antimetastatic activity (Lo et al.
2003). This indicates that IL-23 displays some antitumor mechanisms
that are distinct from the actions of IL-12.

Very recently, a first study described the antitumor activity of IL-27 in
a murine tumor model of colon carcinoma. Potent protective immunity
induced by IL-27 was found (Hisada et al. 2004). The antitumor response
depended on CD8+ T cells, IFN-γ, T-bet but not on STAT4.

Taken together, all members of the IL-12 family appear to have pro-
found effects in tumor control. For the future, clinical trials will have to
reveal how the members of the IL-12 family can be used for treatment
of cancer patients without inducing major toxicities.

7.7 Role of IL-12 Family Members
in Organ-Specific Autoimmunity

Historically, IFN-γ producing Th1 cells induced by IL-12 were con-
sidered to be mediators of autoimmunity. These studies aiming to look
at the role of IL-12 in autoimmunity were in many cases done using
neutralizing anti-p40 antibodies, p40−/− or IL-12Rβ1−/− mice. With
today’s knowledge on p40 being shared between IL-12 and IL-23 and
that on IL-12Rβ1 being used by both IL-12 and IL-23, it has become
clear that any conclusions from these studies leave open whether IL-12
and/or IL-23 were responsible for the observed effects. More specific
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information on the role of IL-12 can be derived from the analysis of
mice deficient in IL-12p35 or IL-12Rβ2. On the other hand, the recent
generation of IL-23p19−/− mice has allowed for definitive analysis of
the role of IL-23 in autoimmunity (Cua et al. 2003; Murphy et al. 2003).

7.7.1 Experimental Autoimmune Encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE), a murine model of
multiple sclerosis, is considered to be a Th1-mediated autoimmune dis-
ease. EAE could not be induced in IL-12p40−/− mice, but was even more
severe in IL-12p35−/− and IL-12Rβ2−/− mice than in wild-type mice
(Gran et al. 2002; Zhang et al. 2003). These data exclude an essential
role of IL-12 in EAE and instead point to IL-23. Indeed, IL-23p19−/−
mice were found to be completely resistant to EAE induction (Cua et al.
2003). IL-23p19−/− mice showed no symptoms of EAE but normal
induction of Th1 cells. It is noteworthy that the generation of a Th1
response to myelin oligodendrocyte glycoprotein in this model required
IL-12 and not IL-23. Intracerebral expression of IL-23 in IL-23p19−/−
or IL-12p40−/− mice reconstituted EAE. However, IL-23 treatment of
IL-12p40−/− mice led to delayed disease and reduced disease severity
as compared to IL-23 treatment of IL-23p19−/− mice (Cua et al. 2003).
In IL-12p40−/− mice, prior intraperitoneal administration of IL-12 and
subsequent intracerebral expression of IL-23 by gene transfer resulted
in disease severity similar to wild-type mice. This suggests that IL-23 is
essential for EAE by local inflammatory effector mechanisms and IL-12
contributes to disease expression by promoting Th1 development. Since
the IL-23R components were expressed only on recruited inflammatory
macrophages, direct activation of macrophages by IL-23 appears to be
responsible for the CNS inflammation during EAE. In addition, more
recent data shows that IL-23p19−/− mice are severely impaired in their
capacity to develop IL-17 producing Th effector/memory cells (Murphy
et al. 2003; Ghilardi et al. 2004). IL-17 production by memory Th cells
has been found earlier to be induced by IL-23 (Aggarwal et al. 2003)
(Fig. 4). Upon transfer of IL-17 producing wild-type Th cells from mice
with EAE to naı̈ve recipient mice, the pathogenic IL-23-driven IL-17-
producing Th cells can invade the CNS and promote EAE (Langrish
et al. 2005).
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7.7.2 Rheumatoid Arthritis

In collagen-induced arthritis (CIA), a murine model of rheumatoid
arthritis (RA), IL-23p19−/− mice displayed resistance, whereas
IL-12p35−/− mice were highly susceptible (i.e., more susceptible than
wild-type mice), suggesting an unexpected suppressive action of IL-12
on chronic joint inflammation (Murphy et al. 2003). Again, in addition
to the function of IL-23 vs IL-12 in chronic inflammation of the CNS,
IL-23 but not IL-12 is essential for development of joint autoimmune
inflammation. Moreover, IL-23p19−/− mice were resistant in CIA de-
spite developing collagen-specific, IFN-γ-producing Th1 cells (Murphy
et al. 2003). Murphy et al. reported that lymph node cells from antigen-
primed wild-type and IL-12p35−/− mice have an increased frequency
of IL-17-producing CD4+ T cells as compared with IL-23p19−/− mice
(Murphy et al. 2003). Therefore, IL-17 production depends on IL-23 in
CIA as described above for EAE. The more severe course of CIA in
IL-12p35−/− mice than in wild-type mice was associated with elevated
IL-17 production in IL-12p35−/− mice vs wild-type mice. These data
for the first time suggest that the IL-23/IL-17 pathway is negatively
regulated by the IL-12/IFN-γ axis (Fig. 4). Recently in IL-17−/− mice
suppression of CIA was described confirming the central role of IL-17
in RA (Nakae et al. 2003). A role for IL-17 in human autoimmune tis-
sue destruction has been suggested before by others who found IL-17
expression in several human autoimmune diseases, including multiple
sclerosis (Matusevicius et al. 1999), RA (Ziolkowska et al. 2000), and
psoriasis (Teunissen et al. 1998).

7.7.3 Psoriasis Vulgaris

Psoriasis vulgaris is a T cell-driven disease with Th1 cells predominat-
ing in lesional skin (Austin et al. 1999). Keratinocytes with transgenic
expression of p40 show production of IL-23, but not IL-12, in the skin
leading to an inflammatory cutaneous response with elevated numbers
of Langerhans’ cells (Kopp et al. 2003). Moreover, in lesional skin of
patients with psoriasis vulgaris, an increase of p40 and p19 but not of
p35 mRNA compared with nonlesional skin was detected (Lee et al.
2004). This emphasizes a major role of IL-23 in cutaneous chronic
inflammatory responses.



120 G. Alber et al.

7.7.4 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) encompasses two disease entitities,
Crohn’s disease and ulcerative colitis. Crohn’s disease most commonly
affects the terminal ileum and ascending colon. An immunopatholog-
ical function of IL-12 in IBD was assumed for Crohn’s disease, since
patients with Crohn’s disease were found to express IL-12 in the gut
(Parronchi et al. 1997). In addition, in mouse models of IBD, treatment
with anti-IL-12p40 antibodies prevented or terminated disease (Neu-
rath et al. 1995; Davidson et al. 1998). Interestingly, treatment with
anti-IFN-γ could suppress induction of IBD but was unable to reverse
ongoing IBD (Davidson et al. 1998). Based on these outcomes, it was
concluded that IL-12 might play a role in colitis independent of its
ability to generate IFN-γ-producing T cells. With the discovery of IL-
23, the role of IL-12 in IBD needed to be readdressed, since anti-p40
antibodies used before neutralized both IL-12 and IL-23. Indeed, very
recent studies in IL-23p19−/− mice revealed an essential role of IL-23
in development of IBD (Yen et al., unpublished). Also, IL-23 expres-
sion was found in patients with active Crohn’s disease (Stallmach et al.
2004). Moreover, murine lamina propria dendritic cells were found to
express constitutively IL-23 in the terminal ileum driven by the intesti-
nal flora (Becker et al. 2003). Interestingly, IL-23 expression in this
part of the small intestine was accompanied by expression of IL-17
(Becker et al. 2003). This suggests that IL-23 might predispose the
terminal ileum to initiate chronic inflammatory responses mediated by
IL-17. These data place the IL-23/IL-17 pathway in the center of the
manifestation of chronic intestinal inflammation. The IL-12/IFN-γ axis
might contribute to the induction and progression of IBD but is not
essential.

Presently only few data are available on the potential role of IL-27
in IBD. Expression of EBI3, one of the subunits of IL-27, was found
in patients with ulcerative colitis and in a subgroup of patients with
Crohn’s disease (Omata et al. 2001). Since a major anti-inflammatory
function of IL-27 has been described (Villarino et al. 2004), it will be
exciting to define a potential role of IL-27 in IBD and other autoimmune
diseases.
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7.7.5 Insulin-Dependent Diabetes Mellitus

For insulin-dependent diabetes mellitus (IDDM), some evidence was
provided for an involvement of IL-12. A role of IL-12 in IDDM is
based on the pancreatic expression of IL-12p40 found in several studies
(Rothe et al. 1996; Zipris et al. 1996). In NOD (nonobese diabetes)
mice, which are genetically predisposed to the development of IDDM,
IL-12 treatment accelerated the onset of disease (Trembleau et al. 1995).
However, using a different protocol of IL-12 administration, suppression
of IDDM development in NOD mice was found (O’Hara et al. 1996).
Also, IL-12p40−/− mice backcrossed to the NOD background showed
a reduced incidence of IDDM (Adorini et al. 1997). However, these mice
are also unable to produce IL-23. Therefore, studies with IL-12p35−/−
(lacking only IL-12) and IL-23p19−/− (lacking only IL-23) should al-
low for clarification of the individual roles of IL-12 vs IL-23 in the
pathogenesis of IDDM.
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Abstract. IL-1 receptor antagonist (IL-1Ra)-deficient mice spontaneously de-
velop several inflammatory diseases, resembling rheumatoid arthritis, aortitis,
and psoriasis in humans. As adoptive T cell transplantation could induce arthritis
and aortitis in recipient mice, it was suggested that an autoimmune process is
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involved in the development of diseases. In contrast, as dermatitis developed
in scid/scid-IL-1Ra-deficient mice and could not be induced by T cell transfer,
a T cell-independent mechanism was suggested. The expression of proinflam-
matory cytokines was augmented at the inflammatory sites. The development
of arthritis and aortitis was significantly suppressed by the deficiency of TNFα

or IL-17. The development of dermatitis was also inhibited by the deficiency of
TNFα. These observations suggest that TNFα and IL-17 play a crucial role in the
development of autoimmunity downstream of IL-1 signaling, and excess IL-1
signaling-induced TNFα also induces skin inflammation in a T cell-independent
manner.

8.1 Introduction

IL-1 is a proinflammatory cytokine functioning in inflammation and
host responses to infection (for reviews, see Durum and Oppenheim
1993; Dinarello 1996; Tocci and Schmidt 1997; Nakae et al. 2003a).
Originally identified as an endogenous pyrogen, the alternate names
for IL-1 of lymphocyte-activating factor, hemopoietin-1, and osteoclast
activating factor serve to demonstrate its pleiotropic activity (Dinarello
1991). IL-1, produced by a variety of cells including macrophages,
monocytes, keratinocytes, and synovial lining cells, induces inflamma-
tion via the activation of synovial cells, endothelial cells, lymphocytes,
and macrophages. Upon activation, these cells produce a variety of addi-
tional chemokines, cytokines, and inflammatory mediators (Feldmann
et al. 1996), including IL-1 itself, IL-17, TNFα, IL-6, IL-8, and cy-
clooxygenase (COX)-2; these molecules ultimately cause infiltration of
leukocytes into inflammatory sites, increase the permeability of blood
vessels, and induce fever (Davis and MacIntyre 1992; Dinarello 1996;
Tocci and Schmidt 1997; Nakae et al. 2003d).

Two molecular species of IL-1, IL-1α and IL-1β, are derived from
two distinct genes on chromosome 2 (mouse, human). Despite a mini-
mal 25% amino acid sequence identity between the molecules (Dinarello
1991), these species exert similar, but not completely overlapping, bi-
ological activities through binding to the IL-1 type I receptor (IL-1RI)
(Sims et al. 1993; Nakae et al. 2001a, 2001c). Recently, it was reported
that the IL-1α precursor, but not IL-1β, moves to the nucleus and ac-
tivates the transcription of cytokine genes via activation of NF-κB and
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AP-1 in an IL-1R-independent mechanism (Werman et al. 2004). While
an IL-1 type II receptor (IL-1RII) also exists, this receptor does not
appear to function in signal transduction (Colotta et al. 1993).

The IL-1 receptor antagonist (Ra), an additional member of the
IL-1 gene family, binds IL-1 receptors without exerting agonist activity
(Carter et al. 1990; Hannum et al. 1990). This is because IL-1Ra cannot
recruit the IL-1R-accessory protein, a necessary component of an active
receptor complex (Greenfeder et al. 1995). Since IL-1Ra competes with
IL-1α and IL-1β for the binding of IL-1 receptors (Carter et al. 1990;
Hannum et al. 1990), IL-1Ra is considered to be a negative regulator of
IL-1 signal.

We have generated IL-1Ra-deficient (IL-1Ra−/−) mice (Horai et al.
1998) in which all the three isoforms of IL-1Ra (Muzio et al. 1995)
are deleted and demonstrated that these mice spontaneously developed
chronic inflammatory arthropathy (Horai et al. 2000). Mice deficient
in the IL-1Ra gene have also been reported by Hirsch et al. (1996)
and Nicklin et al. (2000); these animals exhibited early mortality and
arteritis, respectively. It was recently reported that these mice also spon-
taneously develop inflammatory dermatitis (Shepherd et al. 2004). How-
ever, the pathogenesis of these diseases has not been elucidated com-
pletely. Hence, it is remarkable that expression of a variety of inflam-
matory cytokines, including TNFα, is augmented in these mice.

TNFα, a proinflammatory cytokine, was originally identified as an
endotoxin-induced serum factor that causes tumor necrosis (Carswell
et al. 1975). TNFα is produced by multiple cell types, including mono-
cytes, macrophages, keratinocytes, and activated T cells. Upon acti-
vation with soluble bacterial components or by direct contact with
activated T cells at inflammatory sites, TNFα is synthesized in these
cells as a membrane-bound precursor. Cleavage by metalloproteinase,
TACE/ADAM-17, results in the secretion of a soluble, mature form
(Fowlkes and Winkler 2002). While the soluble form may be more po-
tent, both forms of TNFα are biologically active. TNFα can bind to two
different cell surface receptors, TNFRI (p55) and TNFRII (p75), on the
target cells, including T cells, NK cells, keratinocytes, osteoclasts, and
endothelial cells.

IL-17 is another proinflammatory cytokine, originally named cyto-
toxic T lymphocyte associated serine esterase (CTLA-8) (Rouvier et al.
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1993). IL-17 is produced by TCRα/β+CD4−CD8− thymocytes, as well
as activated CD4+ and CD4+CD45RO+ memory T cells (Yao et al.
1995b; Kennedy et al. 1996). In humans, activated CD8+ and CD8+
CD45RO+ memory T cells may also produce IL-17 upon activation
with PMA/ionomycin (Shin et al. 1999). While Aarvak et al. reported
that IL-17 is produced by Th1/Th0 clone cells, but not by Th2 cells
found in the joints of rheumatoid arthritis (RA) patients, Albanesi et al.
reported that both Th1 and Th2 cell clones from human skin-derived
nickel-specific T cells could produce IL-17 (Aarvak et al. 1999; Al-
banesi et al. 2000). In patients with lyme arthritis and in mice with
microbial infection, however, IL-17 is produced by CD4+ T cells ex-
pressing TNFα, but not by Th1 or Th2 cells (Infante-Duarte et al. 2000).
In addition to CD4+ and CD8+ T cells, neutrophils also produce IL-
17 upon lipopolysaccharide-induced airway neutrophilia (Ferretti et al.
2003). Therefore, a wide variety of cells of the immune system are
capable of producing IL-17 under different conditions.

IL-17 exerts pleiotropic activities through activation of IL-17R, which
exhibits a ubiquitous tissue distribution (Yao et al. 1995a). The activ-
ities include the induction of TNFα, IL-1β, IL-6, IL-8, G-CSF, and
MCP-1 on various cell types, the upregulation of ICAM-1 and HLA-DR
on keratinocytes, the induction of iNOS and COX-2 on chondrocytes,
the stimulation of osteoclast differentiation factor (ODF) production
on osteoblasts, and the promotion of SCF- and G-CSF-mediated gran-
ulopoiesis (Aggarwal and Gurney 2002; Moseley et al. 2003). IL-17
is detectable in the sera and the diseased organs and tissues of var-
ious patients, suggesting involvement in the development of human
diseases such as RA, osteoarthritis, multiple sclerosis, systemic lupus
erythematosus, and asthma (Aggarwal and Gurney 2002; Kolls and Lin-
den 2004). Furthermore, the use of IL-17R−/− mice has implicated
IL-17 in the host defense mechanisms against Klebsiella pneumoniae
infection (Ye et al. 2001). Recently, we have shown that IL-17 is in-
volved in contact, delayed-type, and airway hypersensitivity responses
as well as T-dependent antibody production, but not in acute graft-versus-
host reaction, using IL-17−/− mice (Nakae et al. 2002). Furthermore,
it was suggested that impaired responses were caused by the defects
of allergen-specific T cell activation. Thus, IL-17 plays an important
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role in activating T cells in allergen-specific T cell-mediated immune
responses.

The pathologic roles of these cytokines and the functional interrela-
tionship among these cytokines in the development of arthritis, aortitis,
and dermatitis that develop in IL-1Ra−/− mice, however, remain to be
elucidated. In this paper, we will describe the roles for TNFα and IL-17
in the development of diseases resulting from excess IL-1 signaling.

8.2 The Roles of TNFα and IL-17
in the Development of Arthritis

8.2.1 Development of Autoimmune Arthritis in IL-1Ra−/− Mice

IL-1Ra−/− mice on the BALB/c background developed arthritis spon-
taneously; arthritis began to develop at 5 weeks of age and almost all
of the animals suffered from arthritis at 12 weeks of age (Horai et al.
2000). The incidence of arthritis in IL-1Ra−/− mice differed among
different genetic backgrounds; the incidence was high on the BALB/c
background, but low on the C57BL/6 background, suggesting involve-
ment of BALB/c-specific host genes. The histopathology of the lesions
demonstrated a marked synovial and periarticular inflammation with
articular erosion caused by invasion of granulation tissues, closely re-
sembling the phenotype of RA in humans (Fig. 1). Osteoclast activation
was obvious at the pannus, while inflammatory cell infiltration, consist-
ing mostly of neutrophils, and fibrin clots were detectable in the synovial
spaces.

Both total immunoglobulin levels and the levels of autoantibodies spe-
cific for immunoglobulin, type II collagen, and dsDNA were elevated
in IL-1Ra−/− mice (Horai et al. 2000). The development of arthritis
was completely suppressed in scid/scid-IL-1Ra−/− mice and adoptive
transfer of IL-1Ra−/− T cells induced arthritis in nu/nu mice, suggesting
a critical role for T cells in the pathogenesis of arthritis in this animal
model (Horai et al. 2004). Arthritogenic activated and/or memory T cells
were generated in IL-1Ra−/− mice, because T cells from arthritic IL-
1Ra−/− mice could transfer disease more efficiently than those from
nonarthritic mice. Since IL-1Ra mRNA expression was observed even
in unstimulated T cells at low levels and the expression was enhanced
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Fig. 1. Histopathology of ankle joints from BALB/c-IL-1Ra−/− mice. The an-
kles of a normal IL-1Ra+/+ mouse (A) and an affected IL-1Ra−/− mouse (B)
were examined at 16 weeks of age. Swelling and redness of the joints were
observed in the IL-1Ra−/− mouse. Microscopic observation of the joints of
IL-1Ra+/+ (C) and IL-1Ra−/− (D) mice demonstrated the erosive destruction
of bone in the IL-1Ra−/− mouse (arrowheads). The infiltration of inflamma-
tory cells (arrows) and the proliferation of the synovial membrane lining cells
(asterisk) were remarkable

in activated T cells, these data suggest that, although IL-1Ra is pro-
duced by cells of various types including monocytes and macrophages
in the synovial lining layer, T cell-derived IL-1Ra likely regulates T cell
activity in an autocrine manner.

We have previously shown that antigen-presenting cell (APC)-derived
IL-1 can promote T cell activation through the induction of CD40L and
OX40 on T cells, suggesting that IL-1 is an important regulator of
acquired immune responses (Nakae et al. 2001b). In support of this
notion, antibody production against sheep red blood cells increased in
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Fig. 2. Excess IL-1 signaling causes autoimmune arthritis

IL-1Ra−/− mice and decreased in IL-1−/− mice (Nakae et al. 2001a).
Thus, it is suggested that, in the absence of IL-1Ra, even physiological
levels of IL-1, which is constitutively expressed in the joints, can activate
naive T cells excessively, resulting in the development of autoimmunity.
These observations indicate that the balance between IL-1 and IL-1Ra
is critical for homeostasis of the immune system (Fig. 2).

8.2.2 The Role of TNFα in the Development of Arthritis

The expression of numerous inflammatory cytokines, including TNFα

and IL-17, was augmented in the joints of IL-1Ra−/− mice. To elucidate
the roles of these cytokines in arthritis development, we examined the
effect of cytokine deficiency on disease initiation and progression. We
determined that the development of arthritis was markedly suppressed
in TNFα−/− mice, indicating the crucial role for TNFα in pathogenesis
(Horai et al. 2004). A dominant role for TNFα in the development of
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RA has been demonstrated by recent clinical trials using therapeutic
anti-TNFα antibody (Feldmann and Maini 2001). Studies in the type II
collagen-induced arthritis (CIA) mouse model also support this notion
(Thorbecke et al. 1992; Joosten et al. 1999; Feldmann and Maini 2001).

While bone marrow (BM) cell transplantation from TNFα+/+-IL-
1Ra−/− mice into γ-ray-irradiated wild-type (WT) recipient mice in-
duced arthritis, TNFα−/−-IL-1Ra−/− BM cells could not induce arthri-
tis. These results indicate that BM-derived cells are responsible for the
production of TNFα (Horai et al. 2004). It is interesting, however, that
TNFα−/−-IL-1Ra−/− BM cells could induce arthritis when inoculated
into IL-1Ra−/−, but not WT recipient mice. Since TNFα expression is
augmented in the joints of IL-1Ra−/− mice, this TNFα may compensate
for the deficiency in the BM-derived cells. T cells are sensitive to irra-
diation, while synovial lining cells are relatively resistant to irradiation.
Some of the synovial lining cells, such as type A cells, are derived from
the BM origin and are eventually replaced by donor cells after BM cell
transplantation. In recipient IL-1Ra−/− mice, TNFα is likely produced
by these synovial lining cells, which may donate the arthritogenic milieu
observed in IL-1Ra−/− mice in BM cell transfer experiments.

Furthermore, we found that the transfer of TNFα−/−-IL-1Ra−/−
T cells into scid/scid mice did not promote the development of arthritis
as robustly as TNFα+/+-IL-1Ra−/− T cells, suggesting that T cells are
not efficiently sensitized in TNFα−/− mice (Table 1). Thus, these results

Table 1. Inefficiency of the development of arthritis in scid/scid mice transferred
with T cells from TNFα−/−-IL-1Ra−/− mice

Arthritis
Donor Incidence Score

TNFα+/+-IL-1Ra−/− 4/5 5.0
TNFα−/−-IL-1Ra−/− 1/11∗ 7.5
TNFα+/+-IL-1Ra+/+ 0/5∗∗ 0.0

Splenic CD4+T cells (5 × 107) were transferred into BALB.B-scid/scid mice,
and the development of arthritis was inspected after 12 weeks
∗ p <0.05 vs TNFα+/+-IL-1Ra−/− mice by χ2 test
∗∗ p <0.01 vs TNFα+/+-IL-1Ra−/− mice by χ2 test
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suggest that TNFα derived from both T cells and synovial lining cells is
involved in the development of arthritis.

We previously showed that IL-1 plays an important role in the en-
hancement of T cell–APC interactions through the induction of CD40L
and OX40 on T cells (Nakae et al. 2001b). Consistently with this observa-
tion, CD40L and OX40 expression were enhanced in T cells stimulated
with antigen-bearing IL-1Ra−/− APCs in comparison to WT APCs. On
the other hand, ligation of CD40 on APCs by CD40L induces OX40L
expression and TNFα production by APCs (van Kooten and Banchereau
2000; Weinberg 2002). Furthermore, we have demonstrated that TNFα

induces OX40 expression on T cells (Horai et al. 2004). Thus, upon
interaction with antigens, APCs produce IL-1. IL-1, in turn, activates
T cells, resulting in the induction of CD40L. The CD40L-CD40 in-
teraction induces APCs to produce OX40L and TNFα, resulting in the
induction of OX40 on T cells. Therefore, it is suggested that TNFα plays
an important role in the sensitization of T cells and contributes to the
development of autoimmunity.

It is known that TNFα−/− mice lack splenic primary B cell follicles
and cannot form either organized follicular dendritic cell (DC) net-
works or germinal centers in the spleen and peripheral lymphatic organs
(Pasparakis et al. 1996). Prolonged antibody responses are generally
impaired in TNFα−/− mice, although Ig class-switching is not com-
pletely deficient. It is therefore reasonable to suppose that these func-
tions of TNFα in the humoral immune responses may also contribute to
the development of autoimmunity in IL-1Ra−/− mice. However, since
we could not induce arthritis by transferring IL-1Ra−/− mouse serum
into WT mice, only a weak contribution of humoral immune responses
is suggested in this animal model (Horai and Nakajima, unpublished
results).

On the other hand, it is known that TNFα elicits inflammation by
activating and recruiting inflammatory cells and inducing proinflamma-
tory cytokines and chemokines, such as IL-1, IL-6, and CXCLIO (Pang
et al. 1994; Nakae et al. 2003b). In this context, mouse models that
exhibit higher amounts of TNFα protein, such as transgenic (Tg) mice
carrying the TNFα gene or mice deficient for the TNFα AU-rich ele-
ment (TNF∆ARE), spontaneously develop arthritis (Keffer et al. 1991;
Kontoyiannis et al. 1999). It was suggested that innate and/or stromal
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mechanisms rather than T cell-mediated autoimmune mechanisms are
involved in the development of arthritis, because arthritis develops in
RAG1−/− background, although Crohn’s-like disease is induced by an
immune-mediated mechanism in the same model (Kontoyiannis et al.
1999). Likewise, inflammatory cytokines, such as IL-1 and TNFα, but
not IL-6, play important roles in the effector phase of the disease in
the K/BxN model, although the effect of TNFα deficiency was not as
strong in this model compared to that seen in the IL-1Ra−/− mice (Ji
et al. 2002). Taken together, these observations suggest that TNFα plays
important roles in both sensitization of T cells and elicitation of inflam-
mation in the development of arthritis in IL-1Ra−/− mice.

8.2.3 The Role of IL-17 in the Development of Arthritis

IL-17 levels in IL-1Ra−/− mouse joints were elevated from the levels
seen in wild-type mice. After stimulation with CD3, IL-17 production
was greatly enhanced in IL-1Ra−/− T cells (Nakae et al. 2003d). In
our examination of the development of arthritis in IL-17−/− mice, we
demonstrated that IL-17-deficiency completely suppressed the onset of
disease in IL-1Ra−/− mice (Nakae et al. 2003d). Joint inflammation
was also suppressed in IL-17−/−-human T cell leukemia virus type I
(HTLV-I) Tg mice carrying the HTLV-I tax gene, another RA model
in which arthritis develops spontaneously (Iwakura et al. 1991; unpub-
lished observation). An important role for IL-17 was also indicated in
the CIA model (Nakae et al. 2003c). We have shown that, upon stimula-
tion with ovalbumin (OVA), OVA-specific T cell proliferation was low
in T cells from IL-17−/−-DO11.10 mice (Nakae et al. 2002, 2003d),
mice carrying an OVA-specific T cell receptor transgene. These re-
sults suggest that IL-17 is involved in T cell priming. Consistent with
this notion, we demonstrated that the sensitization of T cells following
immunization with type II collagen was significantly reduced in IL-
17−/− mice (Nakae et al. 2003c). Nonetheless, since both the incidence
and the severity score were reduced in IL-17−/− mice in CIA, IL-17
may function not only at the sensitization phase but also the elicitation
phase.

As mentioned above, IL-1Ra production by T cells is critical in the
regulation of T cell activity by acting on T cells in an autocrine manner



Inflammatory Diseases in IL-1Ra−/− Mice 139

(Horai et al. 2004). It is known that IL-1 induces CD40L on T cells,
and CD40 signaling activates TNFα expression in APCs (van Kooten
and Banchereau 2000; Nakae et al. 2001b). Since the TNFα induces
OX40 expression on T cells (Horai et al. 2004) and IL-17 produc-
tion by T cells was induced by OX40 activation (Nakae et al. 2003d),
TNFα-mediated induction of OX40 expression in T cells may induce
production of IL-17, resulting in the exacerbation of inflammation. Thus,
it was suggested that both CD40L-CD40 and OX40L-OX40 play im-
portant roles in the development of autoimmunity. In agreement with
this notion, blockade of the CD40L–CD40 or OX40–OX40L interac-
tion inhibited arthritis development in IL-1Ra−/− mice (Horai et al.
2004). These observations suggest that T cell-dependent autoimmu-
nity is induced in IL-1Ra−/− mice through the induction of TNFα and
IL-17, as the downstream mediators of the IL-1 action, and these cy-
tokines also play important roles in the elicitation phase of inflammation
(Fig. 3).

Fig. 3. Crucial roles for IL-17 and TNFα, downstream of IL-1 signaling, in the
pathogenesis of arthritis
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8.3 The Roles of TNFα and IL-17
in the Development of Aortitis

8.3.1 Development of Aortitis in IL-1Ra−/− Mice

IL-1Ra−/− mice on the BALB/c background spontaneously developed
arterial inflammation at 4 weeks of age. Approximately 50% of the mice
were affected by 12 weeks (Matsuki et al. 2005). A similar observation
was reported in IL-1Ra−/− mice on the 129/Ola x MF1 background
(Nicklin et al. 2000). On the C57BL/6 background, however, there were
no signs of arterial inflammation, suggesting the significant involvement
of background genes in the development of aortitis, a similar observa-
tion that has been made for arthritis (Horai et al. 2000). In F2 hybrids
of BALB/c- and C57BL/6-IL-1Ra−/− mice, arthritis was rare but aor-
tic inflammation was common, indicating that the sets of background
modifier genes that cause susceptibility to each disease are not fully
overlapping (Shepherd et al. 2004).

Inflammation of the cardiovascular system was observed preferen-
tially at the aortic root of IL-1Ra−/− mice (Fig. 4) (Matsuki et al.
2005). The infiltration of monocytes and occasionally neutrophils was
observed in the aorta and aortic valve. A loss of elastic lamellae in the
aortic media could be observed by histological examinations. Mono-
cytes/macrophages and some neutrophils had infiltrated the inflamma-
tory sites within the aortic sinus. Thus, the aortic inflammation in these
animals may have characteristics of both acute and chronic phases of
disease. We identified numerous examples of neovascularization within
severe lesions. Chondrocyte-like cells were observed in the majority of
IL-1Ra−/− mouse aortas; no such cells could be observed in the aortas
of WT mice. Calcification of the media of the aorta was observed in
a subset of IL-1Ra−/− mice. As calcification of the media, involving
the degradation of smooth muscle cells, is a sign of degenerative pro-
cesses (Tanimura et al. 1986a, 1986b), this result suggests the involve-
ment of an immune response in this pathology. These mice suffered
from mild aortic stenosis and hyperplasia of the interventricular septum
and left ventricular posterior walls. In agreement with previous reports,
these pathological findings resemble aspects of Takayasu arteritis or
polyarteritis nodosa in humans (Nicklin et al. 2000).
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Fig. 4. Attenuation of the development of aortitis in IL-1Ra−/− mice by IL-
17 deficiency. Sections of the aorta were examined by staining with (A–C)
hematoxylin and eosin and (D–F) Masson’s trichrome (Isoda et al. 2002). A, D
Sections of the aortic valve (score 0) from a 20-week-old unaffected IL-17+/−-
IL-1Ra−/− mouse. B, E Sections from a 20-week-old affected IL-17+/−-IL-
1Ra−/− mouse. Severe inflammatory cell infiltration and loss of elastic lamel-
lae over greater than two-thirds of the media of the aortic sinus are observed
(score 3). C, F Sections from an 20-week-old IL-17−/−-IL-1Ra−/− mice. Mild
inflammatory cell infiltration and loss of elastic lamellae are observed (score 2)

Using peripheral T cell transplantation, we also examined the role
of T cells in the development of aortitis (Matsuki et al. 2005). Purified
T cells from the spleens and lymph nodes of 6- to 8-week-old IL-1Ra−/−
mice were transplanted into BALB/c-nu/nu mice, and the development
of aortitis in the recipient mice was analyzed 10 weeks after transplan-
tation. Twelve of the 13 recipient mice developed aortitis, indicating
that T cells are crucial in the pathogenesis of aortitis. As arthritis is
also induced by IL-1Ra−/− T cell transplantation, the pathogenesis of
aortitis likely utilizes a similar mechanism as that seen in arthritis, in
which T cell-mediated autoimmunity caused by excess IL-1 signaling is
involved.
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8.3.2 The Roles of TNFα and IL-17 in the Development of Aortitis

We examined the roles of TNFα and IL-17 in the development of aortitis
by intercrossing these cytokine-deficient mice to IL-1Ra−/− mice. The
aortic valves of these cytokine-deficient IL-1Ra−/− mice were analyzed
histologically. Interestingly, TNFα−/−-IL-1Ra−/− mice showed no signs
of arterial inflammation at 8 and 14 weeks of age, while approximately
50% of the TNFα+/+-IL-1Ra−/− mice developed aortitis at these ages
(Matsuki et al. 2005). The incidence of aortitis in IL-17−/−-IL-1Ra−/−
mice was similar to IL-17+/−-IL-1Ra−/− mice at 20–28 weeks of age
(Table 2). The disease severity score, however, was significantly reduced
in these IL17−/−-IL-1Ra−/− mice (Fig. 4). Thus, in IL-1Ra−/− mice,
TNFα is crucial for the development of aortitis. While IL-17 is not es-
sential for aortitis development, it aggravates the disease, appearing to
function at both the elicitation of inflammation and the sensitization of
T cells.

As mentioned already, we have demonstrated that T cell-derived
TNFα plays an important role for the sensitization of T cells in the
development of autoimmunity in IL-1Ra−/− mice (Horai et al. 2004).
Other investigators have also reported the production of TNFα in T cells
(Ramshaw et al. 1994; Sakaguchi et al. 1995) and the presence of TNF
receptors in aortic smooth muscle and endothelial cells (Field et al.
1997). Thus, upon T cell activation, T cells produce TNFα, and this
T-cell derived TNFα may activate endothelial cells to produce various

Table 2. Suppression of the development of aortitis in IL-17−/−-IL-1Ra−/−
mice

Incidence (%)
Severity score

Genotype 20, 28 weeks

IL-17+/−-IL-1Ra−/− 5/6 (83%)
2.8

IL-17−/−-IL-1Ra−/− 6/13 (46%)
1.8∗

∗ p < 0.05 vs IL-17+/−-IL-1Ra−/− mice by Mann-Whitney U test
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inflammatory cytokines and chemokines, resulting in the development
of inflammation (Kollias and Kontoyiannis 2002). It is also known that
TNFα induces the expression of vascular cell adhesion molecule-1 in en-
dothelial cells; this promotes the early adhesion of mononuclear leuko-
cytes to the arterial endothelium at sites of inflammation (Feldmann
2002).

Consistent with our observations, it was recently reported that In-
fliximab, an anti-TNFα antibody, improved endothelial dysfunction in
antineutrophil cytoplasmic antibody-associated systemic vasculitis in
humans (Booth et al. 2004). Although the etiopathogenesis of this vas-
culitis has not been completely elucidated, it is thought that both aortitis
in IL-1Ra−/− mice and antineutrophil cytoplasmic antibody-associated
systemic vasculitis in humans share a similar pathogenic process involv-
ing TNFα. These observations provide new insight into the pathogenesis
of vasculitis, and the IL-1Ra−/− mice should be a useful model for the
study of the pathogenic mechanisms of vasculitis (Fig. 5).

Fig. 5. Pathogenesis of aortitis: TNFα plays an important role in the development
of aortitis in IL-1Ra−/− mice
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8.4 The Role of TNFα in the Development of Dermatitis

8.4.1 Development of Psoriasis-Like Dermatitis in IL-1Ra−/− Mice

Psoriasis-like skin disease, first reported by Shepherd et al. (2004),
was evident in IL-1Ra−/− mice on the BALB/c background. However,
we could not identify disease in animals on the C57BL/6 background,
indicating that strain-specific background genes are also involved in
the development of this disease. The mice on the BALB/c background
develop redness and scaling of their ears and tail (Fig. 6), a pathol-
ogy characterized by extensive thickening of the epidermis associated
with hyperkeratosis of the skin. The majority of keratinocytes retained
their nucleus in the cornified cellular layer. We also observed massive
neutrophil infiltration into the epidermis and dermis. With increasing
disease progression, the epidermal layer gradually penetrated into the
dermal layer, forming ridges. Aseptic microabscesses formed under the
skin. CD4+ T cells were occasionally observed within the dermis.

Interestingly, however, significant disease developed in scid/scid-IL-
1Ra−/− mice. Furthermore, IL-1Ra−/− T cell transfer could not induce
dermatitis in nu/nu mice, in contrast to cases of arthritis or aortitis in

Fig. 6. Histological examination of the skin in IL-1Ra−/− mice. A Hematoxylin
and eosin staining of the ear pinna of a normal 20-week-old WT mouse. B An
affected IL-1Ra−/− mouse at 20 weeks of age. The epidermis becomes thickened
and hypertrophic associated with hyperkeratosis of the skin. Massive infiltration
of neutrophils into the epidermis and dermis are observed in IL-1Ra−/− mouse
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which diseases could be induced by T cell transfer. Thus, in this case, an
autoimmune process is not likely to be involved in disease pathogenesis;
rather, excess IL-1 signaling directly induces inflammation within the
skin.

In humans, the involvement of IL-1 in the development of psoriasis
has not been elucidated completely. Some studies have indicated that IL-
1α concentrations were reduced in psoriatic lesional skin as compared
to nonlesional and normal skin, although IL-1β concentrations were
increased (Cooper et al. 1990; Debets et al. 1997). Our data clearly
show that excess IL-1 signaling can induce psoriasis-like lesions in
mice, suggesting involvement of IL-1 in the development of psoriasis
in humans. In agreement with our observations, Tg mice that express
IL-1α from K14 promoter in the basal epidermis also develop scaly and
erythematous inflammatory skin lesions (Groves et al. 1995).

8.4.2 The Role of TNFα in the Development of Dermatitis

The development of dermatitis in IL-1Ra−/− mice was completely ab-
sent in TNFα-deficient IL-1Ra−/− mice, indicating a crucial role for
TNFα in disease pathogenesis. The importance of IL-1 and TNFα were
also seen in contart hypersensitivity (CHS) reactions, in which antigen-
specific CD4+ T cells play a central role. 2, 4, 6-trinitrochlorobenzene
(TNCB)-induced CHS was suppressed in IL-1α/β−/− and IL-1α−/−, but
not IL-1β−/−, mice, and these responses were augmented in IL-1Ra−/−
mice, suggesting an important role for IL-1α in CHS responses (Nakae
et al. 2001c, 2003b). We demonstrated that the IL-1 produced by APCs
of the epidermis enhances the sensitization of allergen-specific T cells
and induces inflammation via TNFα production during the elicitation
phase (Nakae et al. 2003b). TNFα elicits inflammatory cell infiltration
in the skin through the induction of CXCLIO.

TNFα production is increased in psoriatic lesional skin as compared
to nonlesional and healthy skin (Ettehadi et al. 1994). Moreover, direct
correlation between TNFα concentration either at the lesional skin or
serum levels and the psoriasis area severity index scores has been re-
ported (Bonifati et al. 1994). Thus, TNFα may also be involved in the
development of psoriasis in humans (Fig. 7).
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Fig. 7. Pathogenesis of dermatitis

In human psoriasis, the importance of an acquired immune response
is suggested, because linkage association with MHC class I is observed
(Elder et al. 1994), the dermis and the epidermis are heavily infiltrated by
CD4+ T cells (Baker and Fry 1992), cyclosporin A efficiently suppresses
psoriasis (Griffiths et al. 1989), and depletion of CD25+ T cells amelio-
rates the disease (Gottlieb et al. 1995). Furthermore, it was shown that
injection of prepsoriatic skin engrafted onto scid/scid mice with CD4+
T cells induces psoriasis (Nickoloff and Wrone-Smith 1999). However,
so far, no conclusive evidence has been presented for the involvement of
autoimmunity in this disease. On the other hand, it has been argued that
keratinocytes of psoriatics suffer from an intrinsic abnormality in the
regulation of their activation by cytokines, which trigger proliferation
and migration, and stimulated keratinocytes may act as initiators of an
inflammatory process by means of the secretion of various cytokines
able to induce the expression of cell adhesion molecules and the recruit-
ment of inflammatory cells (Bonifati and Ameglio 1999; Shepherd et al.
2004). Our observations suggest that keratinocyte-derived pathogenesis
rather than an autoimmune mechanism is involved in the development
of dermatitis in IL-1Ra−/− mice. Since the infiltration of inflammatory
cells is not prominent at the beginning of the disease and gradually
increases, immune mechanisms may be involved at the later phase.



Inflammatory Diseases in IL-1Ra−/− Mice 147

8.5 Conclusion

We have demonstrated that a variety of inflammatory diseases, includ-
ing arthritis, aortitis, and psoriatic dermatitis, develop spontaneously
in IL-1Ra−/− mice. Although excess IL-1 signaling is responsible for
the development of these diseases, the pathogenic mechanisms differ
significantly; both arthritis and aortitis result from the development of
autoimmunity, while such autoimmune processes are not involved in the
development of dermatitis. Both TNFα and IL-17 play important roles
in the activation of T cells downstream of IL-1 signaling, in addition
to the roles in the elicitation of inflammation. TNFα activates T cells
by inducing OX40 expression, leading to increased IL-17 production.
Although IL-17 was also shown to be involved in the sensitization of
T cells, the mechanism underlying this activation remains to be eluci-
dated. Thus, both cytokines play crucial roles in the development of
the autoimmunity that can cause arthritis and aortitis in this knockout
mouse model. In contrast, in the case of psoriatic dermatitis, excess
IL-1 signaling and TNFα signaling directly induce inflammation of the
skin without the involvement of autoimmunity. Thus, IL-1 and TNFα

have dual functions, the activation of T cells and the direct induction
of inflammation. It is interesting that excess IL-1signaling can induce
several different diseases in an animal via different mechanisms. In any
case, these observations suggest that the suppression of IL-1, TNFα, and
IL-17 is important in the control of inflammatory diseases; suppression
of cytokine expression or action should be beneficial for the treatment
of these diseases.
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Abstract. T cell homeostasis is required for normal immune responses and
prevention of pathological responses. Transforming growth factor β (TGFβ)
plays an essential role in that regulation. Owing to its broad expression and
inhibitory effects on multiple immune cell types, TGFβ regulation is complex.
Through recent advances in cell-specific targeting of TGFβ signaling in vivo, the
role of TGFβ in T cell regulation is emerging. We demonstrated here a critical
role for TGFβ in regulating effector vs regulatory T cell homeostasis.
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9.1 Introduction

Understanding immune regulation and tolerance remains a major chal-
lenge in immunology. As an immunosuppressive cytokine, TGFβ plays
a key role in attenuating excessive pathological immune responses. Mice
deficient in TGFβ, developed severe multifocal inflammatory disease
and died shortly after birth (Shull et al. 1992). Since TGFβ can be
produced by and act on virtually all cell types, the regulatory network
invoked by TGFβ remains incompletely understood. To investigate the
role of TGFβ signaling in T cells, we engineered a strain of transgenic
mice expressing a dominant negative TGFβ receptor II in T cells (Gore-
lik and Flavell 2000). In these mice, T cells were found to differentiate
spontaneously into effector T cells, which led to the development of
autoimmunity and enhanced tumor immunity and immune responses to
pathogens. In addition, we took a gain-of-function approach to study
TGFβ regulation of autoimmune diabetes by overexpressing this cy-
tokine in the islets of the pancreas (Peng et al. 2004). We demonstrated
that a short pulse of TGFβ expression could expand the regulatory T cell
population and inhibit diabetes in NOD mice. These studies have thus
identified multiple mechanisms by which TGFβ regulates T cell toler-
ance.

9.2 Materials and Methods

9.2.1 Transgenic Mice

Mice expressing a dominant negative mutant of TGFβ receptor II under
the control of CD4 promoter (DNR mice) were described previously
(Gorelik and Flavell 2000). All mice were kept under SPF conditions at
Yale animal facility according to the approved protocols.

9.2.2 Tumor Model

The B16-F10 melanoma tumor cell line syngeneic to the C57BL/6 back-
ground was provided by A. Garen. EL4 cells were obtained from the
American Type Culture Collection (Manassas, VA). Wild-type and DNR
mice on C57BL/6 background were challenged with either B16-F10
cells i.v. or EL4 cells i.p. and monitored for tumor growth.
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9.2.3 Infection Model

DNR mice were backcrossed onto the BALB/c background as described
(Gorlik et al. 2002). Wild-type and DNR mice were infected in the right
hind foot with Leishmania major promastigotes of the WR309 substrain
and monitored for disease progression.

9.2.4 Diabetes Model

Under the control of a rat insulin promoter (RIP), tetracycline-controlled
transactivator (TTA) is expressed specifically in insulin-producing cells
to ensure regulated TGFβ expression in TTA/TGFβ NOD mice, as previ-
ously described (Peng et al. 2004). NOD transgenic mice were fed with
normal or doxycycline-supplemented food and monitored for disease
development.

9.3 Results

9.3.1 TGFβ and Effector T Cells

Mice with T cell-specific blockade of TGFβ signaling developed im-
munopathology in multiple organs including lung, colon, and kidney.
Both CD4+ and CD8+ T cells from DNR mice differentiated readily
into effector/memory T cells and secreted cytokines upon in vitro stim-
ulation. Levels of T-dependent classes of immunoglobulins in the sera
were consistently found to be increased. These observations revealed
an essential function for TGFβ in T cell tolerance (Gorelik and Flavell
2000). To investigate how TGFβ regulates tumor immunity, we chal-
lenged mice with syngeneic B16-F10 or EL4 tumor cells. In both cases,
DNR mice were found to be resistant to the tumor challenge. Blockade
of TGFβ signaling in CD8+ T cells was essential for this protection,
and was associated with the expansion of tumor-specific CD8+ T cells
(Gorelik and Flavell 2001). CD4+ T cells play a critical role in orches-
trating both the humoral and cellular arms of immune responses. CD4+
T cells from BALB/c mice selectively differentiate to a skewed Th2
phenotype, which renders these mice susceptible to infection by intra-
cellular pathogens such as Leishmania. To study the function of TGFβ

signaling in pathogen infection, DNR mice were backcrossed to the
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BALB/c background and investigated for their response to Leishmania
major infection. Significantly, DNR mice were found to be resistant to
the infection, because they developed an enhanced Th1-type cytokine
response. Interestingly, Th2 cytokines were also found to be elevated in
the DNR mice (Gorelik et al. 2000). These observations suggested that
TGFβ inhibits both arms of effector T cell differentiation. T helper cell
differentiation is regulated by environmental cues and associated with
epigenetic changes in the cytokine loci. Master regulators including
GATA-3 for Th2 and T-bet for Th1 differentiation have been identified
by us (Zheng and Flavell 1997) and Szabo et al. (2000). Significantly,
TGFβ inhibited the expression of both factors which explains its regu-
lation of help T cell differentiation (Gorelik et al. 2000, 2002).

9.3.2 TGFβ and Regulatory T Cells

Several studies have demonstrated that CD4+CD25+ regulatory T cells
produce elevated levels of TGFβ (Green et al. 2003). The fact that en-
hanced TGFβ signaling receptors reside on the membrane of CD4+
CD25+ regulatory T cells underscores the potential for autocrine and/or
paracrine receptor–ligand interactions in these cells. In this study, we
provide direct evidence that TGFβ is a positive regulator of CD4+CD25+
regulatory T cell expansion in vivo. We generated mice in which TGFβ

expression can be induced temporally by the tetracycline regulatory
system (Peng et al. 2004). Data from RT-PCR and histochemistry stud-
ies showed that TGFβ gene and protein expression can be efficiently
turned on and off in the islets within 1 week after changing the diet
to a doxycycline-containing food source. Using this system, we could
control and target the expression of the transgene at specific stages of
diabetes development. Transgenic mice from all groups were monitored
for diabetes development in comparison to transgene-negative control
littermates for 60 weeks. We found that TGFβ expression completely
blocked the development of diabetes in NOD transgenic mice. Further-
more, a short pulse of TGFβ in the islets during the priming phase of the
disease was sufficient to provide protection by promoting the expansion
of the intra-islet CD4+CD25+ T cell pool. Approximately 40%–50%
of intra-islet CD4+ T cells expressed the CD25 marker and exhibited
characteristics of regulatory T cells, including small size, high level
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of intracellular CTLA-4,expression of Foxp3, and the ability to trans-
fer protection against diabetes. Results from in vivo incorporation of
BrdUrd revealed that the generation of a high frequency of regulatory
T cells in the islets is due to in situ expansion as a result of TGFβ ex-
pression. These findings demonstrated that TGFβ inhibits autoimmune
diseases via regulation of the size of the CD4+CD25+ regulatory T cell
pool in vivo, a previously uncharacterized mechanism.

9.4 Conclusions

Understanding the role of TGFβ signaling in T-cell regulation has come
a long way since the initial discovery of its ability to regulate T cell pro-
liferation. Our recent work has demonstrated that TGFβ downregulates
effector T cell differentiation by inhibiting the expression of transcrip-
tion factors T-bet and GATA-3. The role of TGFβ in regulatory T cell
biology warrants further investigation. Insights into the biology of reg-
ulatory T cells might provide important insights into how the different
roles of TGFβ in regulatory T-cell function relate to heterogeneity of
the regulatory T cell population or another regulatory T cell property.
The complex role of TGFβ in the regulation of immune homeostasis is
likely to fascinate investigators as they decipher the many mysteries of
this family of molecules for many years to come (Fig. 1).

Fig. 1. Regulation of effector T cell and Treg cell differentiation by TGFβ.
TGFβ prevents Th1 and Th2 cell differentiation through inhibition of T-bet and
GATA-3 expression. TGFβ induces the expression of Foxp3 gene and promotes
Treg cell differentiation
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Abstract. Tumor necrosis factor (TNF), initially discovered as a result of its
antitumor activity, has now been shown to mediate tumor initiation, promo-
tion, and metastasis. In addition, dysregulation of TNF has been implicated in
a wide variety of inflammatory diseases including rheumatoid arthritis, Crohn’s
disease, multiple sclerosis, psoriasis, scleroderma, atopic dermatitis, systemic
lupus erythematosus, type II diabetes, atherosclerosis, myocardial infarction,
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osteoporosis, and autoimmune deficiency disease. TNF, however, is a critical
component of effective immune surveillance and is required for proper prolifer-
ation and function of NK cells, T cells, B cells, macrophages, and dendritic cells.
TNF activity can be blocked, either by using antibodies (Remicade and Humira)
or soluble TNF receptor (Enbrel), for the symptoms of arthritis and Crohn’s
disease to be alleviated, but at the same time, such treatment increases the risk
of infections, certain type of cancers, and cardiotoxicity. Thus blockers of TNF
that are safe and yet efficacious are urgently needed. Some evidence suggests
that while the transmembrane form of TNF has beneficial effects, soluble TNF
mediates toxicity. In most cells, TNF mediates its effects through activation
of caspases, NF-κB, AP-1, c-jun N-terminal kinase, p38 MAPK, and p44/p42
MAPK. Agents that can differentially regulate TNF expression or TNF signal-
ing can be pharmacologically safe and effective therapeutics. Our laboratory
has identified numerous such agents from natural sources. These are discussed
further in detail.

10.1 Introduction

Tumor necrosis factor (TNF)-α and TNF-β, produced primarily by
monocytes and lymphocytes, respectively, were first isolated in 1984,
as cytokines that kill tumor cells in culture and induce tumor regres-
sion in vivo (Aggarwal et al. 1984). Intravenous administration of TNF
to cancer patients produced numerous toxic reactions, including fever
(Kurzrock et al. 1985). In animal studies, TNF has been shown to medi-
ate endotoxin-mediated septic shock (Beutler et al. 1985). Other reports
have indicated that dysregulation of TNF synthesis mediates a wide va-
riety of diseases, including rheumatoid arthritis and inflammatory bowel
disease (also called Crohn’s disease) (Fig. 1).

10.2 TNF Cell Signaling

TNF is a transmembrane protein with a molecular mass of 26 kDa that
was originally found to be expressed in macrophages and has now been
found to be expressed by a wide variety of cells. In response to various
stimuli, TNF is secreted by the cells as a 17-kDa protein through a highly
regulated process that involves an enzyme: TNF-activating converting
enzyme (TACE).
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Fig. 1. TNF synthesis mediates a wide variety of diseases including rheumatoid
arthritis and inflammatory bowel disease

TNF mediates its effects through two different receptors (Fig. 2): TNF
receptor I (also called p55 or p60) and TNF receptor II (also called p75
or p80). While TNF receptor I is expressed on all cell types in the body,
TNF receptor II is expressed selectively on endothelial cells and on cells
of the immune system. TNF binds to two receptors with comparable
affinity. Why there are two different receptors for TNF is incompletely
understood. Evidence related to differential signaling (Aggarwal et al.
2002), ligand passing (Tartaglia et al. 1993), binding to soluble TNF vs
transmembrane TNF (Grell et al. 1995) has been presented.
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Fig. 2. TNF cell signaling pathway

The cytoplasmic domain of the TNF receptor I has a death domain,
which has been shown to sequentially recruit TNF receptor-associated
death domain (TRADD), Fas-associated death domain (FADD), and
FADD-like interleukin-1β-converting enzyme (FLICE) (also called cas-
pase-8), leading to caspase-3 activation, which in turn induces apopto-
sis by inducing degradation of multiple proteins (Nagata and Golstein
1995). TRADD also recruits TNF receptor-associated factor (TRAF)2,
which through receptor-interacting protein (RIP) activates IκBα kinase
(IKK), leading to IκBα phosphorylation, ubiquitination, and degrada-
tion, which finally leads to nuclear factor-κB (NF-κB) activation. NF-κB
activation is followed by the expression of various genes that can sup-
press the apoptosis induced by TNF. Through recruitment of TRAF2,
TNF has also been shown to activate various mitogen-activated protein
kinases (MAPK), including the c-jun N-terminal kinases (JNK) p38
MAPK and p42/p44 MAPK. TRAF2 is also essential for the TNF-
induced activation of AKT, another cell-survival signaling pathway.
Thus TNFRI activates both apoptosis and cell survival signaling path-
ways simultaneously.
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In contrast to TNFR1, the cytoplasmic domain of TNFR2 lacks the
death domain and binds TRAF1 and TRAF2 directly. Through activation
of JNK, TNF activates AP-1, another redox-sensitive transcription fac-
tor. Gene-deletion studies have shown that TNFR2 can also activate NF-
κB, JNK, p38 MAPK, and p42/p44 MAPK (Mukhopadhyay et al. 2001).

TNFR2 can also mediate TNF-induced apoptosis (Haridas et al.
1998). Because TNFR2 cannot recruit TRADD-FADD-FLICE, how
TNFR2 mediates apoptosis is not understood. Various pieces of evidence
suggest that homotrimeric TNF binds to homotrimeric TNF receptor to
mediate its signals (Ameloot et al. 2001). TNF receptor deletion studies
have provided evidence that this receptor communicates with receptors
for other ligands, including receptor activator of NF-κB ligand (RANKL,
a member of the TNF superfamily) and endotoxin (Takada and Aggarwal
2003b, 2004).

Since its discovery, TNF has been linked to a wide variety of diseases.
How TNF mediates disease-causing effects is incompletely understood.
The induction of pro-inflammatory genes by TNF has been linked to
most diseases. The pro-inflammatory effects of TNF are primarily due
to its ability to activate NF-κB. Almost all cell types, when exposed to
TNF, activate NF-κB, leading to the expression of inflammatory genes.
Over 200 genes have been identified that are regulated by NF-κB ac-
tivation (Kumar et al. 2004). These include cyclooxygenase-2 (COX-
2), lipoxygenase-2 (LOX-2), cell-adhesion molecules, inflammatory cy-
tokines, chemokines, and inducible nitric oxide synthase (iNOS). TNF
mediates some of its disease-causing effects by modulating growth. For
instance, for most tumor cells TNF has been found to be a growth factor
(Sugarman et al. 1985). These include ovarian cancer cells, cutaneous
T cell lymphoma (Giri and Aggarwal 1998) glioblastoma (Aggarwal
et al. 1996), acute myelogenous leukemia (Tucker et al. 2004), B cell
lymphoma (Estrov et al. 1993), breast carcinoma (Sugarman et al. 1987),
renal cell carcinoma (Chapekar et al. 1989), multiple myeloma (Borset
et al. 1994), and Hodgkin’s lymphoma (Hsu and Hsu 1990). Various fi-
broblasts, including normal human fibroblasts, scleroderma fibroblasts,
synovial fibroblasts, and periodontal fibroblasts, proliferate in response
to TNF. Why on treatment with TNF some cells undergo apoptosis, oth-
ers undergo proliferation, and most are unaffected is not understood. The
differences are not due to lack of receptors or variations in their affinity.
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10.3 Inhibitors of TNF Cell Signaling

Because of the critical role of TNF in mediating a wide variety of
diseases, TNF has become an important target for drug development.
Since TNF mediates its effects through activation of NF-κB, AP-1, JNK,
p38 MAPK, p44/p42 MAPK, and AKT (Fig. 3); agents that can suppress
these pathways have potential for therapy of TNF-linked diseases. Below
is a review of inhibitors of such pathways.

10.3.1 NF-κB Blockers

Most diseases that have been linked to TNF have also been linked to
NF-κB activation (Aggarwal 2003), indicating that TNF mediates its
pathological effects through activation of NF-κB. Thus blockers of NF-
κB have a potential for alleviating TNF-linked diseases. Several NF-κB
blockers have been identified using targets that mediate the TNF-induced
NF-κB activation pathway (Fig. 4). Various hormones and cytokines
have also been described that can suppress TNF-induced NF-κB activa-
tion. These include IL-4, IL-13, IL-10, melanocyte-stimulating hormone
(βMSH), luteinizing hormone (LH), human chorionic gonadotrophin
(HCG), and IFN-α/β (Aggarwal et al. 2002). Other agents that sup-
press NF-κB activation include inhibitors of proteosomes, inhibitors of

Inflammatory pathway NF-κB

Stress pathway JNK & p38

Cell survival pathway PI-3K/Akt

Mitogenic pathway MAPK/Erk

JAK/STAT pathway

Apoptosis pathway Caspases

Signaling pathways activated by TNF

Fig. 3. TNF mediates its effects through activation of NF-κB, AP-1, JNK, p38
MAPK, p44/p42 MAPK, and AKT
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Fig. 4. Potential strategies to suppress TNF production and signaling through
inhibition of NF-κB activation

ubiquitination, inhibitors of the protein kinase that phosphorylates IκBα

(IKK), inhibitors of IKK activation (Fig. 5), decoy peptides of IKK and
p65, antisense oligonucleotides, and Si RNA to p65. These inhibitors,
although quite effective in suppressing NF-κB activation, have shown
limited promise in the treatment of the disease for a variety of reasons.
These include in vivo toxicity, lack of specificity, and poor bioavailabil-
ity. Thus safer and efficacious blockers of TNF-induced NF-κB activa-
tion are needed. Our laboratory has described numerous agents derived
from natural sources that can suppress NF-κB activation induced by TNF
quite effectively. Through suppression of NF-κB, these inhibitors can
also suppress expression of TNF. These polyphenols (e.g., curcumin,
a diferuloylmethane) have been tested in animals and found to exhibit
good activity in suppression of tumorigenesis, Alzheimer disease, dia-
betes, arthritis, Crohn’s disease, and cardiovascular disease.
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Development of IKK blockers

Compound IC50 IC50 Investigator

(in vitro) (in vivo)
Bayer Yakuhin
BY-4j 8.5 nM 0.06uM Murata T, 2004

Millennium
PS1145/MNL120 20 nM 3 uM Hideshima T, 2002

Celgene
SPC839 62 nM 10 uM Palanki MS, 2003

BMS
BMS345541 300 nM 1-5 uM Burke et al, 2003

Pharmacia/Pfizer
SC-514 3-12 uM 100 uM Kishore N, 2003

Wyeth-Ayerst
WAY-169916 1 uM N. A. Steffan R, 2004

SPC839 is now called AS602868

Fig. 5. Development of IKK blockers

10.3.2 AP-1 Blockers

Although TNF is a potent activator of AP-1, no specific blocker of AP-1
activation has yet been described. However, most phytochemicals that
suppress NF-κB activation also suppress AP-1 activation (Manna and
Aggarwal 2000; Manna et al. 2000; Torii et al. 2004).

10.3.3 Suppression of TNF-Induced P38 MAPK Activation

TNF is one of the most potent activators of p38 MAPK (Lee et al. 1994).
This activation is specifically inhibited by SB203580 (Henry et al. 1998;
Kumar et al. 1997). Campbell et al. (2004) examined the role of p38
MAPK in the regulation of TNF in primary human cells relevant to
inflammation, e.g., macrophages and rheumatoid synovial cells (Camp-
bell et al. 2004). Using a dominant-negative variant (D168A) of p38
MAPK and a kinase inhibitor, SB203580, they confirmed in primary
human macrophages that p38 MAPK regulates TNF production using
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a posttranscriptional mechanism requiring the 3′ untranslated region
of the gene. However, in LPS-activated primary human macrophages,
they found p38 MAPK modulation of TNF transcription was mediated
through p38 MAPK regulation of NF-κB. Interestingly, this mechanism
was not observed in rheumatoid synovial cells. It is important to note
that the dominant negative mutant of p38 MAPK, but not SB203580,
was effective at inhibiting spontaneous TNF production in these ex vivo
rheumatoid synovial cell cultures. These data indicate that there are
potential major differences in the role of p38 MAPK in inflammatory
signaling that have a bearing on the use of this kinase as a target for
therapy. These results also indicate that this kinase is a valid target in
rheumatoid disease. Vanden Berghe et al. (1998) found that p38 and
p44/p42 MAPK pathways are required for NF-κB p65 transactivation
mediated by TNF. De Alvaro et al. (2004) showed that TNF produces
insulin resistance in skeletal muscle by activation of IKK in a p38
MAPK-dependent manner. Similarly, Hernandez et al. (2004) showed
that Rosiglitazone ameliorates insulin resistance in brown adipocytes of
Wistar rats by impairing TNF induction of p38 and p42/p44 MAPK.

10.3.4 Suppression of TNF-Induced JNK Activation

TNF is one of the most potent activators of JNK (Chen and Goeddel
2002). This activation is specifically inhibited by SP600125. Bennett
et al. (2001) reported the identification of an anthrapyrazolone series
that significantly inhibits JNK1, -2, and -3 (K(i) = 0.19 µM). SP600125
is a reversible ATP-competitive inhibitor with greater than 20-fold selec-
tivity vs a range of kinases and enzymes tested. In cells, SP600125 dose
dependently inhibited the phosphorylation of c-Jun and the expression
of the inflammatory genes COX-2, IL-2, IFN-γ, and TNF and prevented
the activation and differentiation of primary human CD4 cell cultures. In
animal studies, SP600125 blocked LPS-induced expression of TNF and
inhibited anti-CD3-induced apoptosis of CD4(+) CD8(+) thymocytes.
Our study supports targeting JNK as an important strategy in inflamma-
tory disease, apoptotic cell death, and cancer. Ishii et al. (2004) found
that inhibition of JNK activity improves ischemia/reperfusion injury in
rat lungs.
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10.3.5 Suppression of TNF-Induced P42/p44 MAPK Activation

Besides p38 MAPK and JNK, TNF is also potent activator of p42/p44
MAPK, also called extracellular signal-regulated kinase (ERK)1/2
(Johnson and Lapadat 2002). This activation is inhibited by PD98059
(Kumar et al. 1998b). TNF-induced ERK activation is required for prolif-
eration of most cells. Murakami-Mori et al. (1999) found that ERK1/2 in
Kaposi sarcoma (KS) cells was significantly activated by TNF through
tyrosine/threonine phosphorylation. A selective inhibitor for ERK1/2
activator kinases, PD98059, profoundly inhibited not only the activation
of ERK1/2, but also TNF-induced KS cell proliferation. They there-
fore proposed that the TNFRI-ERK1/2 pathway plays a pivotal role in
transmitting to KS cells the mitogenic signals of TNF. They found that
actinomycin D treatment of KS cells selectively abolished expression of
MADD, a novel TNFRI-associated death domain protein. TNF-α failed
to induce ERK1/2 activation in the actinomycin D-treated cells. MADD
may couple TNFRI with the ERK1/2 signaling pathway required for KS
cell proliferation. Using similar inhibitors, Goetze et al. (1999) found
that TNF-induced migration of vascular smooth muscle cells is MAPK-
dependent. Tran et al. (2001) found that MAPK/ERK overrides the apop-
totic signaling from Fas, TNF, and TRAIL receptors. They observed that
a number of FasR-insensitive cell lines could redirect the proapoptotic
signal to an anti-apoptotic ERK1/2 signal, resulting in inhibition of
caspase activation. They determined that similar mechanisms are op-
erational in regulating the apoptotic signaling of other death receptors.
Activation of the FasR, TNFR1, and TRAILR rapidly induced ERK1/2
activation, an event independent of caspase activity. Whereas inhibition
of the death receptor-mediated ERK1/2 activation was sufficient to sen-
sitize the cells to apoptotic signaling from FasR and TRAIL-R, cells
were still protected from apoptotic TNFR1 signaling. The latter seemed
to be attributable to the strong activation of the anti-apoptotic factor NF-
κB, which remained inactive in FasR or TNF-related apoptosis-inducing
ligand receptor (TRAILR) signaling. However, when the cells were sen-
sitized with cycloheximide, which is sufficient to sensitize the cells also
to apoptosis by TNFR1 stimulation, Tran et al. noticed that adenovirus-
mediated expression of constitutively active MKK1 could rescue the
cells from apoptosis induced by the receptors by preventing caspase-8
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activation. Taken together, these results showed that ERK1/2 has a dom-
inant protecting effect over apoptotic signaling from the death receptors.
This protection, which is independent of newly synthesized proteins, acts
in all cases by suppressing activation of the caspase effector machinery.

10.3.6 Suppression of TNF-Induced AKT Activation

TNF is also a potent activator of AKT. Ozes found that NF-κB acti-
vation by TNF requires the Akt serine-threonine kinase (Ozes et al.
1999). Pastorino found TNF induced the phosphorylation of BAD by
Akt at serine 136 in HeLa cells under conditions that are not cytotoxic.
BAD phosphorylation by TNF was dependent on phosphatidylinositide-
3-OH kinase (PI3K) and was accompanied by the translocation of BAD
from the mitochondria to the cytosol (Pastorino et al. 1999). Blocking
the phosphorylation of BAD and its translocation to the cytosol with
the PI3K inhibitor wortmannin activated caspase-3 and markedly po-
tentiated the cytotoxicity of TNF. Transient transfection with a PI3K
dominant-negative mutant or a dominant-negative mutant of the serine-
threonine kinase Akt, the downstream target of PI3K, and the enzyme
that phosphorylates BAD similarly potentiated the cytotoxicity of TNF.
By contrast, transfection with a constitutively active Akt mutant pro-
tected against the cytotoxicity of TNF in the presence of wortmannin.
Phosphorylation of BAD prevents its interaction with the antiapoptotic
protein Bcl-XL. Transfection with a Bcl-XL expression vector protected
against the cytotoxicity of TNF in the presence of wortmannin.

Yang et al. (2004) reported the discovery of a small-molecule Akt
pathway inhibitor, Akt/protein kinase B signaling inhibitor-2 (API-2), by
screening the National Cancer Institute Diversity Set. API-2 suppressed
the kinase activity and phosphorylation level of Akt. The inhibition of
Akt kinase resulted in suppression of cell growth and induction of apop-
tosis in human cancer cells. API-2 was highly selective for Akt and did
not inhibit the activation of PI3K, phosphoinositide-dependent kinase-
1, protein kinase C, serum- and glucocorticoid-inducible kinase, protein
kinase A, signal transducer and activators of transcription 3, ERK1/2, or
JNK. Furthermore, API-2 potently inhibited tumor growth in nude mice
of human cancer cells in which Akt is aberrantly expressed/activated but
not of those cancer cells in which it is not.
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10.4 Role of TNF in Skin Diseases

Although it suppresses the proliferation of cells, TNF was also found
to induce the proliferation of dermal fibroblasts (Berman and Wiet-
zerbin 1992). The TNF-induced JNK pathway has been found to be
dysregulated in patients with familial cylindromatosis in whom CYLD,
a tumor suppressor, is mutated. Such patients have an autosomal dom-
inant predisposition to multiple tumors of the skin of the arms and
legs (Reiley et al. 2004). Dysregulation of TNF has been linked with
several skin diseases, including rheumatoid arthritis, atopic dermatitis,
scleroderma, psoriasis (Kane and FitzGerald 2004), systemic sclerosis,
Crohn’s disease, pyoderma gangrenosum, sarcoidosis, and cutaneous
T cell lymphoma.

Furthermore, keratinocyte-derived TNF acts as an endogenous tu-
mor promoter and can also regulate AP-1 activity in mouse epidermis.
Arnott found that TNFR2 cooperated with TNFR1 to optimize TNFR1-
mediated TNF bioactivity on keratinocytes in vitro. They found that
expression of both TNF-receptor subtypes is essential for optimal skin
tumor development and provided some rationale for the use of TNF
antagonists in the treatment of cancer (Arnott et al. 2004).

Because keloids, which are characterized as an overexuberant healing
response, represent an inflammatory response, it is logical to assume
that cytokines play a part in orchestrating keloid pathology. Messadi
identified differences in the expression of NF-κB and its related genes
between keloid and normal skin fibroblasts (Messadi et al. 2004). They
showed that TNF upregulated 15% of NF-κB signal pathway-related
genes in keloid fibroblasts compared to normal skin. At the protein
level, keloid fibroblasts and tissues showed higher basal levels of the
TNF-receptor-associated factors TRAF1, TRAF2, inhibitor of apoptosis
(c-IAP-1), and NF-κB, compared with normal skin fibroblasts. Keloid
fibroblasts showed a constitutive increase in NF-κB-binding activity
both with and without TNF-α treatment. It is possible that NF-κB and
its targeted genes, especially the antiapoptotic genes, could play a role
in keloid pathogenesis; thus targeting NF-κB could help in developing
therapeutic interventions for the treatment of keloid scarring.
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TNF receptor-associated periodic syndrome (TRAPS) is an autoso-
mal dominant inherited condition characterized by periodic fever and
pain. TRAPS is a model for a novel pathogenic concept in which a TNF
receptor fails to be shed; thus suggesting that medications targeting TNF
may be effective in TRAPS (Masson et al. 2004).

That TNF signaling plays a role in skin is also evident from molec-
ular imaging of NF-κB, a primary regulator of stress response. Carlsen
developed transgenic mice that express luciferase under the control of
NF-κB, enabling real-time noninvasive imaging of NF-κB activity in
intact animals (Carlsen et al. 2004). We showed that, in the absence of
stimulation, strong, intrinsic luminescence is evident in lymph nodes
in the neck region, thymus, and Peyer’s patches. Treating mice with
stressors such as TNF-α, IL-1α, or LPS increases the luminescence in
a tissue-specific manner, with the strongest activity observable in the
skin, lungs, spleen, Peyer’s patches, and the wall of the small intestine.
Liver, kidney, heart, muscle, and adipose tissue exhibit less intense ac-
tivities. Exposure of the skin to a low dose of UV-B radiation increases
luminescence in the exposed areas. In ocular experiments, when LPS
and TNF-α were injected into NF-κB-luciferase transgenic mice, a 20-
to 40-fold increase in NF-κB activity occurred in the lens, as well as in
other LPS- and TNF-α-responsive organs. Peak NF-κB activity occurred
6 h after injection of TNF-α and 12 h after injection of LPS.

Mice exposed to 360 J/m(2) of UV-B exhibited a 16-fold increase
in NF-κB activity 6 h after exposure, much like TNF-α-exposed mice.
Thus, in NF-κB-luciferase transgenic mice, NF-κB activity also occurs in
lens epithelial tissue and is activated when the intact mouse is exposed
to classical stressors. Furthermore, as revealed by real-time noninva-
sive imaging, induction of chronic inflammation resembling rheumatoid
arthritis produces strong NF-κB activity in the affected joints. These
investigators used this model to demonstrate regulation by manipulating
vitamin A status in mice. NF-κB activity is elevated in mice fed a vitamin
A-deficient (VAD) diet and suppressed by excess doses of retinoic acid.
They thus demonstrated the development and use of a versatile model for
monitoring NF-κB activation both in tissue homogenates and in intact
animals after the use of classical activators, during disease progression
and after dietary intervention.
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10.5 Bright Side of TNF

Two TNF-neutralizing agents are licensed in the US. Infliximab has
been licensed for the treatment of Crohn’s disease and is used with
methotrexate for the treatment of rheumatoid arthritis (Hanauer 2004).
Etanercept is a soluble TNF receptor type 2 that is licensed for the treat-
ment of rheumatoid arthritis, including the juvenile form, and, more
recently, was licensed for the treatment of psoriatic arthritis (Barali-
akos and Braun 2004). Anti-TNF does not cure rheumatoid arthritis or
Crohn’s disease, but blocking TNF may reduce the inflammation caused
by too much TNF.

10.6 Dark Side of TNF Blockers

Serious infections, including sepsis and fatal infections, have been re-
ported in patients receiving TNF-blocking agents. Many of the serious
infections in patients treated with anti-TNF have occurred in patients
on concomitant immunosuppressive therapy that, in addition to their
Crohn’s disease or rheumatoid arthritis, could predispose them to infec-
tions. Caution should be exercised when considering the use of anti-TNF
in patients with a chronic infection or a history of recurrent infection.
Anti-TNF should not be given to patients with a clinically important,
active infection. The companies that manufacture TNF blockers have
indicated serious side effects of these drugs (Table 1).

Some patients who took Remicade developed symptoms that can
resemble a disease called lupus. Lupus-like symptoms may include chest
discomfort or pain that does not go away, shortness of breath, joint pain,
or a rash on the cheeks or arms that gets worse in the sun.

Although TNF blocking therapy is currently used, a great deal of
caution is needed. Mohan’s group described the clinical features of
leukocytoclastic vasculitis (LCV) associated with the use of TNF-alpha
blockers (Mohan et al. 2004). They identified 35 cases of LCV, 20
following etanercept administration and 15 following infliximab admin-
istration. Seventeen of the 35 (48.5%) were biopsy-proven cases, and the
others had skin lesions that were clinically typical for LCV. Twenty-two
of 35 (62.8%) patients had complete or marked improvement of skin
lesions upon stopping the TNF-α blocker. Three patients who had re-
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Table 1. Side effects associated with administration of TNF blockers in human

Infections

Granulomatous infection Wallis et al. 2003
Opportunistic infection Slifman et al. 2003

Lee et al. 2002
Heart failure
Hematopoiesis
Allergic reactions
Nervous system disorders
Lymphoma Wolfe and Michaud 2004

Sandborn et al. 2004
Lupus-like symptoms
Leukocytoclastic vasculitis (LCV) Mohan et al. 2004

Devos et al. 2003

ceived etanercept had continuing lesions despite discontinuation of the
drug; one of these patients improved when switched to infliximab. One
patient who received infliximab was reported to have continuing lesions
despite discontinuation of the drug and treatment with prednisone and
antihistamines. Six patients experienced a positive rechallenge (recur-
rence of LCV on restarting therapy with a TNF-α blocker) and three
patients a negative rechallenge phenomenon. LCV lesions improved in
patients despite continuing use of concomitant medications reportedly
associated with LCV.

Various adverse cutaneous reactions to anti-TNF-α monoclonal anti-
body have been reported. In clinical studies with infliximab (Remicade),
adverse drug reactions were most frequently reported in the respiratory
system and in the skin and appendages. Devos described six patients re-
ceiving anti-TNF-α therapy (infliximab) for Crohn’s disease or rheuma-
toid arthritis who showed adverse cutaneous reactions and were diag-
nosed with LCV, lichenoid drug reaction, perniosis-like eruption (two
patients), superficial granuloma annulare, and acute folliculitis (Devos
et al. 2003).

Wallis’s group examined the relationship between the use of TNF
antagonists and onset of granulomatous infection using data collected
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through the Adverse Event Reporting System of the US Food and Drug
Administration for January 1998–September 2002 (Wallis et al. 2003).
Granulomatous infections were reported at rates of approximately 239
per 100,000 patients who received infliximab and approximately 74 per
100,000 patients who received etanercept, indicating a significant dif-
ference between the two drugs. Tuberculosis was the most frequently
reported disease, occurring in approximately 144 and approximately 35
per 100,000 infliximab-treated and etanercept-treated patients, respec-
tively. Candidiasis, coccidioidomycosis, histoplasmosis, listeriosis, and
other infections caused by nontuberculous mycobacteria were reported
with significantly greater frequency among infliximab-treated patients.
Seventy-two percent of these infections occurred within 90 days after
starting infliximab treatment, and 28% occurred after starting etaner-
cept treatment (p < 0.001). These data indicate a risk of granulomatous
infection that was 3.25-fold greater among patients who received in-
fliximab than among those who received etanercept. The clustering of
reports shortly after initiation of treatment with infliximab is consistent
with reactivation of latent infection.

Because of the potential for a decrease in host resistance to infectious
agents due to treatment with anti-TNF agents, Slifman evaluated cases
of opportunistic infection, including those caused by Listeria monocy-
togenes, in patients treated with these products (Slifman et al. 2003).
The FDA Adverse Event Reporting System, a passive monitoring sys-
tem, was reviewed to identify all reports of adverse events (through
December 2001) associated with L. monocytogenes infection in patients
treated with infliximab or etanercept. Fifteen cases associated with in-
fliximab or etanercept treatment were identified. In 14 of these cases,
patients had received infliximab. The median age of all patients was
69.5 years (range, 17–80 years); 53% were women. Six deaths were
reported. Among patients for whom an indication for use was reported,
nine patients (64%) with rheumatoid arthritis and five patients (36%)
with Crohn’s disease (information was not reported for one patient). All
patients for whom information was reported were receiving concurrent
immunosuppressant drugs. Thus postlicensure surveillance suggests that
L. monocytogenes infection may be a serious complication of treatment
with TNF-neutralizing agents, particularly infliximab.
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Lee also sought to identify cases of opportunistic infection, including
histoplasmosis, in patients treated with these products (Lee et al. 2002).
The US Food and Drug Administration’s passive surveillance database
for monitoring postlicensure adverse events was reviewed to identify
all reports received through July 2001 of histoplasmosis in patients
treated with either infliximab or etanercept. Ten cases of Histoplasma
capsulatum infection were reported: nine associated with infliximab
and one associated with etanercept. In patients treated with infliximab,
manifestations of histoplasmosis occurred within 1 week to 6 months
after the first dose and typically included fever, malaise, cough, dys-
pnea, and interstitial pneumonitis. Of the ten patients with histoplas-
mosis, nine required treatment in an intensive care unit and one died.
All patients had received concomitant immunosuppressive medications
in addition to infliximab or etanercept, and all resided in H. capsu-
latum-endemic regions. Thus postlicensure surveillance suggests that
acute life-threatening histoplasmosis may complicate immunotherapy
with TNF-α antagonists, particularly infliximab. Histoplasmosis should
be considered early in the evaluation of patients who reside in H. capsu-
latum-endemic areas in whom infectious complications develop during
treatment with infliximab or etanercept.

The risk of lymphoma is increased in patients with rheumatoid arthri-
tis, and some studies suggest that methotrexate and anti-TNF therapy
might be associated independently with an increased risk of lymphoma.
However, data from clinical trials and clinical practice do not provide
sufficient evidence concerning these issues because of small sample
sizes and selected study populations. Wolfe and Michaud (2004) deter-
mined the rate of and standardized incidence ratio (SIR) for lymphoma
in patients with rheumatoid arthritis in general and in these patients
by treatment group. Additionally, predictors of lymphoma in rheuma-
toid arthritis were determined. 18,572 patients with rheumatoid arthritis
who were enrolled in the National Data Bank for Rheumatic Diseases
(NDB) were prospectively studied. Patients were surveyed biannually,
and potential lymphoma cases received detailed follow-up. The SEER
(Survey, Epidemiology, and End Results) cancer data resource was used
to derive the expected number of cases of lymphoma in a cohort that
was comparable in age and sex. The overall SIR for lymphoma was
1.9 [95% confidence interval (95% CI), 1.3–2.7]. The SIR for biologic
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use was 2.9 (95% CI, 1.7–4.9) and for the use of infliximab (with or
without etanercept) was 2.6 (95% CI, 1.4–4.5). For etanercept, with or
without infliximab, the SIR was 3.8 (95% CI, 1.9–7.5). The SIR for
MTX was 1.7 (95% CI, 0.9–3.2), and was 1.0 (95% CI, 0.4–2.5) for
those not receiving MTX or biologics. Lymphoma was associated with
increasing age, male sex, and education. Although the SIR is great-
est for anti-TNF therapies, differences between therapies were slight,
and confidence intervals for treatment groups overlapped. The increased
lymphoma rates observed with anti-TNF therapy may reflect channel-
ing bias, whereby patients with the highest risk of lymphoma preferen-
tially receive anti-TNF therapy. Current data are insufficient to establish
a causal relationship between the treatments and the development of
lymphoma.

Sandborn and Loftus also noted that patients with moderate to sever-
ely active Crohn’s disease treated with infliximab may have a small but
real risk of developing severe infections, opportunistic infections, and
non-Hodgkin’s lymphoma (Sandborn et al. 2004).

10.7 Identification of Novel Blockers of TNF

Small molecules such as plant-derived phytochemicals, which are safer
and yet effective in suppressing both production and action of TNF,
should be explored. Inasmuch as TNF expression in most cells is regu-
lated by the transcription factor NF-κB, agents that suppress this factor
will also block TNF production. Phytochemicals such as curcumin,
resveratrol, betulinic acid, ursolic acid, sanguanarine, capsaicin, gin-
gerol, anethole, and eugenol, have been shown to suppress NF-κB (Ag-
garwal et al. 2004; Dorai and Aggarwal 2004; Han et al. 2001; Kumar
et al. 1998a; Murakami et al. 2003; Shishodia et al. 2003; Takada and Ag-
garwal 2003a), and thus can suppress TNF production (Lukita-Atmadja
et al. 2002) (Table 2). Such agents should be further explored.
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Table 2. Phytochemicals known to suppress NF-κB activation induced by in-
flammatory agents

Polyphenols Terpenes
Amentoflavone Andalusol
Apigenin Anethol and analogs
Anethole Artemisinin
Arctigenin and demethyltraxillagenin Avicins
Baicalein and its derivatives Betulinic acid
Bakuchiol (Drupanol) Celastrol
Cannabinol Costunolide
Capsaicinoids Ergolide
Carnosol Excisanin A
Catalposide Foliol
Catechin and theaflavins Germacranolides
Curcumin Ginkgo biola ext.
Emodin Ginsenoside Rg3
Flavopiridol Guaianolides
Genistein Helenalin
Glossogyne tenuifolia Hypoestoxide
Hematein Kamebacetal A
HMP Kamebakaurin
Hypericin Kaurenic acid
Isomallotochromanol and isomallotochromene Linearol
Luteolin Oleandrin
Nordihydroguaiaretic Oxoacanthospermoldes
Acid Parthenolide
Panduratin A Pristimerin
Pycnogenol Triptolide (PG 490)
Rhein Ursolic acid
Rocaglamides Alkaloids
Sanggenon C Cepharanthine
Sphondin Conophylline
Silymarin Morphine and its analogs
Saucerneols Tetrandine
Sauchinone and Manassantins Sinomenine A
Wedelolactone Benz[α]phenazine
Yakuchinones A and B Lapachone

Benzopyrene Caffeic acid phenethyl ester
Rotenone CAPE

Chlorophyll catabolite Phenolics
Pheophorbide A Ethyl gallate
Iridoid glycoside Saponin
Aucubin Calagualine

Others Stilbene
α-Lipoic acid Resveratrol and analogues
Astaxanthin
Germinated barley
S-allylcysteine
Vitamin C
Vitamin E
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10.8 Conclusions

Extensive research in the last few years has clearly proven that TNF is
a pro-inflammatory cytokine and thus is involved in the pathogenesis of
variety of diseases. Suppression of TNF is a double-edged sword. While
unquestionably TNF plays a critical role in inflammation, suppression
of TNF will mitigate both its beneficial and its harmful effects. These
studies show that safer modulators of TNF are needed.
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Abstract. The cytokines IL-1α and IL-1β have long been known to play a pro-
found role in inflammation, and in the past decade another cytokine, IL-18
(originally known as IGIF), has also been realized to be an IL-1 family mem-
ber and to possess significant inflammatory activity. Half a dozen additional
members of the IL-1 family have been identified in recent years, and given their
relatedness to IL-1 and IL-18, it is tempting to speculate that they too might
possess inflammatory potential. We have demonstrated that certain of these cy-
tokines can activate MAP kinases and the pathway leading to NFκB, via known
IL-1R family members. Moreover, when overexpressed in skin, they are capa-
ble of causing an inflammatory skin condition resembling that seen in human
disease.

The cytokines IL-1α and IL-1β have long been known to play a profound
role in inflammation, acting on virtually every organ system and cell type
in the body (Dinarello 2002) to induce other cytokines, chemokines, ad-
hesion molecules, and mediators such as NO and prostaglandins. Nine
years ago, a new cytokine, originally known as IGIF and now termed IL-
18, was cloned and soon realized to be related by descent to IL-1 (Oka-
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mura et al. 1995; Bazan et al. 1996). IL-18 also acts in pro-inflammatory
fashion, primarily by its ability (under normal conditions) to promote
expansion and differentiation of the Th1 helper T cell population and
to induce the Th1 cytokine, interferon gamma (IFN-γ). Since that time,
the IL-1 family has continued to expand so that it is now comprised
of ten members (Dunn et al. 2001; Sims et al. 2001). The grouping
of these ten genes into a family is based on conservation of sequence,
of three-dimensional structure, and of gene organization and location
(Smith et al. 2000; Taylor et al. 2002; Nicklin et al. 2002; Dunn et al.
2003).

IL-1 exerts its activities by binding to the type I IL-1 receptor and sub-
sequently recruiting a homologous molecule, the IL-1 receptor accessory
protein (AcP) (Sims 2002). It is the heterodimeric receptor complex that
is competent for signaling. IL-18 acts in similar fashion, binding to IL-
18Rα and subsequently recruiting an accessory chain, IL-18Rβ, which
initiates biological activities (Sims 2002). The polypeptides compris-
ing both chains of the IL-1 and IL-18 receptor complexes are members
of the IL-1 receptor family, which was originally defined by proteins
comprised of three immunoglobulin domains in the extracellular por-
tion, a single transmembrane domain, and a cytoplasmic portion, which
contains a TIR (toll interleukin-1 receptor) domain. As the IL-1 ligand
family has expanded, so has the IL-1 receptor family, to include nine
members (Born et al. 2000). One of the newer members has only one
Ig domain, and several have extra amino acids C-terminal to the TIR
domain, but the essential family attributes remain.

The similarities between IL-1, IL-18, and their receptors, on the one
hand, and the new IL-1 and IL-1R family members, on the other hand,
readily leads to speculation that the latter may, like their previously
characterized cousins, play roles in inflammation. Indeed, a report in
2001 (Debets) claimed that one of the new ligands, IL-1F9, was able
to induce NFκB activity in Jurkat cells as long as the cells had been
transfected with a formerly orphan IL-1R family member, IL-1R rp2.
We were able to confirm this result, and extend it to demonstrate that
not only IL-1F9, but also IL-1F6 and IL-1F8, possessed the ability to
activate the pathway leading to NFκB (Towne et al. 2004). All three
ligands do so not only in Jurkat cells, but in many human and mouse cell
lines, as long as the cells express IL-1R rp2, and can induce activation of
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the MAP kinases Erk and JNK in addition to NFκB. Antibody-blocking
and transfection experiments suggest that both AcP (the same AcP that
plays a role in IL-1 signaling) and IL-1R rp2 are required for these
responses. There are two unusual aspects to the activity of IL-1F6,
F8, and F9, however, which remain unresolved. One is the high ligand
concentration required for signaling. The cell lines assayed to date do
not respond to these ligands at concentrations less than 10 ng/ml, and
concentrations of 1–5 ug/ml are required in order to obtain a maximal
response. Both of these values are several orders of magnitude higher
than is seen with IL-1, for example, and about one order of magnitude
higher than demonstrated by IL-18. Second, we have not been able to
detect binding of IL-1F6, F8, or F9 to either IL-1R rp2 or AcP, by
a variety of techniques including surface plasmon resonance. Whether
these results suggest the existence of an additional receptor subunit,
not expressed on our assay cell lines and not required for signaling but
providing extra affinity for the ligand, or some other explanation, is not
currently clear.

In vivo, IL-1α has been shown to be capable of inducing an inflam-
matory skin condition when expressed under control of the keratin-14
promoter at levels approximately ten times greater than that seen follow-
ing the potent inflammatory stimulus LPS (Groves et al. 1995). How-
ever, when expressed constitutively at levels similar to those induced
by LPS, which are still very high, the inflammatory skin phenotype
is only occasionally seen. Skin-specific expression of IL-18 also re-
sults in an inflammatory condition, although one that is slow to develop
(Konishi et al. 2002). Overexpression of IL-18 in the skin also exacer-
bates dermatitis elicited by irritants or contact hypersensitivity (Kawase
et al. 2003). Interestingly, skin-specific expression of caspase 1, the
protease responsible for cleaving the inactive precursors of both IL-18
and IL-1β to their active forms, leads to a chronic erosive dermatitis
developing at about 8 weeks of age and persisting through the life of the
animal (Yamanaka et al. 2000). Double-mutant animals transgenic for
keratin14-expressed caspase 1 but deficient in IL-18 failed to develop the
dermatitis. Double-mutant animals transgenic for keratin14-expressed
caspase 1 but deficient in IL-1 did develop the dermatitis but with a de-
layed time course. These results suggest that the pathological process
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leading to dermatitis in the caspase-1 transgenic mice requires IL-18,
and is accelerated by IL-1 (Konishi et al. 2002).

In order to determine the in vivo effects of the newer IL-1 family
members, we generated transgenic mice expressing either IL-1F6, IL-
1F8, or IL-1R rp2 from the keratin 14 promoter. This promoter drives
expression predominantly in the basal epithelium of the skin, although
there is also some expression in the thymus, tongue, and forestomach of
the mouse. Mice overexpressing any of these three genes under control
of the K14 promoter develop an inflammatory skin disease, which his-
tologically bears some resemblance to human psoriatic skin. Consistent
with this finding, IL-1F6 and F8 can be seen by in situ hybridization
to be present at elevated levels in human psoriatic skin, compared to
skin from nondiseased individuals. Future studies will explore further
the role of the novel IL-1 family members in human dermatological
disease.
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Abstract. Psoriasis is a chronic autoimmune disease in which T lymphocytes
are thought to be central in the pathogenesis. Recently, a T cell subset population
was identified, whose role is to suppress inflammatory responses triggered by
T effector cells. T cells in this new population are referred to as T regulatory
cells. We studied their number and activity in psoriatic lesions and found that
they are both numerically and functionally deficient in their ability to suppress
the abnormally persistent psoriatic immune response. This deficiency may shed
more light on the complex pathophysiology of psoriasis.
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12.1 Introduction

Psoriasis is a common cutaneous disease affecting as many as 2% of the
population in the world. Though there have been differing viewpoints
regarding the pathogenesis of psoriasis over the preceding decades,
common consensus holds that it is an autoimmune disease, and likely
the most common autoimmune disease. Though an etiology of psoriasis
still has not been determined, activated T cells appear to be central
in promoting both disease onset and maintenance. This determination
arrives from several observations:

1. T cells are seen to appear in nonlesional skin before there is evidence
of keratinocyte proliferation; these T cells are usually of the memory
(CD45RO+) subtype.

2. Therapy specifically directed against T cells may be remittive in
disease.

3. T cells are critical to maintain lesions.

Why T cells remain in a persistently activated state and target normal
biologic structure, i.e., keratinocytes, remains unclear, though we can
postulate that any of several factors may play a role, perhaps in concert.
There may be an overactivity of antigen presentation by antigen pre-
senting cells (APCs) which interact with naı̈ve T cells through receptor
pairing and interaction, such as LFA3-ICAM-1, B-7-CD28, etc. APCs
may be elaborating stimulatory cytokines such as IL-12, IL-23 TNF-α,
or IL-15, activating T cells and driving a differentiation toward the type
I or pro-inflammatory phenotype. There may be an abnormal basement
membrane zone in prelesional psoriatic skin that is hyperstimulatory.
Furthermore, we may postulate that in individuals with psoriasis, there
is an intrinsic defect in the ability of elements in the immune system
whose function it is to restrain and terminate brisk responses, there-
fore leading to a persistent and chronically abnormal immune response.
These elements of the immune system include what are now recognized
to be T regulatory (Treg) cells.

12.1.1 Psoriasis as a T Cell-Mediated Autoimmune Disease

Evidence of psoriasis as a T cell-mediated autoimmune disease is fairly
recent, as earlier research had focused on the epidermal hyperplasia as
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the more primary phenomenon. However, even before antibodies were
available to phenotype different types of leukocytes, it was observed that
the dermis of psoriasis vulgaris lesions contained numerous mononu-
clear cells, and that these cells appeared in early lesions before obvious
epidermal changes were apparent (Braun-Falco and Schmoekel 1977).
We now recognize these cells as T cells, and in fact, the earliest ap-
pearing T cells are CD45RO+ memory T cells (Vissers et al 2004); the
CD45RO memory (effector) population actually undergoes proliferation
within the psoriatic lesion (Morganroth et al. 1991). Phenotypic analysis
of infiltrating T cells reveals that a majority of the infiltrate in the dermis
is CD4+, whereas most of the epidermal T cells are CD8+ (cyototoxic
T cells) (Krueger 2002). By both analysis of surface markers and mea-
sures of cytokines produced, it is apparent that the majority of these
infiltrating T cells are type I, or prinflammatory and produce cytokines
such IFN-γ, TNF-α, IL-8 and IL-2 as opposed to more anti-inflammatory
or humoral cytokines, such as IL-4, IL-5, IL-10, or IL-13. (Szabo et al.
1998; Austin et al. 1999; Lew et al. 2004) Over time, both through
serendipity and by design, it has been observed that agents that either
inhibit T cell activity (such as steroids or cyclosporine), or that were
directly toxic to these cells (DAB389IL-2, UV light) were associated
with clearance of psoriasis. As such, it is now the current consensus that
pathogenic T effector cells mediate both the initiation and maintenance
of chronic psoriatic plaques.

Several have noticed that the basement membrane of the epidermis in
patients with psoriasis is ultrastructrally different than that of phenotyp-
ically normal individuals (Heng et al. 1986). Concordantly, uninvolved
and involved skin of patients with psoriasis exhibits increased basement
membrane zone expression of the EDA splice variant of fibronectin,
a form that is associated with hyperplasia, such as in wounds, fetal
tissue, and cancer (Bata-Csorgo et al. 1998; Ting et al. 2000 ). Function-
ally, psoriatic basal keratinocytes containing resting stem cells exposed
to fibronectin undergo more rapid induction of cell cycle entry and cell
spreading if the cells are derived from psoriatic uninvolved vs normal
skin, particularly in combination with psoriatic T cell lymphokines (Bata
Csorgo et al. 1995; Chen et al. 2001; Szeli et al. 2004). This is, it ap-
pears, central in the pathogenesis of psoriasis is the interplay of activated
T cells, antigen-presenting cells, and an abnormally primed hyperplastic
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Fig. 1. Critical area of interaction between perivascular T cells, macrophages,
dendritic cells, and basal keratinocytes

basal keratinocyte layer (Fig. 1). As we will subsequently discuss, there
is also likely a lack of an internal regulatory check on these events.

12.2 T Cell Activation

T cells that appear in psoriatic lesions are activated, that is, they presum-
ably have encountered an antigen presented by an antigen-presenting
cell (APC) and have become primed to proliferate and produce proin-
flammatory cytokines and recruit other inflammatory cell types to the
target area. T cell activation requires two distinct molecular steps. First,
the T cell must come into direct apposition with an APC by way of the
interaction of the T cell receptor (TCR) on the T cell with the MHC
receptor (bearing the antigen) on the APC. Additionally, there must
also be a number of secondary interactions between receptor pairs on
the T cell and APC, which are called costimulatory pairs. This addi-
tional costimulation is necessary for T cell activation. Examples of such
costimulatory pairs are CD2, LFA-1, and CD28 on the T cell paired
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with LFA-3, ICAM-1, and B7 on the APC, respectively. Naı̈ve T cells
with appropriate specificity for antigens or autoantigens encountered
in psoriatic skin are thus continually recruited to activate, mature, and
proliferate as memory/effector pathogenic T cells. Because psoriasis is
dominated by type 1 T cells producing IFN-γ, the emerging T cells are
continuously influenced to mature into type 1 T cells, under the influence
of IFN-γ-induced T-bet, and APC-derived IL-12 and/or IL-23. Confir-
mation of the activity of memory/effector Th1 maturation is provided
by the ability of alefacept (LFA-3-FcIgG dimer) and anti IL-12 /23 p40
to clear psoriasis (Ellis and Krueger 2001).

12.3 T Regulatory Cells

Constraints on T memory/effector cell expansion occur in normal im-
mune responses, limiting tissue damage, autoimmunity, and lymphoma
development. Thus, in the normal physiologic state, immune responses
are designed to be transient, that is, they are shut off once they have dealt
with whatever agent triggered their activation. It has been known that
Th1 and Th2 cytokines and transcription factors are mutually inhibitory,
and either type of cytokine may terminate its counterpart’s response.
Also recently identified is another naturally occurring cell type, whose
main function is to inhibit T cell activation and proliferation (an inflam-
matory immune response), the T regulatory (Treg) cell.

12.3.1 Identifying Treg Cells

Treg cells are CD4+ and constitutively express CD25, the α chain of
the IL-2 receptor. In this, they may sometimes be difficult to distinguish
from chronically activated T cells, which also express CD25. How-
ever, as will be seen subsequently, when analyzed using flow cytometry,
they express a distinctly higher fluorescence intensity than activated or
Tresponder (Tresp) cells. Also, unlike Tresp cells, they are CTLA-4+
(an anti-inflammatory marker) and express the glucocorticoid induced
tumor necrosis factor receptor, GITR. Additionally, Treg cells express
very high levels of foxp3, a transcription factor thought to program the
development and function of this subset of cells (Ramsdell 2003; Akbar
et al. 2003; Annacker et al. 2001; Fehevari and Sakaguchi 2004).
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Treg cells constitute about 10% of murine CD4+ cells. Murine Treg
cells have been shown to inhibit autoimmune gastritis after thymectomy.
They are anergic when stimulated with monoclonal anti-CD3 antibodies,
but proliferate with the addition of IL-2. They show remarkable suppres-
sive activity both in vitro and in vivo. After TCR-mediated stimulation,
Treg cells suppress the activation and proliferation of other CD4+ and
CD8+ T cells in an antigen nonspecific manner, via a mechanism that

Fig. 2. A Treg cell coming into apposition with an interacting APC–Tresp pair
through ligation of the TCR on the Treg cell with an MHC class molecule on
the APC. Both the APC and the Tresp cell secrete IL-2, which by binding to
CD25 expressed on the Treg cell surface, further enhances the Treg mediated
immunosuppression and may induce the Treg cell to proliferate
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requires cell-to-cell contact and in most systems is independent of the
production of immunosuppressive cytokines. In humans, Treg cells ap-
pear to be similar to those seen in mice, both in number and func-
tion. They fail to proliferate in response to polyclonal stimulation and
are able to suppress T cell responses in a cytokine-independent, but
contact-dependent manner (Baecher-Allen et al. 2001, 2004). Antigen
specificity may be derived from their ability to suppress only via cell
contact during the immunologic synapse between the APC, the respond-
ing antigen-specific T cell, and the Treg cell (Fig. 2). IL-2 secreted into
the micromilieu by the bidirectional activation of the APC and T respon-
der cell, in conjunction with B7-CTLA4/CD28 and TCR activation of
the Treg, serves to activate the Treg to suppress the responding T cell,
and likely serves to locally expand the Treg cell population as well.

Treg cells serve an important function in inducing peripheral toler-
ance. They have been of crucial importance in the organ transplant setting
and are becoming of increasing interest in understanding autoimmunity,
since it is likely that successful Treg function acts as a check against this
phenomenon (Hori et al. 2003; Chatenoud et al. 2001; Roncarolo and
Levings 2000; Shevach 2004). As such, it is of interest to investigate
whether there are imbalances in the Treg population in an autoimmune
disease such as psoriasis, and what effect therapy may have on this
population.

12.4 T Regulatory Cells in Psoriasis

As mentioned, Tregcells are identified either in the circulation or tissue
by characteristic surface markers. They are CD4+ and CD25+. Chron-
ically activated T cells are also CD25+, although they have a distinctly
lower mean fluorescence intensity (MFI) than Treg cells as measured
by flow cytometry and are referred to as a CD25low T cells. Conversely
Treg cells are referred to as CD25high or CD25mid.
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12.4.1 Numbers

Peripheral Blood To assay whether there was a numeric difference
in Treg cells between patients with or without psoriasis, PBMCs were
collected from six patients with psoriasis and eight normal volunteers
and analyzed by flow cytometry. There was no statistically significant
difference seen between the proportions of CD4+CD25high/mid T cells,
either in the psoriatic patients or normal controls.

12.4.2 Activity

As mentioned, Treg cells are able to exert an inhibitory stimulus on Tef-
fector cells and are thus able to control and to terminate inflammatory
responses in the normal setting. We determined to demonstrate this phe-
nomenon by quantitatively measuring Teffector proliferation as assayed
by 3H thymidine uptake in response to an antigen with or without the
presence of Treg cells in both normal volunteers and psoriatic patients.
CD4+ Treg cells were selected by anti-CD25 beads, which resulted in
a preparation of CD25high and CD25mid cells. These were mixed at an
equal ratio and cultured with allogeneic APCs.

We found that Treg cells did indeed inhibit the ability of Teffector
cells to proliferate, although the effect was markedly different in the
normal volunteers where inhibition of proliferation was virtually com-
plete as compared to the psoriatic patients, where the inhibition was
partial. In contrast to normal CD4+CD25high Treg cell, that inhibited
CD24+CD25− Tresp cells by an average of 87.8% at a 1:1 ratio, the
inhibitory capacity of psoriatic Treg cells was significantly decreased,
(60.6%, p = 0.0001), similar to what has been observed for both multi-
ple sclerosis and autoimmune polyglandular syndrome type II (Viglietta
et al. 2004; Kriegel et al. 2004) (Fig. 3). This was confirmed using
anti-CD3 as well.

In a further effort to quantify the differences between the normal and
psoriatic states, the numbers of Treg cells necessary to achieve a spec-
ified level of inhibition of proliferation was compared. In the patients
with psoriasis, an eightfold higher concentration of Treg:Teffector cells
was necessary to reduce proliferation by 50% in the presence of al-
logeneic antigen stimulation. In normal volunteers, 50% inhibition of
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Fig. 3. 3H thymidine uptake in Teffector cells as a marker of proliferation without
and then with the addition of Treg cells in the presence of a stimulating antigen.
Note the complete inhibition of proliferation in the normal volunteer (right) as
compared to the partial inhibition in the psoriatic patient (left)

proliferation was reached at a Teg:Tresp ratio of 1:16, whereas in the
psoriatic patients, this degree of inhibition was not reached until the
Treg:Tresp ratio had reached 1:2.

Furthermore, the ability of Treg cells collected from psoriatic patients
and normal volunteers to inhibit proliferation was compared to one using
two systems to elicit proliferation; using an antigen-specific model, as
in the experiment discussed earlier, as well as through polyclonal stim-
ulation of T cell receptor using an antibody to CD3. In both situations,
using a Treg:Tresp ratio of 1:1, the psoriatic Treg cells were unable to
inhibit proliferation of Tresp cells to anywhere near the degree to that of
normal Treg cells, with a difference in inhibition of about 90% inhibition
(normal volunteers) to 60% inhibition (psoriatic patients) (p = 0.0001).
Employing a polyclonal stimulation model did not appreciably alter
the results, with a difference of about 90% inhibition in normal volun-
teers to about 70% inhibition in the patients with psoriasis (p = 0.029)
(Sugiyama et al. 2005).

These data are quite provocative given that much of the discussion
in the last decade centering on the relatively new emphasis on the im-
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munopathogenesis of psoriasis has focused on the abnormally and per-
sistently activated Teffector cells as well as a still fruitless quest for the
putative psoriatic antigen(s). The possibility that a defect in the immune
system leading to psoriasis might rest with T regulatory cells that are
unable to turn off what might otherwise be a normal immune response
has not previously been actively pursued.

To further investigate this hypothesis and to determine whether that
the abnormality indeed rests with psoriatic Treg cells rather than the more
excitable Tresp cells, the following criss-cross experiment was designed
and implemented: Treg cells from psoriatic patients were incubated with
Tresp cells, APCs, and antigen from normal volunteers, and Treg cells

Fig. 4. Normal Treg cells (blue) are paired with APCs and Tresp cells from
psoriatic patients, while psoriatic Treg cells (red) are paired with APCs and
Tresp cells from normal patients. Hypothetically, the psoriatic Treg cells should
not be able inhibit proliferation of normal Tresp cells as well as the normal Treg
cells will inhibit the proliferation of the psoriatic Tresps
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from normal volunteers were incubated with Tresp cells, APCs, and
antigen from psoriatic patients (Fig. 4). If psoriatic Treg cells are indeed
functionally deficient as compared with normal Treg cells, they should
not be able to produce the same degree of inhibition that normal Treg
cells could.

Interestingly, the psoriatic Treg cells were not as effective in con-
trolling proliferation of Tresp cells, either in the case of psoriatic APCs
and Tresp cells or with normal APCs and Tresp cells. Normal Treg cells
were more effective at controlling inhibition of both populations. In
two separate experiments, using cells from four individuals, at an equal
ratio, normal Treg cells suppressed psoriatic Tresp proliferation by an
average of 75.2% (compared with with 88.7% inhibition on autologous
normal Tresp cells), whereas psoriatic Treg cells were able to suppress
normal Treso cell proliferation by only 34.4% (52.6% on autologous
Tresp cells) (p = 0.009 and p = 0.011, respectively). Thus, psoriatic
Treg cells are clearly seen to be less potent than normal Treg cells in
their ability to inhibit proliferation.

12.4.3 Tissue

Previous discussion and analysis has focused on circulating cells in the
periphery. Of potentially more interest and relevance is the cellular in
milieu of the skin itself, the affected organ system in psoriasis. A hereto-
fore unaddressed question is whether or not there are Treg cells in the
skin and if so, in what numbers are they present and what functionality
might they have?

12.4.4 Measuring Treg Cells in Skin

Treg cells were isolated in skin from keratome shave biopsies from
patients with psoriasis and identified as such by being highly CD25+
and CTLA-4+, both being markers that are constitutively expressed by
and highly associated with Treg cells. To avoid including activated cells
in this group, which may also express both markers, the cells were
rested for 48 h before analysis. Tresp cells also upregulate expression
of both membrane and cytoplasmic CTLA4 after activation for 24–
48 h, but quickly downregulate it thereafter. As such, after a 48-h rest
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period, the chance of including activated Tresp cells in this group is
minimal. As a further check against including Tresp cells in this group,
CD69, a marker of early activation was measured and found to be
negative in over 99% of the cells. Since the pathogenic events in psoriasis
happen in the dermis with the interaction between pathogenic T cells
and dividing keratinocytes at the basal layer of the epidermis, we will
focus our analysis on the dermal Treg cells. As shown in Fig. 5, Treg
cells comprised 14.3% of dermal CD4+ cells.

Fig. 5. Percentage of 48-h-rested dermal CD4+ cells that are CTLA-4+ and
CD25+, markers of Treg cells. CD25 is on the x-axis and CTLA-4 on the y-axis
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Knowing the approximate the number of Treg cells in the dermis, it
was important to know what kind of regulatory or inhibitory function this
number of cells could exert in vivo. As such, dermal-derived psoriatic
Treg cells were combined with psoriatic Tresp cells and APCs at various
Treg:Tresp cell ratios. At a ratio of Treg:Tresp cells of 1:6, near their
physiologic concentration, percent inhibition of proliferation was low, at
only approximately 20%. Significant inhibition of proliferation was not
seen until a Treg:Tresp ratio of 1:3 was reached, which is a concentration
more than twice what we determined to be occurring in lesional psoriasis
skin.

12.5 Therapy and the Treg Population:
The Example of Alefacept

We further wondered whether immunologic therapy that results in long-
term remission involves restoring the balance of Treg cells to pathogenic
memory/effector cells.

Alefacept (LFA3-TIP) is a bivalent recombinant fusion protein com-
posed of the first extracellular domain of lymphocyte function-associated
antigen 3 (LFA-3) fused to the hinge CH2 and CH3 domains of human
IgG1. Developed to treat psoriasis, it has a dual mechanism of action.
The LFA-3 portion of alefacept binds to CD2 receptors on T cells,
blocking their interaction with LFA3 on APCs, and preventing T cell
activation. The IgG1 portion binds to FcγR receptors on natural killer
(NK) cells, causing T cell apoptosis via release of granzymes by the NK
cells. This apoptotic action preferentially affects memory (CD45RO+)

T cells, which become the pathogenic effector cells in psoriasis, presum-
ably because of the higher CD2 expression in these cells (Krueger 2004).
Depletion of CD 45 RO+ T cells is seen in responding patients during the
course of alefacept therapy, whereas a similar decrease is not observed
in naı̈ve T cells, thus preserving the ability to maintain a functioning
immune system and to recognize and counter other foreign challenges.

Alefacept has been reported to cause prolonged disease-free remis-
sion in certain patients who responded to treatment. It is relevant to ask
whether certain therapies associated with prolonged clearance of disease
alter the Teffector:Treg cell ratio in favor of immunosuppression.
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As an example, we have measured this ratio in one patient who
responded to alefacept therapy and had a prolonged disease-free re-
mission. In this patient, over a 12-week period, the Teffector:Treg cell
ratio decreased markedly from approximately 8 to close to 0. Thus,
it is possible that repetitive and selective depletion of emerging mem-
ory/effector T cells in psoriasis using alefacept, resulted in a diminution
in the pathogenic memory/effector population with relative sparing of
Treg cells. The diminution in pathogenic T cells may have been suffi-
cient such that the naturally occurring Treg cells were able to be present
in an effective ratio that was able to maintain the remission without
additional therapy.

12.6 Conclusions and Implications

We have seen that Treg cells, while present in equal amounts in the
circulation between people with or without psoriasis, are functionally
deficient in preventing T cell activation and responsiveness in psoria-
sis. The criss-cross experiment illustrated in Fig. 4 established that the
deficiency regulation lay in the psoriatic Treg themselves, rather than
solely being a factor relating to hyper excitable psoriatic Tresp cells. In
addition, in the target tissue, the skin, Treg cells are not present in num-
bers great enough to maintain adequate control of immune responses.
These important observations shed additional light on the complicated
and inadequately understood pathogenesis of psoriasis, and suggest that
innate deficiencies in immune regulation may play a part in permitting
the abnormally chronic immune response clinically seen in the disease.
Changes in the number of Treg cells during various therapies may also
help explain why some (methotrexate, cyclosporine) produce very short
periods of clearance, while others (Alefacept, UVB) are capable of
producing longer-term remissions. Of note, UVB has been reported to
induce Treg cell production. (Aubin and Mousson 2004) Also of inter-
est is the potential to vaccinate with Treg cells to prevent autoimmunity.
(Bluestone and Tang 2004)

Insights into the nature and function of Treg cells in psoriasis in the
natural state and during therapy will hopefully offer new and useful
information about the pathogenesis of this difficult disease and open
new avenues for treatment.
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