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Introduction

Carolyn M. Black

Division of Scientific Resources, National Center for Emerging and Zoonotic Infectious Diseases,
Centers for Disease Control and Prevention, Atlanta, Ga., USA

Despite our knowing of it for centuries, chlamydial infection remains one of the most
common bacterial infectious diseases in the world and its agent, Chlamydia
trachomatis, is one of the most enigmatic pathogens known to medical science. This
book was written to fill a dearth of books that are aimed at medical scientists and
clinical practitioners who wish to delve more deeply into the clinical and public health
aspects of chlamydial infection. The authors, allof whomare internationally recognized
experts in this field, have provided information that is based on the latest research
available at the time, in many cases including a summary of results of their own work.
The book is structured in a logical fashion that begins with a description of the public
health burden and epidemiology of chlamydial infections, moves through an overview
of the biology and genomics of chlamydiae as they relate to the clinical spectrum and
pathogenesis of infection, then reviews the topics of the immunological response,
diagnosis and treatment, and finally addresses prevention with the status of current
vaccine development research. We have also included a few sections on rarely
presented information covering topics and populations of special interest to clinical
and public health practitioners: pregnant mothers and their babies, outbreaks of a less
common, invasive and systemic type of chlamydial infection known as
lymphogranuloma venereum, or LGV, and chlamydial infections in men who have
sex with men, gay and lesbian populations. The aim of this book is to cover clinical
and public health aspects of sexually transmitted genital infections caused by C.
trachomatis in humans and we have not attempted to cover infections caused by any
other chlamydial species nor chlamydial diseases of the eye (trachoma) or respiratory
tract, which have been richly described elsewhere in the literature.

To provide a backdrop for the main content of the book and for those who may
be less indoctrinated in the field, the following is a short introduction on the history,
biology and clinical spectrum of infections caused by C. trachomatis. Also, as a
reference aid, it may be helpful to make note of some of the terminology used in the



field to refer to this organism and its infection. The genus and species name is
Chlamydia trachomatis (italicized), but commonly the organism is referred to as
‘chlamydia’ in singular and ‘chlamydiae’ in plural, and ‘chlamydial as an adjective,
for example, ‘chlamydial infection’. Use of the term ‘chlamydia’ or ‘chlamydiae’
should refer to the bacterium only; when referring to the infection caused by this
bacterium, ‘chlamydial infection” or ‘chlamydial disease’ is the more appropriate
terminology.

A Short History of C. trachomatis

Those with interest in chlamydiae and its diseases will find that learning about the
history of what has been discovered and theorized in the past provides an intriguing
foreshadow of the complexity of the organism’s biology and ensuing disease. A search
of the literature reveals that chlamydiae were ‘discovered’ in 1907 but chlamydial
disease had actually been known of for centuries before this. References to chlamydial-
like diseases of the eye appear in ancient Egyptian and Chinese texts as early as 15 BC
[1]. In 1907, the German dermatologist and radiologist Ludwig Halberstiddter (1876-
1949), who was reportedly one of a small number of Jewish dermatologists able to
leave Nazi Germany after 1933, joined a research expedition to Java to study syphilis.
It was on this expedition, in the city of Jakarta, that he joined the Austrian bacteriologist
Stanislaus von Prowazek (1875-1915; fig. 1) in conducting experiments that led to the
discovery of chlamydial cytoplasmic inclusion bodies in the conjunctiva of the infected
eye [3]. They named these newly found inclusions ‘Halberstadter-Prowazek bodies’
[4], a term which has perished from use, to the relief of many. A fascinating and
enigmatic photograph taken of Halberstddter and Prowazek working with a blind
manholdingababyorangutan makesuswonderwhetherthe subject of experimentation
was the man or the orangutan (fig. 2).

Chlamydiae were named for the word chlamys, the ancient Greek term for the
short cloak worn by Greek military men draped around their upper shoulders and
secured with a brooch on the right shoulder (fig. 3). It is believed that the chlamydiae
were named thus because the intracytoplasmic inclusions formed by this agent inside
host cells cluster around (are ‘draped’ around) the nucleus of the cell (fig. 4).

Because chlamydial disease was first discovered in the eye and has a broad range of
symptoms (or lack of symptoms) that resemble other diseases or syndromes, the
infection was not recognized as a sexually transmitted disease until 1976 [8]. Since C.
trachomatis is an obligate intracellular parasite (i.e. grows only inside a host cell,
cannot synthesize its own ATP or grow on any artificial medium), it was believed for
a long period of time to be a virus. In fact, before it was considered a virus, the
cytoplasmic inclusions of C. trachomatis were actually mistaken for a time to be a
protozoan parasite. This was perhaps the first of a long series of false starts and
misunderstandingsabout the nature and biology of this organism thathave contributed
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Fig. 1. Photo of Austrian
bacteriologist Stanislaus von
Prowazek, codiscoverer of
chlamydial inclusion bodies
and the cause of trachoma [2].

Fig. 2. Photo of Ludwig
Halberstadter and Stanislaus
von Prowazek (center)
conducting an experiment
during their research into
cytoplasmic inclusion bodies : :

of trachoma [5]. LB [

to the complexity and slow progress of research and, accordingly, the continued very
high public health burden of disease [9]. Growth of the organism in embryonated eggs
was first achieved in 1957 and in cell culture in 1963 - these achievements helped to
finally resolve the question of whether chlamydiae were viruses or bacteria. Because
of the unique developmental cycle of chlamydiae, which includes two highly distinct
forms (fig. 5), the organism was classified taxonomically in a separate order
(Chlamydiales).
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Fig. 3. Statue of a chlamys-clad figure in the  Fig. 4. Photomicrograph of fluorescently stain-
Louvre Museum in Paris [6]. ed chlamydial inclusions (green) clustered
around the nucleus of a host cell [7].

Biology and Clinical Syndromes of C. trachomatis

The broad clinical spectrum of infections and sequelae caused by sexually transmit-
ted C. trachomatis is summarized in table 1. The infection disproportionately
impacts women and the highest prevalence of infection is found in adolescent fe-
male populations. The increased susceptibility of adolescent females to C. tracho-
matis is a result of their cervical developmental stage in which the columnar epi-
thelium protrudes through the cervical os (cervical ectopy) [15], and also due to
behavioral risk factors. There are a large number of factors that contribute to the
pathogenesis of chlamydiae and this topic is expertly reviewed by Deborah Dean in
her chapter in this book. Since the genome of C. trachomatis was first sequenced
and advanced sequencing technologies have subsequently permitted completion of
sequencing of many strain types, significant knowledge has accumulated on the ge-
nomic structure and the contribution of chlamydial genes to the nature of infection
and disease, an overview of which is included in the chapter by Tim Putman and
Dan Rockey.
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Developmental cycle of Chlamydia

EBs internalize

EB release by cell lysis ,7  Persistent phase N .
or exocytosis 7 (nonreplicative) \ (endocytosis)
& \ .
30-36 h T ,* Reversion: . :l":\lc\:llucers.
42 removal of inducer ] -y, etc.

RBs transform into EBs EBs differentiate into RBs Cytoplasmic inclusion forms
and multiply

Fig. 5. Developmental cycle of chlamydiae. The infectious stage, called the elementary body (EB),
infects the host epithelial cell. The EB has been loosely compared to a spore since it serves to
spread or disperse itself, is metabolically inactive and has a cell wall that allows it to persist in the
environment. The EB enters the host cell by endocytosis and prevents fusion of lysosomes with the
chlamydia-containing phagosome, thus permitting intracellular survival. Once the phagolysosome
formation is stopped, the EB secretes glycogen which induces its transition into the vegetative and
noninfectious form, called the reticulate body (RB). RBs divide approximately every 2-3 h by bi-
nary fission for 18-72 h, at which point they begin to fill the endosome and are detectable by an-
tibody-specific stain in the host cell as inclusion bodies containing 100-1,000 RBs. After division
and incubation in the cytoplasmic inclusion, the RB differentiates into new infectious EBs which are
released either by rupture of the host cell or by exocytosis. The RB obtains energy through straw-
like structures that extend through the membrane of the inclusion into the host cell cytoplasm.
There is evidence that, under certain conditions, including a host inflammatory response that pro-
duces gamma interferon (IFN-y), the intracellular development of chlamydiae may enter an alter-
nate path in which it becomes nonreplicative while remaining viable, this is called the persistent
phase [10, 11]. For example, IFN-y induces the depletion of tryptophan that is required for chla-
mydial growth leading to the ‘arrest’ of the developmental cycle; however, the persistent phase
chlamydiae can redifferentiate into the infectious EB form and reinitiate the cycle when IFN-y is
removed or when intracellular tryptophan levels are restored. Chronic states of chlamydial disease
such as trachoma and reactive arthritis may be associated with the persistent phase of the devel-
opmental cycle [12, 13].
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Table 1. The clinical spectrum of sexually transmitted C. trachomatis infections [information from reference 14]

Females Infants’ Males
lower genital tract upper genital tract
Asymptomatic (up to 70%) Pelvic pain, menstrual abnormalities Conjunctivitis Asymptomatic (up to 50%)
Cervicitis Pelvic inflammatory disease Pneumonia Nongonococcal urethritis
Urethritis Endometritis Epididymitis
Salpingitis Lymphogranuloma venereum?
Pelvic peritonitis Reiter's syndrome
Lymphogranuloma venereum? Chronic conjunctivitis
Ocular Sequelae Sequelae In men who have sex with men
Chronic conjunctivitis Infertility Proctitis
Chronic pelvic pain Abnormal pulmonary Proctocolitis
function

Ectopic pregnancy
Perihepatitis (Fitz-Hugh-Curtis syndrome)
Reiter’s syndrome (reactive arthritis)

1 Refers to infants born to infected mothers.

2 Lymphogranuloma venereum (LGV) is a chronic infection of the lymphatic system that if untreated can result in complications involving
the genital organs, joints, heart, liver, eyes or, rarely, the brain. LGV is sexually transmitted but caused by different strain types of C. tracho-
matis than genital infections.

The natural history of chlamydial infection is not well understood, but it is known
that up to about 70% of genital infections in women and up to 50% in men are
asymptomatic. The current belief is that while some genital infections resolve without
treatment, some infections persist for months to a year or more, and some may
progress to serious complications such as pelvicinflammatory disease, tubal pregnancy
or chronic pelvic pain. The role of host factors in the course of infection and the
outcome is not very well understood and this is an exciting area of research reviewed
in the chapter by Dean.

We know that chlamydial infection begins at the cervix and the urethra where it can
cause cervicitis and urethritis. From the cervix, the infection may move upward into
the fallopian tubes and upper genital tract, possibly by the movement of infected host
macrophages bearing chlamydial inclusion bodies. It is estimated that 10-20% of un-
treated cervical infections lead to pelvic inflammatory disease. The presence of infec-
tion in the fallopian tubes creates a significant inflammatory response that can result
in serious scarring and adhesions that affect the patency of the fallopian tube, which
leads to infertility. Chlamydial infections are highly prevalent in adolescent popula-
tions, who commonly become infected more than once, especially when their sexual
partners are not treated. The epidemiology and control of chlamydial infections is de-
scribed in detail in this book in the chapter by Catherine Satterwhite and John Douglas.
The host response to infection is now understood as playing a critical role in the patho-
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genesis of infection - this phenomenon and a detailed review of the immunology of
chlamydial infection is included here in a chapter by Ray Johnson and Will Geisler.

Although there are sophisticated diagnostic tests available for chlamydial infec-
tions (described in detail in the chapter by Charlotte Gaydos), a large number of in-
fected people do not present for medical care since they have no symptoms and are
unaware of being infected. They are thus important sources of spread of infection to
others. Laboratory testing followed by treatment is currently the best approach for the
control of chlamydial infections. Investigations that seek to identify a virulence factor
or factors that might prove to be effective vaccine candidates have been conducted for
about 2 decades but have proved elusive to date (reviewed here by Joseph Igietseme
and Carolyn Black). Antimicrobial treatment regimens for chlamydial infection and
its complications are generally considered to be effective and are described in the
chapter in this book by Margaret Hammerschlag.

No treatise on the public health aspects of chlamydial infection would be complete
without attention to some of the populations who are disproportionately or uniquely
affected by this sexually transmitted disease. Toward this end, Ingrid Rours and
Margaret Hammerschlag have contributed a chapter on complications of chlamydial
infections in babies born to infected mothers, Henry de Vries and Servaas Morré have
described an intriguing cluster of infections in men who have sex with men, and
Devika Singh and Jeanne Marazzo have contributed a chapter on chlamydial infections
in gay and lesbian populations.
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Epidemiology and Prevention and
Control Programs for Chlamydia

Catherine L. Satterwhite - John M. Douglas, Jr.

Division of STD Prevention and National Center for HIV, Viral Hepatitis, STD, and TB Prevention,
Centers for Disease Control and Prevention, Atlanta, Ga., USA

Abstract
An estimated 2.9 million cases of Chlamydia trachomatis occur annually in the USA, and while most
infections are not detected and reported, chlamydia is the most commonly reported nationally
notifiable disease in the USA, with over 1.2 million cases reported in 2009. Rates of reported cases of
chlamydia have increased over the past decade as a result of expanded use of more sensitive
diagnostic tests and increased testing. The highest case rates are in adolescents/young adults,
females and African-Americans. In contrast toincreases in reported case rates, prevalence in routinely
tested populations appears to be stable in some settings (e.g. women tested in family planning
clinics) and declining in others (e.g. high-risk youths assessed by the National Job Training Program,
the general population assessed by the National Health and Nutrition Examination Survey).
Prevention and control programs rely on detection and treatment of infection to prevent
complications and ongoing transmission, based primarily on recommended annual screening of
young sexually active women and treatment of sex partners. Important complementary prevention
components include enhancing awareness to promote adherence to recommended testing and
education and risk reduction counseling to promote condom use. Enhancing the public health
impact of chlamydia prevention and control requires expanding population coverage of
recommended strategies, especially among the most affected populations.

Copyright © 2013 S. Karger AG, Basel

Current Burden of Infection

An estimated 2.9 million cases of Chlamydia trachomatis infection occur annually in
the USA [1]. However, many of these infections are not detected and treated. Despite
this, chlamydia is still the most commonly reported nationally notifiable disease [2].
Chlamydia was made a nationally notifiable disease in 1995 and was reported by all
states by 2000. In 2009, over 1.2 million cases were reported; four times more chlamyd-
ia cases were reported than gonorrhea cases, the next most frequently reported notifi-
able disease [3].



Chlamydia may lead to serious adverse outcomes among women, including pelvic
inflammatory disease (PID), ectopic pregnancy, tubal-factor infertility and chronic
pelvic pain. Among men, chlamydia may result in urethritis, prostatitis and
epididymitis. The frequency of occurrence, asymptomatic nature of infection and the
possibility of adverse outcomes prompted the development of widespread screening
recommendations for women in 1993 [4]. Currently, annual chlamydia screening is
recommended for all sexually active women aged 25 years or younger [5]. Rates of
reported chlamydia are highest among young women, reflecting these screening
recommendations. Among women aged 14-19 years, the 2009 reported chlamydia
rate was 3,329.3 cases per 100,000 population; among women aged 20-24, the rate was
3,273.9. Reported case rates among men are substantially lower (in 2009, 1,120.6 cases
per 100,000 men aged 20-24 years). Lower reported rates in men are likely due to
lower rates of testing and detection of chlamydial infections in this population, when
compared to broad screening among women. Racial disparities exist in reported
chlamydia rates, likely related at least in part to social determinants of health such as
poverty, access to healthcare and living in communities with high STD prevalence: in
2009, black men and women were over eight times more likely than white men and
women to have a reported case of chlamydia [3].

An analysis of chlamydia data from 1999 to 2002 from the National Health and
Nutrition Examination Survey (NHANES), a continuous population-based survey
conducted annually, showed that overall chlamydia prevalence among the general
population of US men and women aged 14-39 years was 2.0% (95% confidence
interval, CI, 1.6-2.5%) [6]. NHANES consists of annual data on approximately 5,000
US, noninstitutionalized men and women, selected using complex sampling
methodology. Stratified by age group, chlamydia prevalence was highest among
young men and women aged 20-29 years (3.2%). As with case report data, non-
Hispanic blacks bore a disproportionate burden of infection with a prevalence of
5.3%, compared to a 1.5% prevalence among white men and women. The prevalence
of infection was similar among men (2.0%) and women (2.5%), contrary to case re-
ports which are more likely to reflect screening practices. In a more recent NHANES
analysis limited to sexually active adolescent women aged 14-19 years, chlamydia
prevalence was 7.1% [7].

Epidemiologic Trends

While estimates of chlamydial infection provide a comprehensive picture of current
burden, assessing longitudinal trends are essential when considering a possible im-
pact of prevention efforts. However, interpreting chlamydia trends is challenging.
When examining trends, two important factors must be considered: changes in test
technology utilization and changes in screening coverage.

10 Satterwhite - Douglas

Black CM (ed): Chlamydial Infection: A Clinical and Public Health Perspective.
Issues Infect Dis. Basel, Karger, 2013, vol 7, pp 9-24 (DOI: 10.1159/000348750)



Chlamydia Test Technology

Chlamydia test technology has substantially changed over time. The current optimal
test technology utilized to detect genital C. trachomatis infections is a nucleic acid
amplification test (NAAT) [8]. No true gold standard test for chlamydia exists;
however, NAAT performance is superior to the traditional gold standard, C.
trachomatis culture [9], with estimated sensitivity of greater than 90% and specificity
levels of approximately 99% [8]. Firstintroduced in the late 1990s, NAAT technology
usage was initially cost prohibitive. However, as costs were reduced and additional
studies demonstrated clear advancements over prior generation tests, usage
increased. In 2000, 24.5% of all chlamydia tests conducted in surveyed public health
laboratories in the USA were NAATSs [10]; by 2007, this proportion had increased
to 81.6% [11].

While improvements in test technology have been advantageous for diagnosis,
they present significant challenges in determining and interpreting epidemiologic
trends. The increased sensitivity of newer tests has resulted in better detection of
existing infections; older test technologies likely missed infections due to reduced
sensitivity [12]. If test type is not considered, increases in chlamydia rates due to use
of more sensitive tests may incorrectly appear to represent increases in actual disease
burden. Studies have demonstrated the impact of test technology in estimating
chlamydia prevalence. Dicker etal. [12] found that chlamydia positivity in Philadelphia
family planning clinics increased by 46% when NAATS replaced DNA probes (from
4.1 to 6.0%). Likewise, an analysis of data from the National Job Training Program
(NJTP) revealed a 1-year increase (2005-2006) in prevalence from 9.1 to 13.9% (53%
increase) associated with a dramatic shift in test technology: from 2005 to 2006, NAAT
usage went from 21 to 88% of all tests [13]. When chlamydia trends were assessed,
prevalence in the NJTP increased between 2003 and 2007, but after adjustment for test
technology and other confounding factors, a statistically significant decrease was
reported, highlighting the importance of test technology in interpreting chlamydia
surveillance trends.

Chlamydia Screening Recommendations

Screening recommendations for young sexually active women have been in place
since 1993 [4]. Currently, the Centers for Disease Control and Prevention (CDC)
recommends that all sexually active women under the age of 26 years be screened
annually for chlamydia [5]. In addition, the US Preventive Services Task Force
(USPSTF) has recommended screening of young, sexually active women since 2001
[14]. In 2007, USPSTF updated their chlamydia screening recommendations to
change the upper age bound from under 26 years to under 25 years of age, a change
from the CDC-recommended upper age range [15] made to be consistent with
nationally reported surveillance data age groupings [16]. Both CDC and USPSTF also
recommend chlamydia screening for older women with risk factors. In sum, both the
CDCand USPSTF, as well as most major medical organizations, uniformly recommend
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Fig. 1. Chlamydia screening coverage and chlamydia case report rates, women aged 15-24 years,
2001-2009. Sources: US national chlamydia morbidity data [C. Satterwhite, pers. commun.] and The
State of Healthcare Quality, 2010 [19]. In 2001, screening coverage data are for women aged 16-26
years; from 2002-2007, women aged 16-25 years and from 2008-2009, women aged 16-24 years.
Screening coverage is among women seeking healthcare who are considered to be sexually active.
HMO = Health maintenance organization.

that young, sexually active women under the age of 25 years be screened annually for
chlamydia [17].

The National Committee for Quality Assurance added chlamydia screening cover-
age among women as a measure in the Healthcare Effectiveness Data and Informa-
tion Set (HEDIS) in 1999 [18]. Chlamydia screening coverage, as measured by HE-
DIS, has increased steadily over time. Between 2001 and 2009, screening coverage
among young women (aged 16-26 years in 2001; 16-25 years from 2002 to 2007;
16-24 years from 2008 to 2009) who were enrolled in a commercial healthcare plan
and had a visit where they were determined to be sexually active increased substan-
tially, from 23.1 to 43.1% (fig. 1) [19]. Overall, coverage was consistently higher
among Medicaid populations when compared to commercial populations, and from
2001 to 2009 coverage in the Medicaid population increased from 40.4 to 56.7%. In-
creasing chlamydia screening coverage has undoubtedly had a substantial impact on
trends in reported cases, since, as more women are screened, more existing cases are
detected (fig. 1).

Epidemiologic Trends in Chlamydial Infection

For the past 20 years, reported overall chlamydia case rates (all ages, both sexes) have
steadily increased in the USA, from 160.2 cases per 100,000 population in 1990 to
409.2 cases per 100,000 in 2009 [3]. With continued increases in screening, data sys-
tem enhancements and use of increasingly sensitive tests, ongoing increases in the
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Fig. 2. Chlamydia prevalence among men and women aged 14-39 years, NHANES, USA, 1999-2008.
Bars indicate 95% Cl. Produced from data published in Datta et al. [21].

number of chlamydia cases reported are expected. Since case report data do not nec-
essarily represent trends in disease burden, but rather trends in case detection, popu-
lation-based prevalence data in defined populations undergoing consistent testing are
more useful in assessing epidemiologic trends [20].

When results from NHANES, in a sample considered to be representative of the
general population, were examined over time, chlamydia prevalence significantly de-
creased between 1999 and 2008, from 2.6% (95% CI: 1.9, 3.5) in 1999/2000 to 1.6% in
2007/2008 (95% CI: 1.1, 2.4; fig. 2) [21]. Of note, while NHANES is an important
source of chlamydia prevalence trend data, the stability of point estimates will fall if
prevalence continues to decrease and standard errors increase, thus limiting this sur-
vey’s ability to detect changes in prevalence over time.

Prevalence trends can also be monitored in clinic-based surveys. The Infertility
Prevention Project (IPP) is a national program administered primarily through fam-
ily planning clinics, targeting young women for chlamydia screening. Test-based data
reported through IPP are used to calculate chlamydia positivity (positive tests/total
tests), with positivity shown to closely approximate prevalence [22]. State IPP positiv-
ity varies substantially and is highest in the southeast, consistent with case rates [3].
Among women attending family planning clinics aged 15-24 years, median state-
specific IPP chlamydia positivity has steadily increased over time, between 1997 and
2009 [3]. However, similar to morbidity data, NAAT usage has increased in IPP, so
crude positivity has been impacted by improvements in test technology. In a recent
multivariate analysis of IPP data, trends were assessed using a clinic-based analysis
taking test technology and other population characteristics into account [23]. This
analysis showed that positivity remained unchanged in family planning clinics from
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2004 to 2008. In contrast, among women aged 15-24 years tested in prenatal clinics,
where testing is routinely recommended and thus the population tested is less likely
to be influenced by perceived STD risk, positivity declined from 2004 to 2009, similar
to NHANES findings [24].

Finally, data from the NJTP, a program serving young, socio-economically disad-
vantaged men and women aged 16-24 years, are not subject to some of the limitations
present in case report and IPP data. Nearly all NJTP participants are screened for
chlamydia at program entrance, using consistent test technology [13]; thus, the popu-
lation is defined and routinely tested in a standardized way. Chlamydia prevalence is
high; in 2009, the median state-specific prevalence was 11.3% among women and
7.0% among men [3]. While NJTP data represent a high-risk population not broadly
generalizable, this relatively consistent population (stable demographics and social
characteristics) provides important insight into the national chlamydia burden. Con-
sistent with NHANES and IPP prenatal clinic data, significant decreases in chlamyd-
ia prevalence have been detected in the young at-risk men and women entering the
NJTP over three consecutive time periods: from 1990 to 1997 [25], from 1998 to 2004
[26] and, most recently, from 2003 to 2007 [13].

Importance and Challenges of Monitoring Sequelae of Infection

PID is the most immediate important adverse outcome of chlamydial infection in
women. Untreated chlamydia leads to PID in approximately 10-15% of cases [27, 28].
In turn, PID may lead to further sequelae, including tubal-factor infertility, ectopic
pregnancy and chronic pelvic pain [29], although the specific contribution of
chlamydia to each is unknown [30] since chlamydia is only one of many possible
causes. However, given that the primary objective of prevention programs is to reduce
these sequelae, monitoring their trendsisan important consideration in understanding
the impact of chlamydia prevention and control efforts.

In the absence of a laboratory-based case definition, the diagnosis of PID is based
upon clinical signs and symptoms [5]. This diagnosis lacks specificity and is not easily
standardized; thus, trends in PID diagnoses are difficult to interpret. At the national
level, data for monitoring PID trends are routinely obtained from complex sample
surveys, as well as surveys of administrative data, including hospital admissions.
While each of these data sources has limitations, all suggest a downward trend in PID
diagnoses [3]. Similarly, a recent analysis of administrative data from a national
insurance claims database also revealed decreases [31].

Challenges also exist when considering trends in ectopic pregnancy and infertility.
Ectopic pregnancy is more easily diagnosed than PID, but more distal from a possibly
causal chlamydia infection, complicating interpretation of prevention effort impact.
In addition, ectopic pregnancy is increasingly managed in the outpatient setting [32],
making the consistent declines seen in hospitalizations over the past decade difficult
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to interpret [3]. A recent analysis of administrative claims data, taking into account
both inpatient and outpatient data, showed stable ectopic pregnancy rates in the USA
from 2002 to 2007 [32]. Infertility, like ectopic pregnancy, is a relatively distal outcome
following chlamydia and is even more difficult to monitor since, in order to be
diagnosed, healthcare must be sought, which implies both the desire to have a baby
and access to services, including ability to incur costs. Nonetheless, an analysis of data
from the National Survey of Family Growth, 1982-2002, showed a decline in 12-month
self-reported infertility among women [33].

International Chlamydia Trends

As noted, in the USA, a variety of data sources show that chlamydia prevalence is
stable or decreasing, not increasing as might be suggested by national case report
trends. In Sweden and British Columbia, Canada, where chlamydia screening
programs also exist, similar increases in case report trends have been reported [34-36]
and have been hypothesized to be related either to screening of insufficient magnitude
to effectively reduce disease incidence or, alternatively, reduced population immunity
as a paradoxical result of successful screening, leading to increased susceptibility to
reinfection, a phenomenon termed ‘arrested immunity’ [35-37]. Analyses using
alternate data sources, such as the prevalence surveys available in the USA, have not
been conducted, so the impact of factors such as test technology changes and increasing
screening coverage have not been well studied.

Chlamydia Prevention and Control

The rationale for public health programs to prevent and control chlamydial infec-
tion is the high burden of infection, and the role of chlamydia as a major preventable
cause of costly reproductive morbidity in women. Prevention efforts for chlamydia
depend on both primary prevention (preventing infection and ongoing transmis-
sion) and secondary prevention (preventing complications in those infected). The
transmission of STDs within a population depends upon several factors, summa-
rized by the formula Ro = BcD, where the reproductive rate (Ro, the average number
of new infections that an infected individual generates) is a function of the average
probability of transmission from an infected to a susceptible partner (B), the aver-
age number of sexual partnerships formed over time between infected and suscep-
tible partners (c) and the duration of infectiousness (D). Incidence and prevalence
increase within a population when Ro exceeds 1, and they decrease when it falls be-
low 1. Primary prevention approaches are based on decreasing one or more of these
transmission parameters, such as reducing the efficiency of transmission (i.e. using
condoms), reducing the number of partners, or, most importantly, reducing the du-
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ration of infection by treating index patients and their sexual partners. Treatment
with effective antimicrobial therapy, prompted by positive diagnostic or screening
tests or given empirically to those with a high likelihood of infection, is also the
mainstay of secondary prevention.

Case Detection and Treatment

As outlined later in this book, chlamydia infections can be easily diagnosed and
treated. Urogenital infections in women can be detected by testing samples such as
urine or swabs from the cervix or vagina, while those in men can be detected by testing
urine or urethral swabs; rectal and pharyngeal infections can be detected using swabs
from these sites. At all anatomic sites, testing by NAAT is preferred over other tests
due to greater sensitivity [8]. Recommended treatment includes single doses of
azithromycin or 1-week courses of doxycycline, which are estimated to have microbial
cure rates of 97 and 98%, respectively [5]. Diagnostic testing for suspected infection,
with empiric therapy pending test results, is indicated for a variety of chlamydia-
associated clinical syndromes (e.g. cervicitis, urethritis, epididymitis, PID and
proctitis) and for sexual partners of persons with suspected or proven infection [5].
Promptly administered treatment can reduce the likelihood of PID in women with
cervicitis and of longer-term sequelae in those with PID [5, 38].

Screening for Prevention

Because most chlamydial infections are asymptomatic, screening tests performed in
the absence of clinical findings is the most important approach to detection of infection
and is a key strategy for prevention and control programs. As noted above, annual
testing of sexually active young women (<25 years old) and older women with risk
factors is recommended by the CDC and USPSTF [5, 15], and ranked by the National
Commission on Prevention Priorities as one of the highest priorities of all clinical
preventive services, based on cost effectiveness and clinically preventable burden, and
also one of the most underutilized [39]. A number of other countries have implemented
chlamydia screening programs among young women including Canada, the UK, the
Netherlands and several Scandinavian countries [34, 40].

Screening recommendations are primarily based on the benefit of screening for
secondary prevention, by enhancing early detection and treatment of chlamydia
infection and preventing complications, such as PID [14]. This rationale is similar to
that for other prevention strategies such as cervical cancer screening via Pap testing,
where long-term complications of an infectious disease (i.e. human papillomavirus
infection) are prevented through a secondary prevention approach. Several
randomized clinical trials have shown reductions in PID among young women
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undergoing chlamydia screening, including women in a US health maintenance
organization (estimated reduction of 56%) [41] and Dutch high school students
undergoing home-based testing (estimated reduction 50%) [42]. In addition, a recent
trial of chlamydia screening among college/university students in the UK found an
estimated reduction in PID of 35%, although the difference was not statistically
significant [28]. Using a different design, a nonrandomized ecologic study found
lower rates of PID (estimated reduction of 39%) in American military servicewoman
who were screened at the time of recruit training (in the US Navy) compared to those
who were not (in the US Army) [43]. These studies primarily assessed cases of PID
occurring in the outpatient setting; in contrast, given the often mild nature of
chlamydial PID, a study comparing rates of hospitalization for PID among US Army
women found no difference among those who were screened for chlamydia versus
those who were not [44]. In addition, consistent with findings from clinical trials,
several surveillance analyses have reported declines in PID and other sequelae
following the introduction of chlamydia screening [31, 37, 45-49]. However, as noted
above, attributing trends in complications such as PID at the population level to the
impact of screening programs is challenging given diagnostic imprecision and the fact
that not all PID is caused by chlamydia.

In spite of this apparent secondary prevention benefit, questions about the value
of chlamydia screening programs have been raised because reductions in incidence
and prevalence following their introduction have not been consistently seen, as
would be expected if they also had primary prevention benefit in reducing ongoing
transmission and as had been seen decades earlier with gonorrhea control programs
(20, 34-36, 50, 51]. As noted above, possible explanations for the lack of declining
rates after initiation of screening include increased testing and increased use of more
sensitive diagnostic tests resulting in greater numbers of reported cases, insufficient
screening coverage of the population, or arrested immunity [20, 34, 36, 37]. These
findings have led to calls for randomized trials of screening programs to assess the
impact on population chlamydia prevalence, as a more precise outcome than PID,
and trials to address this question, in settings where current lack of recommenda-
tions for widespread screening make it ethically feasible to study, are now underway
[52].

Improving Population Outcomes and Screening Coverage

While estimated coverage of recommended screening by eligible females has been
increasing (fig. 1), it remains suboptimal. It is likely that coverage assessments as
measured in HEDIS are overestimates [18] because of underestimation in the
administrative data on which the estimates are based of women for whom testing is
indicated (i.e. sexually active women). In addition, because HEDIS measures assess
screening only in insured women who have accessed care, it is only representative of
this group, which does not include women not seeking care or who lack insurance;
lack of insurance is known to be associated with reduced levels of screening [53]. A
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recent analysis of claims data indicates that with a more representative estimation of
eligible women, screening rates may be as low as half the level estimated by HEDIS
[54]. Improving screening coverage will involve addressing barriers at the level of
both the provider and the patient. Provider issues include reluctance to routinely
assess sexual history among adolescents, perception that patients in their setting are
at low risk of chlamydia and unfamiliarity with testing of specimens not requiring a
pelvic examination (e.g. vaginal swabs and urine samples). In addition to lack of
insurance, patient issues include lack of knowledge of the recommendation for annual
chlamydia testing and limited understanding of the asymptomatic nature and potential
long-term complications of chlamydia infection [18, 55]. In the USA, the recently
formed National Chlamydia Coalition is addressing barriers to chlamydia screening
at the provider, patient and policy level (http://ncc.prevent.org). A particularly
promising example of a social marketing campaign to increase testing for STDs
includingchlamydiaisthe ‘GYT" (Get Yourself Talking/Get Yourself Tested) campaign
(http://www.gytnow.org) thataims to normalize communication and use of preventive
services for sexual health, and has been associated with substantial increases in testing
at sentinel clinics across the USA [56]. Finally, the recently passed Affordable Care
Actin the USA has the potential to increase testing both because of increased numbers
of individuals who may be covered by insurance as well as mandatory provision of
preventive services recommended by the USPSTF without required copayment by
patients.

Screening among Males

Although chlamydia testing is recommended for diagnosis among men with suspected
infection based on clinical findings or exposure to an infected partner, CDC and
USPSTF do not recommend routine screening of sexually active young men in the
general population because of insufficient evidence of its impact in decreasing
incidence in women and cost effectiveness [15]. However, CDC advises consideration
of male screening in clinical settings with a high chlamydia prevalence, such as
adolescent and STD clinics and correctional facilities, where screening will be more
cost effective [5, 57]. In addition, among men who have sex with men, because of high
prevalence and the potential for reducing HIV transmission, CDC recommends
annual screening for STDs, including chlamydia, based on history of recent sexual
activity (i.e. urine testing if insertive sex and rectal testing if receptive anal sex), with
more frequent testing in those with greater risk (multiple or anonymous partners,
illicit drug use) [5].

Rescreening after Treatment

Increasing data indicate a high prevalence of recurrent infection in both women and
men following treatment for chlamydia, with estimates ranging from 13 to 18% [58,
59]. Because recurrent infections increase the risk of PID in women and ongoing
transmission in both women and men, it is recommended that individuals treated for
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chlamydia be retested approximately 3 months after treatment or at the first clinical
opportunity thereafter [5]. Although limited attempts to enhance retesting via postal
reminders have not been effective, electronic reminders (email, text messages) may be
more promising [60].

Special Populations

Adolescents. Chlamydia screening is particularly important in adolescents because of
their high rates of infection [3, 6] and because they have the longest timeframe over
which to experience long-term complications such as infertility. Special challenges in
this population include the failure of providers to discuss sexual behaviors and pro-
vide recommended services such as risk reduction counseling and chlamydia screen-
ing. In addition, while adolescents may consent for their own sexual health services
in all states, protecting confidentiality can be an issue for those covered by private
insurance since many states mandate that health plans provide an ‘explanation of ben-
efits’ to the beneficiary (typically the parent) of services covered. To address this issue,
professional organizations have developed coding and billing tools to maximize reim-
bursement while minimizing potential disclosure of confidential services through
health plan billing statements (http://www.adolescenthealth.org/Clinical_Care_Re-
sources/2304.htm).

Pregnant Females (see the chapter by Rours and Hammerschlag). Chlamydia infec-
tion in pregnant women can result in complications in pregnancy (e.g. prematurity
and postpartum endometritis) and postpartum infection in infants (e.g. conjunctivitis
and pneumonia). CDC recommends screening all pregnant women during their first
prenatal visit and retesting those at risk of new or recurrent infections in the third
trimester (e.g. women aged <25 years, or those who have new or multiple partners or
chlamydia diagnosed earlier in pregnancy) [5].

Persons with HIV Infection. Testing for chlamydia and other STDs is recommend-
ed at the initial medical evaluation of persons with HIV infection at anatomic sites of
recent sexual exposure. Testing is also recommended annually for sexually active
HIV-positive individuals, for both personal health benefit and also to reduce the pos-
sibility of enhanced HIV transmission due to untreated STDs. In addition, a positive
test for chlamydia or other STT indicates sexual behavior that could transmit HIV and
should prompt risk-reduction counseling [5].

Partner Services

As for other bacterial STDs, notifying and treating partners of persons with presumed
or confirmed chlamydial infection has long been recommended as a core prevention
strategy in order to prevent reinfection of the index case, morbidity in the partner and
ongoing transmission. CDC recommends that partners with sexual contact within 60
days of diagnosis or onset of symptoms should be treated [5]. The importance of
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partner treatment is highlighted by a recent modeling study which indicated that
increasing rates of partner treatment could have a greater impact on reducing
population prevalence than increasing screening rates [61]. Approaches based on
referral of partners by patients are likely less effective than provider referral, although
the high chlamydia caseload makes the latter impractical in most jurisdictions, and it
is likely that provider referral is offered to only a minority of persons with chlamydia
[62].

Given this reality, there has been growing interest in alternative approaches, par-
ticularly expedited partner therapy (EPT), a process in which the index patient de-
livers a prescription or medication directly to their partner(s) without the need for
clinical assessment of the partner [63]. Use of EPT is associated with higher rates
of reported partner treatment and lower rates of reinfection in the index patient
[64]. Although EPT is a promising approach, there are several barriers to its wide-
spread use. Providing medication to a person with whom the provider has no pro-
fessional relationship is not legal in some jurisdictions of the USA, although the
number of states in which EPT is permissible has been increasing (http://www.cdc.
gov/std/ept/legal/default.htm). In addition, there are implementation issues, such
as reluctance of payers to provide medications for partners not covered by their
plan. Another promising partner services strategy is encouraging persons who test
positive at screening to bring in their partners at the time they return for treatment;
this ‘BYOP’ (bring your own partner) approach results in rates of partner treatment
similar to those for EPT [65]. Finally, an additional challenge for EPT and other
partner services approaches is how best to monitor their provision at the popula-
tion level.

Primary Prevention

In addition to detecting and treating persons with chlamydia to prevent ongoing
infection, other modalities are important for primary prevention. Behavioral risk
reduction interventions have been proven to reduce new infections with chlamydia
and other STDs, and CDC and USPSTF recommend high-intensity behavioral
counseling for all sexually active adolescents and adults at risk for STD [5, 66]. The
benefit of such counseling is likely mediated by partner reduction and also increased
utilization of condoms. Correct and consistent condom use can reduce the risk for
chlamydia [5] and may also reduce the risk for PID; one study reported that condom
use in women with prior PID reduced the incidence of recurrent PID, chronic pelvic
pain and infertility [67]. In addition, female-controlled barriers such as the diaphragm
and female condom may also reduce the risk of chlamydia and other STDs [68]. Fi-
nally, available data are conflicting regarding whether male circumcision will prevent
chlamydia in males or their partners [69].
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Conclusion

Prevention and control of chlamydia remains a major priority in the USA and other
countries. While many challenges persist in optimizing the impact of prevention
programs, emerging data from one of the most effective approaches for assessing
program impact — sequential prevalence studies of nonclinic-based populations
whose testing is not influenced by healthcare-seeking behavior [20] - are beginning
to indicate declines in prevalence in the USA (fig. 2) [13, 21, 23]. While these trends
could be influenced by other factors such as changes in sexual behavior [70], they are
consistent with the impact of prevention programs, and they could accelerate if
population coverage of screening and partner services increases [61]. As outlined in
the following chapter, there are many gaps in our understanding of the natural history
and immunology of C. trachomatis infection (e.g. the relative importance of persistent
infection vs. recently acquired infection or reinfection in causing PID and long-term
sequelae) which affect the optimal structure of prevention and control programs. For
example, annual screening as currently recommended may have greater impact on
sequelae resulting from persistent infection, while partner treatment and early
retesting after treatment may be more effective in preventing or detecting recently
acquired infection [71]. Until these issues can be resolved, prevention and control
programs should attempt to optimize each of the prevention components outlined
above to provide increasing population impact.
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Abstract

Disease pathogenesis due to Chlamydia trachomatis is a complicated process that involves: (1) ex-
posure to the organism and infectivity; (2) survival within the host cell; (3) virulence associated with
specific strain types; (4) innate and acquired immunity, and (5) host genetic susceptibility to infection
and disease. While antibiotics have been successful in treating most uncomplicated C. trachomatis
urogenital infections, treatment does not generally resolve persistent infections or prevent autoim-
munity as in Reiter’s Syndrome, a chronic debilitating reactive arthritis caused by C. trachomatis and
other bacterial pathogens. Furthermore, the extent of treatment failure is virtually unknown because
of the lack of cost-effective point-of-care diagnostics and techniques for unambiguous strain typing
before and after treatment. These drawbacks are compounded by the fact that the majority of female
and male infections are asymptomatic, which provides an ongoing opportunity for silent transmis-
sion and the development of disease. In addition, repeat and persistent infections are common
among at risk adolescent and young adult populations. Even with appropriate detection, there is
increasing evidence for antibiotic resistance to the common drugs used to treat C. trachomatis. Con-
sequently, the inability to adequately prevent, diagnose, treat and eradicate infection provides the
opportunity for pathogenicity and disease. Copyright © 2013 S. Karger AG, Basel

Chlamydia trachomatis is an obligate intracellular Gram-negative organism that is
responsible for a broad diversity of diseases among men and women throughout the
world. Over 100 million C. trachomatis urogenital infections occur each year accord-
ing to the World Health Organization [1]. In the USA alone, 1.2 million C. trachoma-
tis sexually transmitted disease (STD) cases were reported in 2009 [2]. However, the
CDC estimates that the rates of infection are actually closer to 2.8 million each year
[3]. The fact that the majority of female and male infections are asymptomatic (70 and
50%, respectively) [4] is an important component in increased transmission, infection
and disease. The barriers to stemming this epidemic are a lack of: (1) a vaccine; (2) an
effective microbicide or mucosal therapy that can prevent C. trachomatis transmis-
sion, and (3) a rapid point-of-care diagnostic for screening and test-of-cure.



The major outer membrane protein (MOMP) of C. trachomatis contains serovar-,
subspecies- and species-specific epitopes [5]. Eighteen serological variants (serovars)
of C. trachomatis have been identified based on monoclonal antibody (MAb) typing
of the antigenically diverse MOMP [6], which contains four variable segments (VS)
and five constant segments (CS). The serovars are also grouped based on MAb typing
patterns: B class (B, Ba, D, Da, E, L2, L2a, L2b); C class (A, C, H, I, Ia, ], Ja, K, L1, L3),
and Intermediate class (F, G, Ga). These serovars exhibit a broad range of tissue tro-
pism and invasiveness in the human host. However, the antibody-based classes do not
correlate with tissue tropism, invasiveness, phenotypic disease characteristics or dis-
ease outcome. The ompA gene, which encodes MOMP, has refined strain typing since
it varies considerably within serovars [7-15]. ompA polymorphisms have been identi-
fied in 39-66% of ocular trachoma and STD samples worldwide [7-15] and, in some
cases, can distinguish ocular versus genital isolates that represent the same serovar
[16]. These data suggest that ompA genotyping can identify nearly tenfold more C.
trachomatis subtypes or strains than serotyping. Consequently, this chapter refers to
strains instead of serovars unless the study refers to organisms that were specifically
typed by MAbs.

Three multilocus sequencing typing schemes have been developed for C. tracho-
matis. The scheme by Klint et al. [17] does not exclusively use housekeeping genes
and, therefore, has limited use in epidemiologic studies. The scheme by Pannekoek et
al. [18] has low discriminatory power for differentiating B from lymphogranuloma
venereum (LGV) strains. The scheme by Dean et al. [19] differentiates strains by ocu-
lar trachoma, LGV and non-LGV sexually transmitted infection disease groups as well
as identifying isolates that appear to be recombinants of C. trachomatis strains. Single
nucleotide polymorphisms (SNPs) that correlate with disease phenotypes were also
identified in the latter study. These findings suggest that applying this multilocus se-
quencing typing approach more broadly will greatly enhance our understanding of
diseases for all types of Chlamydiaceae infections and will capture outbreak strains
that occur from recombination, although ideally whole genome sequencing would
provide the best discriminatory power to identify strain types and their disease asso-
ciations. Indeed, the relatively recent discovery of Chlamydiaceae intra- and interspe-
cies recombination [20-27] (rearrangement of DNA sequences within the cell and
incorporation of DNA from outside the cell, introduced by lateral gene transfer, re-
spectively) indicates that knowledge of the location and mechanisms of recombina-
tion or lateral gene transfer among strains or between species is needed to identify
current recombinant strains, understand how new strains emerge and explore their
role in disease pathogenesis.

Because of the inability to reliably genetically manipulate C. trachomatis, the patho-
genic mechanisms of the diseases caused by the organism remain poorly defined. In
this chapter, the following topics are covered: (1) exposure to the organism and infec-
tivity of the different serological variants or strains of C. trachomatis and their tissue
tropism, without which there would be no pathology; (2) how the organism survives
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inside the cell to replicate, undergo additional rounds of replication or persist to cause
acute and chronic disease; (3) the different virulence factors of the organism and how
each may be associated with disease pathogenesis; (4) what we know about innate and
acquired immunity and their role in infection resolution, persistence and disease; and
(5) host genetic susceptibility to infection and disease, a relatively new area of research
that will provide complementary insight into disease pathogenesis.

Exposure and Infectivity

Transmission and Repeat Infection

C. trachomatis is an obligate intracellular Gram-negative organism that is transmitted
by intimate direct sexual contact between mucosal surfaces or by hand to mucosal to
hand to mucosal inoculation. Currently, because of the high prevalence of asymptom-
atic infections, these individuals are unlikely to seek treatment and, therefore, repre-
sent a significant reservoir for ongoing transmission of the organism. Indeed, 40% of
women with untreated infection will develop pelvic inflammatory disease (PID), 20%
of whom will become infertile, 18% will experience debilitating chronic pelvic pain
and 9% will have a life-threatening ectopic pregnancy [4, 28, 29]. PID can be self-lim-
iting, yet, in many cases, fallopian tube and extraluminal scarring are the sequelae of
these infections [30]. If an infected pregnant woman is not treated, her baby has a 50%
chance of developing conjunctivitis and a 20% chance of pneumonitis in the first 6
months of life [31, 32]. C. trachomatis is also a risk factor for invasive squamous-cell
carcinoma of the cervix [33-35] and a complicating factor in HIV-1 infection and
transmission [36-38]. Men can develop epididymitis and prostatitis [reviewed in
Cunningham and Beagley, 39], and, among men who have sex with men (MSM), se-
vere proctitis [30]. There are no studies that have evaluated screening for C. tracho-
matis, especially in asymptomatic populations, and the effect on sequelae such as PID,
tubal inflammation or tubal factor infertility (TFI) [40]. However, in a study by Jones
etal. [41], asymptomatic women who were at risk for STDs were found to have endo-
metrial C. trachomatis infections in 41% of the cases.

Repeat- [42-47] and mixed-strain [7, 15, 48-51] infections are a common occur-
rence among at risk populations, including adolescents, young adults, commercial sex
workers and their partners. Studies in Finland and the USA have found that a prior
documented chlamydial infection was a risk factor for recurrent infections [52, 53].
Reinfection has been reported months to a year or so after infection at rates as high as
59.6% [44, 45, 54-56], despite appropriate treatment [57, 58]. Reinfection occurs part-
ly because immunity to the initial infection is short-lived [reviewed in Batteiger et al.,
43] and is serovar specific, although infection with different serovars over time is
thought to induce longer-term immunity across serovars [50]. In a study that evalu-
ated organism load by quantitative DNA methods, there was a significantly lower load
of organisms with each repeat infection that was not associated with ompA genotype,

Pathogenicity and Disease 27

Black CM (ed): Chlamydial Infection: A Clinical and Public Health Perspective.
Issues Infect Dis. Basel, Karger, 2013, vol 7, pp 25-60 (DOI: 10.1159/000348751)



suggesting that immunity was not serovar specific, but that perhaps immunity limited
replication [59]. Furthermore, antibiotic treatment may increase the risk of reinfec-
tion because of the limited time in which the individual has an opportunity to mount
an immune response. This concept is supported by studies in both STD [60] and tra-
choma [61] patients as well as in the murine model of chlamydial genital tract infec-
tions [62]. In the latter case, immunity was attenuated if antibiotics were given prior
to induction of a protective immune response.

Studies of salpingitis, ectopic pregnancy and ocular trachoma in animal models as
well as the few studies involving humans suggest that recurrent, rather than primary,
infection is responsible for the scarring that leads to the sequelae of tubal infertility
and ectopic pregnancy [7, 47, 63-67]. Unfortunately, there are few studies that have
evaluated initial or repeat lower genital tract or tubal infections and their association
with infertility or ectopic pregnancy [68]. In one study, women with two or more chla-
mydial infections were shown to be at a significant 4.5- to 6.4-fold increased risk of
PID and a 2- to 4.5-fold increased risk for ectopic pregnancy [67]. Epidemiologic
analyses have also found that there is an association between prior C. trachomatis in-
fections of the fallopian tubes and ectopic pregnancies [69]. These studies are sup-
ported by research in the macaque model of upper genital tract infections where re-
peated but not primary infection was required for the complications of tubal and
periadnexal scarring, salpingitis and perihepatitis [70]. Finally, race, coinfection with
concurrent gonorrhea, and past history of STDs are also important factors associated
with recurrent chlamydial infections [71]. The data from these as well as other studies
suggest that progression of disease is associated with an immunopathogenic response
that occurs following repeat infection [reviewed in Carey and Beagley, 63]. The role
of mixed infections in disease pathogenesis is not known.

Attachment and Tissue Tropism
While many eukaryotic cells are susceptible to infection, such as monocytes, macro-
phages, endometrial cells, endothelial cells and dendritic cells, epithelial cells of the
urogenital tract and, in particular, the columnar epithelia of the endocervix are the
primary target and point of entry for the organism. Cervical ectopy that exposes more
of the columnar epithelium in adolescent females provides an increased risk for infec-
tion [72]. It is not known how many organisms are required to cause infection nor the
mechanism(s) or rate by which C. trachomatis spreads from the lower to the upper
genital tract. In the murine model of chlamydial STDs, both the dose and rate at which
ascension occurs have been evaluated [73-75]. Interestingly, dose does appear to af-
fect infection in different strains of mice [76] and also ascension to the upper genital
tract but does not appear to alter the sequelae of hydrosalpinx and cellular pathology
[73]. Whether this is applicable to humans is not known.

The extracellular elementary body (EB) is the infectious form of the organism. For
attachment to the host cell, a number of ligands have been proposed that include the
MOMP, glycosaminoglycan (GAG), OmcB, PmpD and a high-mannose oligosaccha-
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ride glycan moiety [reviewed in Cocchiaro and Valdivia, 77]. The proposed cellular
receptors are the estrogen receptor, heparan sulfate receptor and mannose and man-
nose 6-P receptors [78, 79]. Interestingly, competitive inhibition of attachment has
been documented for heterologous serovars of the organism [80]. Recently, protein
disulfide isomerase (PDI) has been implicated in attachment given new data that PDI-
deficient cells are not efficiently invaded by C. trachomatis [81]. The translocated
actin-recruiting phosphoprotein (TARP) binds to and nucleates actin, which is essen-
tial for EB invasion of the cell [82]. Both TARP and CT694 are bacterial proteins that
are translocated into the cell cytoplasm at attachment and play a role in actin remod-
eling and cytoskeleton rearrangement, which facilitates movement of the EB into the
cell and formation of a phagosome, termed an inclusion, that surrounds the organism
during its developmental cycle. Recent data suggest that mutations in TARP among
strains that are responsible for the same disease (e.g. strains E and F associated with
cervicitis) may be involved in niche-specific adaptation in the host [83] (see ‘Viru-
lence Factors’, below).

There are other examples of tissue tropism specificity for adherence of C. tracho-
matis. The ocular strains A, B, Ba and C are responsible for a chronic inflammatory
disease of the conjunctivae, termed trachoma, which is the leading cause of prevent-
able blindness in the world today [84]. All except strain A have been recovered from
the urogenital tract. While the ocular strains are not considered to play a role in upper
genital tract pathology, recent data suggests that these strains may be responsible for
reactive arthritis as they have been identified by PCR in synovial tissue of individuals
so afflicted [85]. In both murine and rat models, metabolically active C, E and K
strains were found in the joints after vaginal infection [86]. Chlamydial DNA has also
been identified in the sacroiliac joint [87]. A potential explanation for these findings
is that cells infected with ocular strains may disseminate more efficiently from the
primary site of infection to the joints than urogenital strains [88], although appropri-
ate studies are needed to advance this hypothesis. The initial urogenital infection elic-
its an inflammatory response, attracting mononuclear cells that may become infected
and subsequently transport the organism via the circulation to the synovium [89].
However, it is not understood whether there is a particular homing to the joints or
whether microvascular damage facilitates migration of the monocytes into the tissue.
It is also not clear why only a small fraction of patients develop reactive arthritis and
why approximately 50% of these individuals progress to chronic disease [87]. Impor-
tantly, C. trachomatis appears to reside within monocytes or macrophages of the
synovium [90-92] for extended periods in a persistent state, a common survival
mechanism exploited by the organism [93]. There is also evidence that Chlamydia
prneumoniae may similarly be a trigger for reactive arthritis [94-96]. The pathologic
features include invasion of the joint by polymorphonuclear leukocytes in addition to
plasma cell infiltration. While the joint is not usually eroded as in rheumatoid arthri-
tis, fibrin deposition is present throughout the tissue, and the presence of other pro-
teinaceous substances in the walls of the vasculature are responsible for microvascular
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occlusion and congestion. It has been suggested that eradication of the organism from
the joints might be able to prevent the progression of these sequelae [86]. Finally,
some recent data indicate that strains Ba and C that are recovered from the urogenital
tract are actually genetically distinct from those causing trachoma [Dean et al., un-
publ. data]. If this is borne out by additional genetic and genomic studies, it would
support the notion that there are actually distinct urogenital and ocular strains (i.e.
urogenital Ba and C strains distinct from ocular Ba and C strains) that exhibit selec-
tive tissue tropism.

The majority of STDs are caused by strains D through K, Da, Ga, Ia and Ja. They
preferentially infect the urethral, rectal and cervical mucosal epithelia. However, these
strains also infect the conjunctiva, often producing a self-limiting infection that rare-
ly causes disease. ompA genotyping studies have found that certain variant strains of
F are associated with upper genital tract infection compared with cervical infection
where strain E was found to predominate [15]. No correlation has been documented
between strain or degree of inflammation for urethral and cervical samples [49]. An-
other study noted that recurrent infections with the same serovar were common
among patients with concurrent gonorrhea but no specific serovar was a risk factor
for coinfection [97]. The pathology of women with upper genital tract infections is
also probably not restricted to specific strains, although there is a shortage of studies
in this area, and is characterized by lymphocyte and plasma cell infiltration of the
stromal layer and polymorphonuclear cells localized to the epithelial layer [98]. Im-
portantly, strains D, G and ] are also prevalent in anorectal infections unlike other
urogenital strains [99-102] except for L1, L2, L2a, L2b and L3 [103]. The latter com-
prise the LGV biologic variants (biovars) of C. trachomatis that are responsible for
more invasive disease.

The LGV strains do not appear to have specific tropism as they are able to infect
any mucosal site but, unlike the other urogenital strains, they can invade the basal lay-
ers and disseminate via regional lymphatics to draining lymph nodes. Consequently,
the LGV strains are associated with inguinal syndromes including regional lymphad-
enitis, inguinal buboes and bubonulus. Recently, sporadic and ongoing outbreaks of
LGV among MSM have been documented in Australia, Europe and the USA [104-
107]. A curious feature of the clinical presentation is a lack of the inguinal syndrome
[107]. There have also been reports of LGV outbreak strains (e.g. L2b) [108]. This
suggests the emergence of new strains that may possess different virulence factors to
limit dissemination but that are still capable of causing severe localized mucosal dis-
ease. Indeed, a recent study [24] discovered a variant strain of L2, termed L2c, that
was isolated from an MSM and contains a functional toxin gene, which was likely ac-
quired from a D strain by recombination. It is probable that the toxin limits invasion
and lymphatic spread due to local cytotoxicity (discussed in ‘Virulence Factors’, be-
low). The primary pathogenic process in LGV is proliferation of endothelial cells of
the lymphatic and lymph node vessels. Areas of necrosis form within the nodes, at-
tracting polymorphonuclear leukocytes with the eventual formation of buboes, fistu-
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las and sinus tracts. The healing process occurs by fibrosis, which ablates the normal
vessels leading to induration, edema and restriction of the blood supply that can result
in ulceration. A similar process takes place in the rectal mucosa with inflammation
and the formation of strictures and fistulae to adjacent anatomic sites. It has been pos-
tulated that the tissue damage is associated with cell-mediated hypersensitivity to the
organism, possibly from organism persistence or reinfection [109]. Both are consid-
ered important in the fibrosis seen in upper genital tract infections [98] and trachoma
[110]. In addition, host immunity is thought to limit the spread of the organism but
does not eliminate it. Indeed, C. trachomatis has been isolated from inguinal buboes
that first occurred 20 years earlier [111]. LGV strains can also spread via the blood
stream to cause disease at more distant sites such as meningitis [112] and reactive ar-
thritis [113]. The molecular mechanisms for dissemination and fibrosis formation
remain unknown.

Survival within the Host Cell

Inclusion Formation and Expansion, and Effector Proteins
C. trachomatis must infect a host cell in order to replicate. And the intracellular nature
of infection affords the organism some protection from annihilation by the host. As
mentioned above, the organism has a biphasic developmental cycle that begins when
the EB comes in contact with the host cell and is taken into the cell either by endo-
phagocytosis, pinocytosis or receptor-mediated endocytosis. The organism somehow
prevents routing into the lysosomal pathway [114], which circumvents destruction
and allows replication to proceed. Nucleoid decondensation occurs as the EB differ-
entiates into the metabolically active, noninfectious reticulate body (RB) and, within
15 min, bacterial proteins are produced using its own stores of ATP and essential phos-
phate compounds, metabolites [115] and other host cell substrates (e.g. nucleotides,
amino acids, sphingolipids, cholesterol and glycerophospholipids) that are essential
for development [reviewed in Saka and Valdivia, 116]. Interestingly, the LGV strains,
unlike all other strains, require methionine while the ocular strains require trypto-
phan. Nutritional deficiencies, therefore, can affect replication and drive the organism
into a persistent state that has pathogenic implications for the host (see “Virulence Fac-
tors’, below). A number of cellular organelles are associated with the inclusion but, to
date, only species-specific differences have been noted that may affect acquisition of
host nutrients and thereby disease pathogenesis, although multiple pathways are like-
ly used by C. trachomatis to acquire what it needs for replication and survival [re-
viewed in Cocchiaro and Valdivia, 77]. Mechanisms for transfer of nutrients across the
inclusion membrane have not been elucidated, although there is evidence that the in-
clusion is porous to low molecular weight, uncharged, molecules [117].

C. trachomatis possesses a type III secretion system (T3SS), similar to those found
in other Gram-negative bacteria, which is considered a virulence determinant and
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functions by secreting proteins into the host cell to favorably modulate the intracel-
lular environment for development. Surface projections on the EB and RB have been
observed by electron microscopy that may represent the T3SS [118]. C. trachomatis
secrete proteins prior to invasion of the host cell and once inside the cell. The EB con-
tains the components of the T3SS and secretes TARP outside the cell [119], which is
essential for cell invasion, as discussed above. Within 1-3 h inside the cell, secreted
proteins transform the plasma membrane derived phagosome into an inclusion com-
prised primarily of chlamydial inclusion membrane proteins [120]; other proteins lo-
calized in proximity to the inclusion or secreted into the cytosol include CopN, Capl,
CADD, CT620, CT621, CT711 and nuclear effector protein [119, 121-125]. Interest-
ingly, the T3SS is not the only system for secretion of effector proteins. The chlamyd-
ial protease/proteasome-like activity factor (CPAF) is secreted into the cytosol by Sec-
dependent transport [126]. While secreted effector proteins are largely considered
species-specific, there are few data describing genetic variants of these proteins among
different strains of C. trachomatis that may affect invasion, development and evasion
of host immunity with a consequent impact on disease pathogenesis.

As replication progresses and the inclusion enlarges, F-actin and intermediate fila-
ments create a stable cytoskeletal structure that contain the inclusion. CPAF cleaves
the intermediate filaments to allow expansion and stability of the inclusion [127]. Re-
cently it has been shown that sphingolipid biosynthesis is also necessary for integrity
of the inclusion [128]. Containment of the inclusion also likely limits activation of the
host innate immune response. While the organism secretes proteins to ensure main-
tenance of the inclusion, it must also ensure that it does not trigger early cell death
since a sufficient period of time is needed before releasing viable EBs for the next
round of infection. Early apoptosis has recently been shown to result in impaired de-
velopment of the organism [129]. Thus, inhibition of cellular apoptosis is used to pre-
vent cell death as the inclusion grows. However, it is also used to avoid detection by
the host, at least for the duration of its developmental cycle. The effector protein
CPAF appears to degrade BH-3-only proteins of the Bcl-2 subfamily members that
are responsible for detecting stress signals in the cell and triggering apoptosis [130].
While different antiapoptotic pathways appear to be induced by C. trachomatis [re-
viewed in Cocchiaro and Valdivia, 77], the antiapoptotic Mcl-1 protein activates the
signaling cascade of Raf/MEK/ERK that was found to be linked to inflammation via
production of the inflammatory cytokine interleukin (IL)-8, although only strain L2
was examined in that study [131]. Thus, not all antiapoptotic pathways are equal in
terms of minimizing impact on the host. It is also not clear whether all stains use the
same pathways or activate Mdl-1.

Persistence

At some point during development, replication can be arrested with expansion of the
RBs to aberrant forms that are in a stationary phase. During this phase, the cell isin a
state of persistence where the organism resides within the cell in a viable but noncul-
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tivable state. In humans, it is difficult to unequivocally prove that persistent C. tracho-
matis STDs occur because one cannot entirely control for reexposure to untreated
partner(s) [132] or recent transmission from an infected trachoma patient. There is
also concern about emerging resistance to common antibiotics with the consequence
of persistent infection [58, 133-135]. The evidence supporting persistence comes
from in vitro systems, animal models and human populations. Induction of persis-
tence is not entirely understood. In vitro studies have shown that C. trachomatis-in-
fected HeLa 229 cells develop aberrant inclusion morphology in response to IFN-y,
exposure to penicillin or deprivation of essential amino acids [136, 137]. Inhibition of
intracellular growth by IFN-y is achieved by depletion of tryptophan, which occurs
by induction of the tryptophan-degrading enzyme, indoleamine dioxygenase, al-
though it is not known if this occurs in vivo. Removal of IFN-y or penicillin, or re-
placement of amino acids results in resumption of normal development, including
surface protein expression. The addition of tryptophan to the tissue culture also re-
verses the effects of IFN-y [138]. Thus, persistence may be widely present among in-
dividuals who are culture negative and have clinically unapparent infection. This may
be a source for reinfection or spread of infection when environmental or host condi-
tions favor the transformation of the latent form into an infectious or metabolically
active one.

Persistence has also been demonstrated in animal models of C. trachomatis infec-
tion [76, 139-142]. In a murine model of cervical infections, persistent C. trachomatis
forms were observed by electron microscopy in epithelial cells months after the initial
infection [141]. Similarly, apparent clearing of the primary infection was followed by
C. trachomatis shedding after immunosuppression with cyclophosphamide or corti-
sone acetate, suggesting that viable organisms were present for at least 4-5 weeks in
the mouse genital tract [76]. In the macaque model of salpingitis, persistent C. tracho-
matis DNA and antigens were found in upper genital tract tissue long after treatment
was completed [140]. Among STD populations, persistent cervical infections have also
been documented [143, 144]. In one study, women with >3 C. trachomatis recurrenc-
es over 2-5 years were found to have same-serovar infections in 24% of the cases [144].
Interestingly, the recurrent serovars were the least common among the population
sampled. In the same study, many intervening culture-negative samples were positive
by nucleic amplification tests long after residual DNA should have been cleared after
treatment, which lends support to the growing body of evidence that C. trachomatis
organisms persist. These cumulative findings, then, support the notion that C. tracho-
matis may contain specific biologic properties that allow for initial infection and then
persistence through modulation of MOMP or other surface-expressed proteins in re-
sponse to immune or antimicrobial selection. During persistence, there is reduced
expression of lipopolysaccharide (LPS) and MOMP but normal or increased expres-
sion of C. trachomatis heat shock protein 60 (cHSP60) [145]. cHSP60 is considered a
virulence factor that induces an adverse immune response associated with pathogenic-
ity in the urogenital tract (discussed in ‘Immune Response’, below).
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Release of Elementary Bodies from the Cell for the Next Round of Replication

Once the developmental cycle is completed, the mature EBs are released by two dif-
ferent mechanisms. One involves cell lysis from protease digestion, which kills the
cell. In this scenario, the entire contents of the inclusion are released. The alternative
is exocytosis of the intact inclusion without cell death. In one study, a lysosome-
mediated repair process was identified that may ensure cell survival in the latter case
[146]. Notably, viable bacteria in that study were retained within the host cell, indi-
cating a unique mechanism for ongoing infection and possibly persistence. How-
ever, it is not known to what extent cells that have been infected, and where the in-
clusion has been released, undergo apoptosis or necrosis and what triggers these
events. The distinction is important because necrosis tends to elicit an unwanted
inflammatory response while apoptosis does not because the contents of the cell re-
main in an apoptotic body (while the cell undergoes death), which is released and
endophagocytosed by other cells [147]. In necrosis, both pathogen and host cell
molecules are released that are ‘danger signals’ for the host. From the pathogen,
these include LPS and pathogen-associated molecular molecules (PAMPs) and,
from the cell, chromosomal proteins, heat-shock proteins and ATP, to name a few.
These mediators induce an inflammatory response that can lead to fibrosis and dis-
ease (discussed in ‘ITmmune Response’, below). For example, high-mobility group
box 1 protein is released when cells undergo necrosis but not apoptosis and is known
to mediate inflammation [148]. Poly(ADP-ribose) polymerase 1 repairs DNA and
regulates high-mobility group box 1 translocation [149]. In C. trachomatis infection,
both are degraded [150], suggesting a mechanism for reducing the ensuing inflam-
mation that can occur when cells are damaged during release of the inclusion. The
relative frequency of apoptosis versus necrosis that occurs in the host is not known.
But, the implications for the host are tremendous and represent an area for further
research.

Virulence Factors

Knowledge from Proteomics, Genetics and Genomics

Virulence factors fall into various classifications. They include: (1) adherence and in-
vasion factors that assist bacteria in adhering to and gaining access to host cells (dis-
cussed above) - the latter are usually encoded on the chromosome but can be on a
plasmid or plasmids; (2) exotoxins are proteins produced and often secreted by bac-
teria that include enzymes and protein toxins that have various effects on the host cell
and tissue; (3) endotoxins are surface proteins such as LPS that can interact with the
host cell and may function as adhesins; (4) siderophores that bacteria use to bind host
iron for use in their own metabolism; and (5) capsules, which are used to evade phago-
cytosis and opsonization. Over the last 2 decades there has been accumulated knowl-
edge from proteomics, genetics and genomes regarding chlamydial virulence factors.
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While C. trachomatis does not possess all of these factors, or atleast they have not been
described for Chlamydia, there are some proteins that fit or somewhat fit within the
first three categories.

Major Outer Membrane Protein

The MOMP comprises 60% of the mass of the outer membrane and has been a major
focus of research as it contains important neutralizing determinants [151-154], elicits
T cell help for antibody production [155] and is involved in T cell immunity [156,
157], contains serovar-, subspecies- and species-specific epitopes [5] and may play a
role in attachment and invasion of host cells and in tissue tropism. Thus, MOMP has
been, in total or in part, the primary candidate for a chlamydial vaccine. But, ompA,
which encodes MOMP, is under two types of evolutionary pressure. A number of
studies have documented that ompA divergence is under selective immune and anti-
biotic pressure [15, 21, 144]. This is supported by the fact that over 90% of nucleotide
substitutions encode amino acid changes in MOMP [7-15] and these changes tend to
occur in the same position in both VSs and CSs [16, 158]. One or two amino acid
changes are sufficient for immune specificity [6, 9, 159], yet a single change does not
guarantee a specificity change [160]. ompA diversity may specify slightly different
proteins that alter antibody interactions and allow for ‘escape mutants’ to avoid host
immune surveillance [152]. In one in vitro study [161], neutralizing antibodies
prevented infection by reference strains, but closely related ompA variants escaped
neutralization. Thus, variants appear to arise from point mutations from immune
pressure.

However, there is also evidence for recombination within ompA and in the regions
immediately adjacent to the gene that likely occur from mixed or sequential urogeni-
tal C. trachomatis infections in vivo [20-22, 162]. In the first study to use phylogenet-
ics and statistical modeling of ompA for C. trachomatis strains, there was significant
evidence for intragenic recombination with a high level of recombination relative to
substitution processes for the 3’ half of ompA [21]. This region contains T cell epit-
opes, which are important for eliciting protective immunity [155]. The possibility of
genetic exchange in a region responsible for immune evasion suggests an opportu-
nity for the organism to continue to evolve strains with better fitness and survival
within the host. Furthermore, intra- or intergene recombination that occurs with any
frequency could impact on the virulence of the protein. Importantly, genomic uptake
of DNA by transformation - a likely mechanism employed by C. trachomatis — can
occur not just from coinfection, but also from sequential infections, which provides
multiple chances for genetic transfer to occur over time. From recent studies, ompA
is not the only gene that is important for strain evolution and immunomodulation.

Polymorphic Membrane Proteins
The discovery of the nine-member polymorphic membrane protein (Pmp) gene
(pmp) family in the D strain genome has provided an additional focus for genes that
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may be important in C. trachomatis biology. This is underscored by the fact that the
family is unique to the genus Chlamydia and comprises a surprising >7% of the ge-
nome, and interspecies amino acid sequence homology is <50% compared to 70—
80% for other surface proteins [163]. The Pmps are considered autotransporters and
cumulative evidence supports their role as immunogenic proteins. In vitro studies
have shown that all pmp paralogs are transcribed for C. trachomatis [164]. Pmps E,
G and H of L2 have been identified as outer membrane proteins that were expressed
late in development [165, 166], while more recent studies identified early expression
at 2 h for all Pmps [167]. Importantly, immunoglobulins in sera from adolescents
infected with strains D, E and G, but not other strains, were shown to be reactive to
recombinant PmpC [167]. Subsequent studies support these findings and have
shown that patients with urogenital C. trachomatis infections have differential sys-
temic antibody responses to one or multiple recombinant Pmps [168, 169]. Indeed,
there is considerable sequence variation for pmps for reference strains and more
recent clinical isolates, including deletions and insertion sequences [22]. There is
also evidence for SNPs within some Pmps that correlate with human leukocyte an-
tigen (HLA) class I and II allele T cell epitopes [170]. In this latter study, because of
the high number of SNPs in some pmps compared to ompA and the even higher
number of nonsynonymous amino acid mutations in PmpF, this protein was further
evaluated. The location of clustered amino acid variation included the central re-
gion of the passenger domain, which was found to contain a disproportional num-
ber of MHC class II epitopes, suggesting that variation in PmpF may be driven by
immune selection. This would certainly be the case if the passenger domain comes
in contact with the host cell cytosol where it could be targeted by CD4+ cytotoxic T
cells [171].

Gomes et al. [22] was the first to perform phylogenetic analyses of complete pmp
sequences and found that, for pmpC, there was a significant divergence of strains with
clustering based on disease phenotypes: trachoma, noninvasive STDs and LGV with
one clade including E and F strains, the most common strains among STD popula-
tions worldwide. Similar trees for disease phenotype have also been shown for pmpB,
pmpF, pmpG, pmpH and pmpl, but not pmpA, pmpD or pmpE [172, 173]. Further-
more, pmp analyses have revealed that urogenital reference strain Da is a recombinant
with ocular trachoma strains in the genomic region spanning pmpE to pmpl, suggest-
ing that acquisition of specific segments of the genome may be beneficial in expanding
the range of cellular tropism [168].

Finally, recent investigations have demonstrated that PmpD is an autotransporter
component of the bacterial outer membrane [174, 175]. PmpD translocates to the sur-
face of the bacteria, and is likely involved in invasion of the host cell. PmpD appears
to function as an adhesin since antibodies raised against the protein were able to block
C. trachomatis infection of HeLa cells [176]. In the same study, recombinant PmpD
was shown to activate human monocytes in vitro and induce the release of IL-8, which
is important in the innate immune response.
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PorB

PorB is a surface-exposed, outer membrane porin with weak similarity to MOMP.
In addition to functioning as a porin, immunoreactive PorB antigens appear to be
surface exposed and elicit neutralizing antibodies [177]. There is some sequence
variation for PorB among the 15 reference strains examined to date. Strain D contains
a stop codon at nucleotide 977 with a predicted truncation of 15 amino acids [178].
However, the other nonsynonymous mutations have not been mapped, and there
are no data for recent clinical isolates that tend to have more variable genomes [23,
24]. This will be an important protein to further examine for potential functional
differences.

Translocated Actin-Recruiting Phosphoprotein

TARP, as discussed above, is secreted by EBs via the type III secretion system extra-
cellularly and is injected into the host cell [119, 179]. At the site of internalization of
the EB, Tarp is involved in actin binding and nucleation and cytoskeleton rearrange-
ment, which facilitates invasion of the cell [119, 180]. While tyrosine phosphoryla-
tion of TARP by src family tyrosine kinases is not required for bacterial entry [181,
182], there are variable numbers of tyrosine repeats and actin-binding sites that are
mostly conserved for strains that cause the same disease [83]. This might affect actin
recruitment and further cytoskeletal rearrangements once inside the cell that could
impair inclusion development or expansion or other functions that have not yet been
identified. Phylogenetic analysis of reference strains and numerous clinical isolates
suggests that this is one of the few genes that may be involved in determining clinical
phenotype [83].

C. trachomatis Heat Shock Protein 60

The cHSP60 is a chaperon that is produced by the organism, exposed on the cell sur-
face and thought to be released from the cell during stress [183]. Because of its likely
role in persistence, host immune responses and autoimmunity, this virulence factor
is discussed below under Tmmune Response’.

Chlamydial Protease/Proteasome-Like Activity factor
CPAF is discussed under ‘Survival Within the Host Cell’, above, and ‘The Immune
Response’, below.

The Plasticity Zone

As surprising as it was to identify intra- and intergenomic recombination for C. tra-
chomatis given the obligate intracellular nature of the organism, it was equally as sur-
prising when Read et al. [184] identified a ~50-kb region of considerable heterogene-
ity near the origin of the replication and termination region, which was annotated as
a plasticity zone (PZ), a term used in other pathogenic bacteria to reflect rapid genet-
ic rearrangements. PZs arise from horizontal gene transfer by phage, conjugative
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transposons or plasmid(s). The mechanism used by C. trachomatis remains unknown.
However, the implications for the evolution of Chlamydia and emergence of new
pathogenic strains that are more or less virulent is immense.

Genes within the PZ encode proteins that contribute to pathogen virulence such
as adhesins, toxins, invasins, iron uptake systems and others. Analyses of available C.
muridarum, C. pneumoniae, C. caviae, C. abortus, C. felis and C. trachomatis genomes
have revealed a number of ‘niche-specific’ genes [170, 185, 186] that likely differenti-
ate divergent host and disease phenotypes observed across these species and within
species. For example, for C. trachomatis, many strains lack a complete toxin gene but
contain truncated open reading frames matching N- and C-terminal regions. In vitro
studies have shown enhanced cytotoxicity for C. trachomatis strains (H and J) that
contain the complete gene [187, 188]. This increased cytotoxicity likely limits the de-
gree of dissemination of the organism — C. trachomatis LGV and C. pneumoniae lack
the toxin and are not mucosally restricted, spreading via lymphatics and blood, re-
spectively, in infected carrier cells. A recent study identified a partial, yet functional,
toxin gene acquired by an LGV strain that was similar in sequence to strain D [24].
Since no other LGV strains to date are known to contain a complete or partial toxin
gene, this suggests that the partial toxin was acquired from a D strain. D strains are
prevalent among rectal infections among MSM [100]. The variant LGV strain, re-
ferred to as L2c, was isolated from an MSM who presented with severe hemorrhagic
proctitis. The lack of an inguinal syndrome in this patient suggested that the toxin
may have limited systemic spread of the organism. Indeed, in tissue culture, the strain
was far more cytotoxic than other LGV strains. Interestingly, recent data show that
the Chlamydia toxin indirectly facilitates intracellular growth by damaging host cell
actin microfilaments, which would then allow inclusion expansion [189, 190]. It has
also been suggested that the toxin inactivates GTPase early in infection when EB(s)
are entering the cell, which could assist in thwarting the innate immune response
[191, 192]. This is likely just the beginning of our understanding into how this cyto-
toxin contributes to the invasive properties, variation in tissue tropism, and disease
severity and outcome for different strains.

The PZ also contains genes encoding a partial tryptophan biosynthesis operon
(trpR, trpB and trpA) and trpC (no trpD or trpE) in C. trachomatis, which is missing
in C. muridarum and C. abortus. IFN-y indirectly depletes tryptophan by activating
indoleamine 2,3-dioxygenase that targets intracellular tryptophan [193], an amino
acid required for chlamydial replication. Ocular strains lack a functional tryptophan
synthase (unlike urogenic strains) due to a frame shift mutation in trpA [138, 194,
195]. Consequently, different C. trachomatis strains may or may not be able to scav-
enge host substrates such as indole or other precursors from organisms found in the
lower genital tract or use other as yet unidentified enzymes critical for tryptophan
biosynthesis. Importantly, the repressor gene functions by responding to changes in
tryptophan concentration [196]. Functional differences in the operon, then, would
impart a differential susceptibility to IFN-y that likely correlates with tissue tropism
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and pathogenicity [138, 191, 194]. As tryptophan is exhausted, the ocular strains may
morph into a persistent state while other strains with a functional operon may not,
which would explain the earlier findings of a lack of inducible persistence for L2 [197,
198]. However, persistence would also be likely for urogenital strains that reach the
upper genital tract where there is no source for indole. Somboonna and Dean [unpubl.
data] have recently identified a number of urogenital clinical isolates with mutations
in trpA that are similar to those in the ocular strains in addition to mutations in ¢rpB.
These strains were unable to synthesize tryptophan. Thus, mutations in specific trp
genes or loss of these genes may be necessary for adapting to new host sites of infec-
tion and for persistence with the ensuing pathological consequences.

Finally, a few years ago a major discovery was made of four genomic islands carry-
ing tetracycline-resistance plasmids in C. suis, a closely related species of C. trachoma-
tis [199]. Tetracycline has been broadly used in animal feed to prevent microbial in-
fections. Three islands contained an insertion sequence homologous to Helicobacter
pylori 1S605, suggesting acquisition of the islands from this gut pathogen. Each island
is located in the C. suis invasion-like gene between the ribosomal operons with inser-
tion likely occurring via a transposase [200]. Even though C. trachomatis is not known
to contain an invasin gene, this transfer event is worrisome because it suggests the real
possibility of this occurring in C. trachomatis, especially with the ongoing mass treat-
ment trails for trachoma and the empiric therapy that is used for STDs. This discovery
also suggests the need for expansive genome sequencing of hundreds of C. trachoma-
tis strains to better understand the potential for acquisition of antibiotic-resistance
transposons that would greatly impact pathogenicity and disease.

In sum, the data suggest a role for both MOMP and Pmps in antigenic variation
and adaptation to the host environment through selective mutational and recombi-
nant events of their respective genes. Furthermore, MOMP, some Pmps, PorB and
TARP are virulence factors involved in tissue tropism and the pathogenesis of early
infection. cHSP60 is a virulence factor that elicits a deleterious immune response dur-
ing persistence and later in infection, while CPAF is critical for maintenance of the
inclusion during development. The toxin likely plays a role in infection and tissue
tropism but may limit dissemination while causing more severe pathology in the local
mucosa. The partial tryptophan operon correlates with tissue tropism and is likely
involved in persistence and disease later in infection.

The Immune Response

C. trachomatis attempts to evade the immune response during entry and survival
within the host cell as described above. CPAF has been shown to degrade transcrip-
tion factors such as regulatory factor (RF)X5 [201] and upstream stimulation factor
(USF)1 [202], which are required for activation of antigen expression via the major
histocompatibility complex. This may aid in chlamydial evasion of host immune rec-
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ognition. However, higher serum antibody titers against CPAF compared to titers
against MOMP or cHSP60 have been detected among women with cervical C. tracho-
matis infections [203], and sera from these same women were shown to neutralize the
proteolytic activity of CPAF [204], suggesting an important host mechanism to en-
sure recognition of pathogen invasion. A recent study showed that CPAF cleaves p65/
RelA, which decreases the cell’s sensitivity to proinflammatory cytokines, and this
event likely promotes intracellular survival of the organism [205].

It is generally accepted that during the initial infection an immune response is elic-
ited, and that both a humeral and protective cell-mediated immune responses are re-
quired for infection clearance. Various cells express Toll-like receptors (TLRs) and
other pathogen recognition receptors that can recognize specific PAMPs. PAMPs in-
clude bacterial DNA and bacterial wall components such as LPS, peptidoglycan and
lipoproteins. C. trachomatis expresses several cell wall and outer membrane compo-
nents (discussed above) that may be recognized as PAMPs by TLRs. C. trachomatis
has recently been found to induce the inflammasome, which is an important compo-
nent of the innate immune response to protect the host against invading pathogens
[reviewed in Abdul-Sater et al., 206]. C. trachomatis PAMPs bind to PRR and stimu-
late intracellular production of various proinflammatory mediators in their immature
form. A secondary ‘danger signal’ in the infected cell, for example, stimulates release
of host-cell molecules that induce formation within the cell of an inflammasome,
which is a large complex comprised of caspase-1, ASC (an adaptor protein) and Nod-
like receptor proteins (NLRP; NLRP3 for C. trachomatis). The host immune system
differentiates a nonpathogen from a pathogen in that, with a pathogen, there is secre-
tion of IL-1b and IL-18 - inflammasome-dependent caspase-1 activation is required
for processing of pro-IL-1b and pro-IL-18 molecules into mature molecules that are
subsequently secreted by the cell. C. trachomatis has recently been shown to cause
potassium efflux and production of radical oxygen species within the cell, which stim-
ulates NLRP3 inflammasome-dependent caspase-1 activation [207]. Interestingly, ep-
ithelial cells infected with chlamydiae produce little IL-1b; the majority is produced
by monocyte/macrophages and neutrophils [208]. It has also recently been discovered
that C. trachomatis activation of capase-1 is essential for C. trachomatis growth and
survival in epithelial cells [207]. Thus, there appears to be a fine balance between the
capase-1 induction of the inflammasome and the requirements of capase-1 for C. tra-
chomatis survival.

Various C. trachomatis PAMPs engage urogenital epithelial cell TLRs, which
leads to the production of biologically active mediators such as antimicrobial pep-
tides, proinflammatory cytokines and chemokines, including IL-1, IL-6, IL-8, IL-12
and granulocyte-macrophage colony-stimulating factor [209, 210]. The innate im-
mune cells that are recruited and activated include neutrophils, dendritic cells, mac-
rophages and natural killer cells that stimulate production of IFN-y and TNF-a that
can act to resolve infection [211]. In the macaque ‘pocket’ model of fallopian tube
tissue, the acute infection has been characterized as eliciting a T helper 1 (Th1)-type
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response that includes IL-2 and IFN-y but no IL-4 production [212]. More recent
studies in women have shown that elevated expression of IL-10, IL-12 and IFN-y
were associated with endocervical infection [213], while lower levels of IL-2 but el-
evated levels of IL-12 were identified among infected women in another study [214].
In the murine and guinea pig models, there is evidence for similar Th1 cytokine re-
sponses involving IFN-y and production of neutralizing IgG antibodies that are
thought to resolve primary infection and protect against reinfection for a few months
[reviewed in Rank and Whittum-Hudson, 215]. In addition, there is evidence that
presence in the genital tract of CD4+ T lymphocytes that produce IFN-y is directly
related to infection with lower cell counts as clearance of the organism occurs [216—
219]. In a rat model of reactive arthritis, higher levels of IFN-y and TNF-a expres-
sion in the synovial tissue were associated with clearance of infection with an ex-
pected inverse correlation with synovial weight, which indicated fewer inflamma-
tory cell infiltrations and less edema [220]. Interestingly, there is some evidence that
humans will clear their infection without antibiotics over months to years [reviewed
in Geisler, 221].

Pathogenic Immune Responses

If resolution of the infection does not occur, however, the inflammatory mediators
can participate in tissue destruction and a pathogenic immune response [209, 222]. A
recent study of an ex vivo model of human fallopian tubes reported that IL-1 is di-
rectly responsible for destruction of ciliated epithelial cells of the fallopian tubes [209].
In another study, cervical cells from women with fertility disorders were stimulated
with EBs and found to produce higher levels of IL-1p, IL-6, IL-8 and IL-10 compared
with higher levels of IFN-y and IL-12 among women without these disorders [223],
suggesting that a Th1 response can protect against upper genital tract pathology. In
trachoma populations, the proinflammatory cytokines IL-1p and TNFa were signifi-
cantly associated with trachomatous disease and concurrent C. trachomatis infection
[224]. Increased levels of the Th3/Tr1 cytokine IL-10 were significantly associated
with all trachoma grades, while IL-6 and IL-15 were associated with chronic scarring
trachoma and also with concurrent C. trachomatis infections. While there is some
overlap, there are also distinct differences in the immune response. However, in the
subcutaneous ‘pocket’ model of autologous salpingeal tissue from macaques, Th1 cy-
tokines and CD8+ T cell lymphocytes predominated and were associated with tubal
fibrosis and scarring after repeated infection [225]. Interestingly, repeat infection in
the pocket model resulted in a more rapid infiltration of the fallopian tube tissue by a
higher number of lymphocytes (despite a similar inflammatory response in acute in-
fection), follical formation and destruction of the epithelium [65]. These findings
were similar to what was found in the guinea pig model using the GPIC agent of C.
caviae [226]. Reinfection in the guinea pig was also found to correlate with higher lev-
els of oviduct B and T cells but no or few organisms at this site [226], indicating that
pathology may be driven by the immune response. In the murine model of chlamyd-
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ial genital tract infection, TLR-2 but not TLR-4 was found to be essential for develop-
ing upper genital tract pathology [227].

While it has been suggested that the pocket model may not represent what happens
in humans because the inoculum is placed directly on the tissue instead of having to
travel from the cervix to upper genital tract tissue, studies of the pathology associated
with the upper genital tract in women [98] bear close resemblance to that of trachoma.
Among trachoma populations, there is direct repeat infection of the conjunctiva. The
histopathology of experimental trachoma in cynomolgus monkeys [228] has shown
that inflammatory cells in the conjunctivae following reinfection were predominant-
ly plasma cells. There was also development of lymphoid follicles with conjunctival
epithelial thinning and, later, patchy areas of degenerating epithelial cells. Leukocytes,
B cells and T cells were present in the center of characteristic follicles. Macrophages
were also found in this center, which may assist in presentation of antigen to T cells
that are then capable of evoking a deleterious immune response. Important structur-
al and functional changes involved disruption of the surface membrane of goblet cells
and flattening of microvilli that are part of the normal absorptive surface of the epi-
thelium, which may lead to breakdown of the normal defense mechanism of the epi-
thelium. Interestingly, inclusions, which are present in active chlamydial infections,
were absent in epithelial tissue despite the presence of chlamydial antigens. This study
has provided some provocative data on immune stimulation and destruction caused
by chlamydial antigens as have other studies that have addressed cell mediated im-
munity [229, 230]. But, ultimately, it is unclear whether these data can be extrapo-
lated to humans. However, for the many asymptomatic chlamydial STIs that do not
reach medical attention and for trachoma where treatment is not available, these
models seem relevant to what happens in humans since repeat infections are common
(see the discussion in ‘“Transmission and Repeat Infection’, above). These data, then,
suggest three theories regarding the pathogenesis of sequelae in both the fallopian
tubes and conjunctivae: (1) individuals harbor chlamydial organisms that may or may
not be in a persistent state, but, provide a continuous or intermittent antigenic stimu-
lus for a deleterious host immune response (which includes the possibility that organ-
isms may be associated with scarring but not causative); this is similar to the cellular
paradigm of pathogenesis [reviewed in Darville and Hiltke, 231]; (2) after repeated
infection, the organism is eliminated but adaptive immune mediators have been trig-
gered that set up an enhanced inflammatory process (compared to primary infection)
with collateral damage that may or may not subside over time and promotes tissue
destruction that results in scarring; this is similar to the immunological paradigm of
pathogenesis [222], or (3) a combination of both.

Mucosal Immunity in Preventing Recurrent Infection

Mucosal immunity is an important factor in preventing or limiting recurrent C. tra-
chomatis infections [232, 233]. IgG responses at the mucosal site are thought to at least
partially neutralize the organism and, in concert with memory T cells, partially pre-
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vent repeat infection. Previous studies have suggested that the immune responses may
protect against reinfection but also facilitate chronic disease [234]. IgA titers in hu-
man cervical secretions have been shown to correlate inversely with the number of
isolated organisms, suggesting that the mucosal immune response may regulate shed-
ding of C. trachomatis [235]. However, IgA and IgG antibodies directed against EBs
or cHSP60 have not been found to be associated with protection from repeat infection
[236]. In addition, high levels of IFN-y have also been found in endocervical secre-
tions (and in serum) of women with chlamydial STDs including PID [237, 238] as well
as among women with repeat compared to primary infection [239]. While IFN-y is
important for clearing infection, it has also been implicated in induction of persis-
tence, as discussed above. In the murine genital tract model using the C. muridarum
mouse pneumonitis strain, MoPn, MOMP-specific IgA or IgG MAbs administered
vaginally or in serum have been shown to significantly reduce ascending infection and
upper genital tract pathology [240]. Immunoglobulin fractions from trachoma pa-
tients can also passively neutralize ocular infections in monkeys [241]. sIgA may fa-
cilitate bactericidal activity by an interaction with mucosal monocytes, which have
been shown to decrease bacterial viability [242], or by enhancing an anti-C. tracho-
matis peroxidase system [243]. Secretory antibodies have been associated with immu-
nity to reinfection in guinea pig eyes [215, 244]. It has also been postulated that the
production of IgA1 protease by Neisseria gonorrhoeae [245] may reactivate C. tracho-
matis, which could account for the high number of coinfections in STD populations.

Heat Shock Protein 60 and Pathogenicity
There is support in the literature that cHSP60 induces an antigen-specific adaptive
response associated with delayed type hypersensitivity or molecular mimicry and that
this is one pathogenic mechanism leading to disease. Serum and mucosal antibodies
against cHSP60 among trachoma patients has been shown to be associated with in-
flammatory and scarring disease [224, 246, 247], while serum antibodies in women
have been associated with PID [248-253], tubal factor infertility (TFI), infertility
[254], perihepatitis [255] and cervical cancer [249]. In a study of women with TFI
compared to women with infertility due to other causes, there was a trend for a high-
er rate of PBMC proliferative responses when stimulated with cHSP60 compared to
EBs for the TFI women, suggesting a possible role in pathogenicity [256]. Similarly, a
previous study showed that T lymphocytes from endometrial and fallopian tube tissue
from women with PID and TFI responded to cHSP60 stimulation [257]. These find-
ings are supported by studies in the monkey pocket model of salpingitis that showed
a delayed type hypersensitivity response to recombinant cHSP60 [258]. A subsequent
study in the macaque model lends further support to the role of cHSP60 in delayed
type hypersensitivity in fallopian tube pathogenesis where pathology may be medi-
ated by cytotoxic CD8+ T cells [259].

cHSP60 may also play a role in reinfection. Lower levels of IFN-y produced from
cHSP60 stimulation of PBMCs were found to be significantly associated with woman
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who had C. trachomatis reinfection and PID but not women with single infections or
infertility due to other causes [260]. In another study, elevated production of IFN-y
from cHSP60 stimulated PBMCs was found to be protective against reinfection [50].
Finally, a recent study found that systemic antibodies to EBs but not cHSP60 were
significantly associated with PID recurrence and lower rates of pregnancy over a mean
follow-up period of 84 months [253]. Although this is only one study, it suggests that
other mediators may be involved in disease or, alternatively, may be markers for in-
fection. Nonetheless, while the source of cHSP60 (e.g. acute or persistent infection)
may not be known and there may be no evidence for a productive infection (i.e. cul-
ture negative), immune stimulation from cHSP60 - and likely other chlamydial anti-
gens such as PmpD - is thought to cause chronic inflammation and disease [261]. The
only caveat is that persistent systemic antibodies may be just a marker for chronic or
repeat infection (e.g. cervix or upper genital tract) or for another immune response
that is directly involved in pathology. However, in a monkey model of PID, serum
antibodies to cHSP60 persisted after treatment and correlated with culture or ligase
chain reaction (LCR)-positive tissue [250]. Nonetheless, these data suggest that both
an acute and persistent state may be capable of producing virulence factors that medi-
ate inflammation, which can fuel the disease process.

Autoimmunity

There is also some data to suggest that autoimmunity may play a role in disease patho-
genesis. cHSP60 has a relatively high sequence homology with the human HSP60
gene. A recent study identified four putative T cell epitopes with 100% homology be-
tween the two proteins [262]. In the murine model, a robust T cell proliferative re-
sponse and high anti-murine HSP60 antibody titers were induced only after immuni-
zation with both chlamydial and murine recombinant HSP60 antigens [263]. How-
ever, immunization with cHSP60 alone did not have the same effect. There is also
homology between the murine heart muscle-specific alpha myosin heavy chain and
cHSP60. In murine studies, C. trachomatis infection was able to induce antibodies
against the myosin protein, while injection of chlamydial HSP60 produced both peri-
vascular inflammation and fibrosis in addition to blockage of heart vessels [264]. The
cHSP60 may possess homology to other human proteins that have yet to be identified,
which may contribute to urogenital autoimmunity. Nonetheless, it appears that both
infection and the host immune response are responsible for pathogenicity and disease
outcome.

Host Genetic Susceptibility to Infection and Disease

The above sections have described how infection of epithelial cells by C. trachomatis
precipitates an innate immune response and inflammation that can resolve or prog-
ress if infection is not cleared. A robust adaptive mucosal immune response, including
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CD4+ Th1-IFN-y-producing cells, is important for clearing infection but, with rein-
fection, may result in host memory T cell defense responses that result in collateral
tissue damage. The difficulty in understanding host genetic susceptibility to infection
and disease has been well summarized by Taneja and David [265]. Briefly, results are
difficult to interpret because of: (1) the genetic variation among individuals even
when controlling for ethnic groups; (2) the linkage disequilibrium that exists between
HLA class I loci and, thereby, difficulty in linking a single gene to disease, and (3) the
limited understanding of autoantigens present at inception of the immune response.

The Role of the Human Leukocyte Antigen

The major histocompatibility complex (MHC) encodes HLA molecules that are high-
ly polymorphic and determine not only the repertoire, but also the specificity of the
immune response in humans. HLA molecules are responsible for identifying self from
nonself peptides or proteins. Class I antigens present peptides to cytotoxic CD8+ T
lymphocytes (CTL) while class II antigens present peptides to CD4+ T cells [266].
Class II haplotypes, which include HLADQ2/DR3, HLA-DQ6/DR2 and HLA-DQ8/
DR4, are the most autoimmune-inducing genes and are associated with ~90% of these
types of diseases [reviewed in Taneja and David, 265]. CTLs are important in host
defense against viruses and intracellular pathogens while CD4+ cells function by in-
ducing antibody and cellular responses to antigens external to the cell.

Reactive arthritis is one of a number of autoimmune diseases that has a multifacto-
rial etiology. This chronic disease is associated with HLA-B27 genetic susceptibility,
although the molecular mechanisms remain largely unknown. Environmental factors
such as intestinal and urogenital infections with various pathogenic bacteria are prov-
en factors in disease [267]. However, the role of pathogens in spondyloarthritis and
other arthropathies is still evolving. C. trachomatis is well known as a trigger of reac-
tive arthritis. Indeed, it appears that the HLA B27 B2705* allele is a risk factor for re-
active arthritis ascribed to C. trachomatis, although it is certainly not present in all
cases [268]. An HLA-DRB1*0401-restricted T cell epitope was discovered in the
cHSP60, which was recognized by the DR4 clone from a patient with reactive arthritis
[269]. A recent study identified two C. trachomatis ligands, one of which is a T cell
epitope localized to CT610, that appear to engage in molecular mimicry; both pep-
tides were homologous to the HLA-B27 binding motif [270]. These are the first stud-
ies to identify specific peptides that may explain the pathogenesis of reactive arthritis
in patients with urogenital C. trachomatis infections. While there are limited studies
of arthritis in animals, a recent study using transgenic mice with HLA class II (DR and
DQ) lacking the complete endogenous class IT molecules (where expression is similar
to that of humans) showed that epistatic interactions between DQ and DR determined
progression and severity of inflammatory disease [265].

A limited number of in vitro, animal and human studies have evaluated genetic
markers for C. trachomatis urogenital infection and the sequelae of PID or tubal fac-
tor infertility. In in vitro studies, ~ 18 strain E MOMP epitopes were found to activate
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class IIHLA-DR1-,7-, 13-, 17-, DRw52- and DQ3-restricted peripheral blood T cells;
two epitopes activated DR4-, 11-, 14- and 18-restricted T cells from men and women
with urethral and cervical infections, respectively [271]. Of the class I alleles, 1-5 A2-
and B51-restricted epitopes were recognized by CTLs isolated from 10 strain E-infect-
ed women with cervicitis compared with 1 of 7 uninfected women [272]. While epit-
ope-specific CTLs were not investigated for association with inflammation, these data
suggest a role for class I and II alleles in an adverse host immune response to C. tra-
chomatis. In animal models of C. trachomatis STDs, 2-5 class I alleles in the pig-tailed
macaque correlated with adhesion formation in PID [273]. In mice, immune respons-
es to cHSP60 differed by H-2 haplotype [274]. In humans, DQA*0101 and DQB*0501
were associated with Nairobi sex workers with TFI due to C. trachomatis, while
DQA*0102 was negatively associated [275]. These latter findings contradict a Finish
study where DQA*0102 and DQB*0602 were associated with TFI [276]. Also in Nai-
robi, DQA1*0401 and DQB1*0402 were associated with high antibody titers to
cHSP60, but not with PID [277]. Previously, risk factors for C. trachomatis PID in
Nairobi included C. trachomatis recurrence, serum antibodies against cHSP60, and
class I-A31, C2 and C3 [278]. These results represent two populations and limited
typing (no DR loci and limited alleles) that are not predictive. One additional study
that was conducted in Kenya found that HLA-DR1*1503 and DRB5*0101 appeared
to be protective for TFI [279].

There are not many additional recent studies. In one study, incident C. trachoma-
tis infection was found to be associated with HLA class II allele DQB1*06 and HLA
class I haplotype B*44-Cw*04 [280]. Wang et al. [281] evaluated adolescents at risk
for STDs and found that DRB1*03-DQB1*04 and DQB1*06 were significantly associ-
ated with recurrent C. trachomatis infections measured by the LCR after controlling
for the number of sex partners, race, duration of follow-up and other STDs. In addi-
tion, the IL-10 promoter G-C-C haplotype (-1,082, -819 and -592) were significant-
ly underrepresented in the population, which correlated with lower IL-10 expression
in the cervix. A major limitation of this study was the use of LCR, which was taken off
the market due to sensitivity and specificity issues and, thereby, calls into question the
diagnostic results. A major drawback of all of these studies, except for the Geisler
[221] and Wang et al. [281] studies, is that the diagnosis of C. trachomatis infection
was made solely on the basis of serological tests, which have limited specificity.

Single Nucleotide Polymorphisms in Immune Response Genes

There is a growing body of knowledge linking the immune response to genetic varia-
tion within immune response genes [282]. SNPs can occur in different immune re-
sponse genes such as TLRs or pathogen recognition receptors that are important in
sensing bacteria and triggering host cell signaling after interaction. In a Dutch study,
the allele frequency for TLR4 Asp299Gly among TFI patients did not differ from the
rest of the population [283]. The findings were similar for a Dutch study of the CD14
functional gene polymorphism -260 C>T [284] and for the IL-1B and IL-1 receptor
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agonist among women with TFI [285]. In contrast, an IL-10 promoter polymorphism
(1082AA) was found to be associated with TFI [276]. In another study, SNPs in the
TLR4, TLRY, CD14 and CARD15/NOD2 were analyzed among Dutch women with
laparoscopically confirmed TFI, and a trend in association was found for infertile
women with serologic evidence of prior C. trachomatis infection who had two or more
SNPs [286]. A follow on to the initial study showed that the TLR4 +896 G allele was
associated with TFI but not susceptibility to infection [287]. For TLR2, haplotype 1
was associated with protection against infertility among Dutch women with prior in-
fection [288]. In a study of polymorphisms in the mannose-binding lectin among
Hungarian women, the codon 54 allele B variant was found to be a risk factor for
tubal occlusion compared to controls [289]. Mannose-binding lectin is important in
innate immunity in that it can bind to MOMP and block attachment of EBs to the host
cell [290]. In studies of the chemokine receptor CCR5 that is involved in T cell func-
tion, a CCR5delta32 deletion was noted to be inversely associated with subfertile
women [291]. Finally, there are even fewer data among trachoma populations. Atik et
al. [292] evaluated SNPs in 36 candidate inflammatory genes and their association
with trachomatous trichiasis (defined as more than one lashes touching the eye globe).
A significant increase in risk was found with the combination of TNFa (-308G), VDR
(intron G), IL4R (50V) and ICAM1 (56M) minor allele. A decrease in risk was associ-
ated with the combination TNFa (-308A), LTA (252A), VCAM1 (-1,594C), SCYA
11 (23T) minor allele, and the combination of TNFa (-308A), IL-9 (113M), IL-1B
(5'UTR-T) and VCAM1 (-1,594C). While these studies are important, investigations
that correlate disease (approved standards techniques for diagnosing endometritis
and TFI) with C. trachomatis infection (confirmed by reliable nucleic amplification
tests or culture) and SNPs where confounding data are controlled for in the analyses
will be critical in order to expand and improve our knowledge of host genetic suscep-
tibility to infection and disease.
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Abstract

Next generation sequencing approaches have led to completion of several dozen chlamydial ge-
nome sequences, most of which are from Chlamydia trachomatis. Analysis of these genomes has
shown that chlamydiae, like other obligate intracellular bacteria, have a much reduced genome
structure that implies dependence on the host for much metabolic capability. Certain groups of
genes, including those encoding inclusion membrane proteins and the family of Pmp proteins, have
been significantly expanded against this general reductive evolutionary strategy. Pregenomic and
postgenomic sequence analysis of C. trachomatis has led to considerable understanding of nucleo-
tide polymorphisms, insertions and deletions that are associated with certain clinical presentations.
Future research will address chlamydial genome structure in the context of the system in which they
live, and will include data on the host microbiome and host genetic background. We anticipate that
integrating these areas of research will lead to significant progress in our understanding of the na-
ture of chlamydial infection and disease. Copyright © 2013 S. Karger AG, Basel

There have been many technological revolutions in the study of pathogenic bacteriol-
ogy. These revolutions include the Gram stain and the Petri dish techniques and tools
first described in the 1880s that have routine utility to this day. This era also saw the
first successful efforts to culture bacteria and the association between infection and
disease- critical studies that changed the way we addressed issues of health. Much
more recently, the invention of PCR revolutionized many aspects of science, and al-
lowed specific genetic regions from trace amounts of template to be amplified into a
workable amount of genetic material. PCR and other amplification technologies also
set the table for the latest revolution in biological analysis, which has allowed a com-
pletely different set of questions to be asked about infectious disease and almost every
other aspect of biological investigation. This revolution centers on the incredible ad-
vances in next generation sequencing, proteomics and computer-aided analysis of
data (i.e. bioinformatics). Advances in these areas are truly spectacular; new tools in
genome sequencing allow vast amounts of DNA to be analyzed both by individuals



and atlarge sequencing centers. For example, the Department of Energy Joint Genom-
ics Institute, one of several very large-scale sequencing centers worldwide, generated
thirty trillion quality bases of nucleotide sequence in the first half of 2012 (updated
quarterly statistics available at: http://www.jgi.doe.gov/sequencing/statistics.html).
High throughput genome sequencing technologies have undergone significant im-
provements in the last few years, with genomes such as Chlamydia being sequenceable
in just a few days with very little starting material, for a cost of under $100. Advances
in proteomics parallel these gains, and the computer-based analysis tools have also
kept pace. This has led to an unprecedented availability for researchers and, perhaps
soon, the general public of reasonably priced global genetic informatic tools of discov-
ery and diagnosis. These technologies facilitate a truly global analysis of the biology
surrounding a host and pathogen, against the background of genetic variability and
the myriad unrelated organisms that also exist in this interaction. These advances are
touching every aspect of biomedical investigation, from tailoring drug efficacy for in-
dividual patient needs (pharmacogenomics), to analysis of microbial participants in
complicated disease etiologies. An example of the latter challenge is the use of a sys-
tems biology approach to understanding and addressing bacterial vaginosis [1]. As
discussed in the previous chapters, chlamydial disease pathogenesis is a function of the
intimate interactions between the specific infecting agent and the host immune re-
sponse. Many of these interactions remain poorly elucidated, and understanding these
interactions will be critical to the development of predictive and protective clinical
interactions. While the Petri dish and the Gram stain were clearly revolutionary and
allowed physicians to rethink the fundamental nature of infectious disease, the current
revolution in genomics will facilitate a detailed understanding of disease that until re-
cently could not have been anticipated. The purpose of this chapter will be to address
the nature of chlamydial genomics and how the study of genomics has allowed a clear-
er understanding of the organism and its mechanisms of pathogenesis.

Chlamydia Genome Structure and Evolution

The ‘obligate’ in obligate intracellular bacteria is a product of requirements by the bac-
terium to acquire nutrients or anabolic precursors from the host cell. This is com-
monly reflected in a reduction in both metabolic capability encoded by the parasite,
and a concomitant decrease in genome size [2]. This is reflected in the chlamydial ge-
nome, where evolution through different levels of animal groups has produced highly
syntenous (i.e. similar and similarly ordered) and consistent genomes within the genus
Chlamydia that are between 1 and 1.2 million base pairs in size [3-8]. This is roughly
one fifth to one sixth the size of the Escherichia coli and Pseudomonas aeruginosa ge-
nomes, respectively (web addresses for information on these genomes: v2/pseudomo-
nas.com; genome.wisc.edu/sequencing.htm). This reduction in size reflects a much
more limited metabolic diversity and flexibility. A bioinformatic analysis of the chla-
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mydial metabolome indicates that many biosynthetic pathways present in organisms
that live outside of cells are absent or severely truncated in the chlamydiae. This in-
cludes gene sets associated with amino acid synthesis, nucleotide assembly and other
processes involved in free-living growth. In contrast, the chlamydiae have expanded
certain lineage-specific gene sets, including those encoding inclusion membrane pro-
teins (Incs) [9], and the polymorphic membrane proteins (Pmps [10]), which, collec-
tively, represent between 6 and 10% of the different genomes. Other chlamydiae-spe-
cific proteins that likely function in the intimate interactions between host cell and
chlamydiae are the major outer membrane protein (MOMP) [10], the chlamydial pro-
teasome-like activity factor and other proteases [11], the translocated actin-recruiting
protein (TARP) [12, 13] and possible mediators of cellular survival and immunity
[14-16], some of which are described elsewhere in this chapter or volume.

The unique intracellular niche occupied by chlamydiae has been exploited by Chla-
mydia-like bacteria since before vertebrates evolved. Analysis of genome sequences
from parachlamydiae and protochlamydiae demonstrate that this lineage of bacteria
has continued to manicure and reduce its genomic capability as the chlamydiae have
become more completely dependent on the host, and have discarded genes that be-
come ‘extra baggage’ in this environment [2]. This model of chlamydial evolution is
consistent with genomic structures of many different bacteria, both intracellular and
extracellular, that have evolved to an intimate and dependent interaction with a par-
ticular host. For example, the obligately intracellular rickettsiae have genome sizes
similar to chlamydiae [17, 18], while Treponema pallidum (1.1 megabase genome)
[19] and Mycoplasma spp. (0.6-1.3 megabase genomes) [20], each of which are fas-
tidious extracellular bacteria that are intimately intertwined with host mucosal envi-
ronments, have similarly-sized or smaller genomes.

Many chlamydiae also carry a remarkable small plasmid that has recently been cor-
related with virulence [21, 22]. The presence of the plasmid is noteworthy for several
reasons. This highly conserved genetic element in many ways is quite different to plas-
mids in other systems, where these mosaic and ever changing genetic elements are
used to shuffle genetic capability among strains and species, variably integrating into
the chromosome or being maintained extrachromosomally, adding overall variability
to the genetic capability of a species [reviewed in 23]. In Chlamydia trachomatis, how-
ever, the plasmid is another example of consistency among genomes, with differences
in plasmid presence and structure being the rare exception. The plasmid encodes
eight open reading frames, at least one of which is important to virulence [24].

Variation in chlamydial plasmid structure has recently led to problems in diagno-
sis of chlamydial infections, as the target of a routinely used commercial amplifica-
tion-based assay was specific to a deleted region of the plasmid, leading to expansion
of a strain in patients that were falsely identified as uninfected [25].

Some of the flow of evolution can be observed in the analysis of genome structure
of organisms related to the chlamydial pathogens of humans; this includes the mem-
bers of the genera Parachlamydia, Protochlamydia, Simkania and Waddlia (fig. 1).
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Fig. 1. Phylogeny of Chlamydia and closely related species with strain resolution for C. trachomatis
[data from references 26 and 571.

Most of these related organisms also encode certain proteins that are considered es-
sential to the chlamydial lineage. A highly conserved type III secretion machine is
encoded by each of these groups, and it is postulated that this important and widely
distributed tool for interacting directly with host cells might have evolved originally
in an organism on this lineage. While different members of the lineage will lack one
or another of the proteins described in the above paragraphs, evolution or acquisition
of genes encoding these proteins appear to be among the most important players in
the exploitation of the chlamydial intracellular niche by the evolving Chlamydia-like
bacteria [26].

The considerable synteny of the chlamydial genome makes it both straightforward
and challenging to identify regions of sequence variability that are important to dif-
ferences in pathogenicity. A comparison of each of the C. trachomatis genomes shown
in figure 1 demonstrates that there are very few loci in the genome that are highly
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Table 1. Identification of the most highly variable C. trachomatis open reading frames across all sequenced genomes

Designation  Protein DNA AA Gene Function Reference
% diff. % diff. name

CT046 NP_219549.1 2.44 1.34 hctB histone-like protein 2 [60]

CT049 NP_219552.1 6.56 10.17 hypothetical protein [61]

CT050 NP_219553.1 6.39 18.73 hypothetical protein

CT051 NP_219554.1 5.21 10.38 hypothetical protein

CT144 NP_219647.1 2.57 3.99 hypothetical protein [62]

CT166* NP_219669.1 19.73 15.06 glucosyltransferase [63]

CT173* NP_219677.1 20.02 21.25 hypothetical protein

CT413 NP_219923.1 6.4 1.45 pmpB polymorphic outer membrane protein [64]

CT414 NP_219924.1 53 1.91 pmpC polymorphic outer membrane protein [64]

CT442 NP_219954.1 2.14 4.15 hypothetical protein [65]

CT456 NP_219969.1 3.08 8.38 hypothetical protein [62]

CT619 NP_220136.1 3.24 5.22 hypothetical protein [62]

CT649 NP_220167.1 2.18 3 ygfA formyltetrahydrofolate synthetase

CT651 NP_220169.1 2.21 2.37 hypothetical protein

CT652 NP_220170.1 237 1.83 recD_2 exodeoxyribonuclease V alpha chain

CT675 NP_220194.1 2.09 1.04 karG ATP guanido phosphotransferase [62]

CT677 NP_220196.1 3.29 1.14 frr ribosomal recycling/release factor

CT679 NP_220198.1 3.54 2.59 tsf elongation factor [62]

CT680 NP_220199.1 4.03 3.59 rpsB 305-S2 ribosomal

CT681 NP_220200.1 5.98 8.56 ompA major outer membrane protein

CT748 NP_220267.1 2.04 0.6 mfd transcription-repair coupling factor

CT852 NP_220374.1 243 3.23 yhgN YhgN family-integral membrane protein  [62]

CT869 NP_220391.1 3.97 2.37 pmpE polymorphic outer membrane protein [64]

CT870 NP_220392.1 5.73 4.23 pmpF polymorphic outer membrane protein [64]

CT872 NP_220394.1 2.55 2.05 pmpH polymorphic outer membrane protein [64]

CT873 NP_220395.1 3.09 224 hypothetical protein

* Indicates genes that are not represented in LGV strains.

variable across the species (table 1), and there are no examples within C. trachomatis
of genuine genomic islands seen in many other pathogenic species. This is in contrast
to many pathogenic species that cause diseases of humans or animals, but is consistent
with highly evolved intracellular pathogens. Variability in E. coli, for example, is
spread across the genome and there are large genomic islands (i.e. pathogenicity is-
lands) that clearly define differences in tropism, disease capacity, or antibiotic resis-
tance among strains [27]. There is a single genomic island found in Chlamydia spp. -
the ‘tet(C) island’ of C. suis [28], a classic antibiotic resistance element that was ac-
quired from unrelated bacteria [29]. This island allows these organisms to survive in
an animal husbandry environment that has historically included subtherapeutic ad-
ministration of tetracycline as a growth promoter. These strains are found worldwide
[30] and the resistance allele can be transferred to C. trachomatis in the laboratory
[31], demonstrating that human pathogenic chlamydiae can become resistant to an-
tibiotics that are commonly used to treat such infections. Outside of this genomic is-
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land, Chlamydia spp. tend to vary by differently inactivating, deleting duplicating or
modifying individual genes from within the lineage. The following sections will de-
scribe individual coding sequences and proteins that vary among chlamydial strains,
with a goal of addressing how these proteins might affect differences in pathogenesis.

Variation in Genome Structure within C. trachomatis

ompA (CT681)

Identification of genomic regions of variability within the C. trachomatis genome be-
gan before genome sequences in this system were possible. Initial examples of genom-
ic diversity centered on variation in ompA, the gene encoding MOMP, which is the
major serovariant antigen in C. trachomatis and other chlamydiae [10]. Serotypic dif-
ferences among different chlamydiae were characterized with antibodies to MOMP,
and these differences were associated with differences in disease spectrum among
strains. Strains of serovars A, B and C were associated primarily with Trachoma,
serovars D-K with classical urogenital chlamydial disease, and serovars L1, L2 and L3
associated with lymphogranuloma venereum (LGV), a more aggressive and invasive
condition. Sequence analysis of MOMP identified four major hypervariable regions,
which represent the primary regions of the protein that are exposed to the surface
[32]. These primary sequencing experiments also demonstrated that recombination
occurred among chlamydial strains, leading to MOMP proteins that are mosaics of
different serovars [33].

The Chlamydial Plasticity Zone (CT152-176)

The first four chlamydial genome sequences to be completed included C. trachomatis
serovar D, C. pneumoniae AR39 and CWL029, and C. muridarum Nigg. A compara-
tive genomics analysis by one of the groups conducting this sequencing included a
discussion of a 20-50 kB region of the genome that varies considerably among these
four strains, against the described background of considerable sequence similarity and
synteny [6]. Continued exploration of chlamydial genome sequences demonstrates
that this region is variable across the genus Chlamydia [6]. This region of the chromo-
some contains several candidate virulence factors that may play a role in why these
pathogens target different species (i.e. mouse or human) and/or different tissues with-
in species (i.e. lung, genital tract or eye). A walk through the plasticity zone in C. tra-
chomatis and C. muridarum highlights the possible role of some of these differences.

Tryptophan Synthesis

The amino acid tryptophan has long held a curious place in chlamydial biology. It has
been known that starving cells of tryptophan in vitro, or of one of several other amino
acids, leads to interruption of the classical developmental cycle and the formation of
division-incompetent reticulate bodies that do not mature to elementary bodies [34].
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These aberrant forms likely have a unique place in disease pathogenesis associated
with chlamydial infection. The role of tryptophan in C. trachomatis-host interactions
followed the determination that, in human cells, exogenous interferon gamma
upregulates the production of indoleamine deoxygenase, a protein that depletes in-
tracellular tryptophan abundance [35]. Thus, the cell is working to reduce the ability
of the intracellular pathogen to grow, by removing this important building block from
the nutrient pool.

This story becomes even more interesting when variation in tryptophan biosyn-
thetic machinery is compared among the different chlamydial strains. The genes trpA
(CT171) and trpB (CT 170) are present in the plasticity zone of C. trachomatis strains,
while these genes (and any other fragment of the Trp biosynthetic machinery) are ab-
sent in the closely related C. muridarum [5]. Expression of intact chlamydial trpA/B
in E. coli demonstrated that they were functional, and that they led to the ability of
strains to metabolize tryptophan from indole. Analysis of a large collection of strains
in the University of Washington Chlamydia Repository demonstrated that trpA/B in
ocular strains of C. trachomatis are inactivated by deletions introducing frameshifts,
while these genes are intact in strains and serovars that grow in the genital tract [36].
This distinction is amplified when serovar B is considered. Strains of this serovar can
be divided into those that cause blinding trachoma and those that cause classic uro-
genital disease. In each strain, the genotype at trpA/B is consistent with the target tis-
sue of the infection. There is considerable variation in the trp loci among the different
chlamydial species, likely reflecting their need to differently exploit the host-based
nutritional condition and stresses in each of their target hosts [6].

Differences in the Trp operon among different C. trachomatis strains represent a
fascinating example of how genome structure allows these organisms to exploit a
particular host niche. Why would a pathogen of the genital tract be selected for an
ability to metabolize indole to tryptophan, while a strain that grows in the conjunctivae
specifically lacks this ability? The answer could come from the nature of the microbiota
in each environment. Thelower genital tractis colonized by alarge variety of organisms
that likely can provide some level of indole to the community. This is not the case in
the conjunctivae, where the abundance and diversity of the microbiota is much lower.
Therefore, chlamydiae infecting the genital tract have the opportunity to exploit a
nutritional source that allows them to grow in a hostile environment that may be
replete with IFN-y-secreting T cells, which are working to starve the intracellular
bacteria for tryptophan. While the T cells are likely present as well in the conjunctivae,
the source of indole might be lacking, leading to a reduced need for the ability to
metabolize this product.

C. trachomatis and C. muridarum also encode partial or complete fragments, re-
spectively, of a large protein sharing identity with cellular cytotoxins from other spe-
cies [37, 38]. Treatment of host cells with homologous toxins from other species (e.g.
Clostridium difficile and E. coli) leads to cytoskeletal rearrangement resulting from
disruption of host cell GTPase activity. Within the chlamydiae, the number and struc-
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ture of these toxins varies among and within species. For example, C. muridarum en-
codes three copies of this toxin, while different C. trachomatis strains carry different
fragments or frameshifted regions of the toxin open reading frame. C. trachomatis
serovars L1-L3 encode very short fragments of the toxin, and almost certainly express
no toxin activity; one exception being a recombinant L2 strain discussed later in this
chapter. Hypotheses surrounding the role of these toxins in the differential tissue tro-
pism and pathogenesis of different C. trachomatis strains have been challenging.

Other plasticity zone genes vary among strains (e.g. CT149-151) [39], but it is not
clear how the presence or absence of these coding sequences participates in the differ-
ent tropisms and clinical presentations observed within C. trachomatis. The plasticity
zone is the one region of the chlamydial chromosome in which reductive evolution is
still in progress, and changes in this region have likely been selected for optimal
growth in the different environments occupied by these otherwise closely related
strains and species.

Pmps, Incs and TARP

There are several other genes that vary in structure across the C. trachomatis genome,
including some that might have a role in host and tissue specificity. The two large
families of genes mentioned earlier in the review — the Pmps and the Incs - are pres-
ent across the chlamydial lineage, and vary significantly across the species. For ex-
ample, chlamydial Pmps, which are members of the autotransporter (i.e. type V) fam-
ily of secreted proteins, are scattered across all Chlamydia spp. genomes. The effector
domains of these proteins are secreted out of the chlamydial developmental forms and
C. trachomatis has over 10 different pmp or pmp-like genes, while C. pneumoniae has
expanded this family to over 20. The encoded proteins have a variety of functions in
chlamydial biology, and there are differences in the number of Pmps between species
and differences in the sequence of Pmps within species. This pattern is also found in
the chlamydial Inc proteins. The number and structure of Incs vary both across and
within species, with significant differences observed among the different human
pathogenic species. Although there are excellent examples where gene function has
been elucidated for Incs and Pmps, the study of these proteins remains in its infancy.
It is possible that differences in abundance and sequence of Pmps and Incs have a sig-
nificant role in the interactions of the different chlamydiae with different hosts and
host cells.

The chlamydial TARP (CT 456) functions in early interactions between chlamyd-
iae and the host cell, facilitating primary uptake through major rearrangements of
actin in the host cell [12, 13]. TARP from each species contains actin-binding domains
and a proline-rich domain; TARP from strains within C. trachomatis also have a ty-
rosine-rich phosphorylation domain. It is proposed that the proline-rich domain fa-
cilitates TARP-TARP interactions which focus the actin nucleation events, facilitating
uptake. It is not clear how that phosphorylation domain participates in this process,
as it is absent from the C. trachomatis strains examined to date. Structural differences
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are present in TARP both within and between species [40], and differences in TARP
structure correlate with the differences in invasive characteristics of C. trachomatis
[41].

Smaller Scale Genetic Variation and Disease Pathogenesis

We have discussed the overall synteny and conservation of genome structure in C.
trachomatis, and how it is likely that genetic differences such as trpA/B structure like-
ly participate in the variety of diseases that are caused by these pathogens. There is
also evidence that C. trachomatis genetic variation within an individual patient might
lead to variation in different disease outcomes in that patient, or perhaps in patient
partners following transmission of the pathogen. Data exists supporting a model that
single nucleotide polymorphisms exist in strains from clinical samples that may sig-
nificantly affect the biology of the pathogen in vivo. An example of this was first un-
covered in patients persistently infected with a serovar I strain [42]. These individuals
were positive for the same serovar of C. trachomatis for many months or even years,
and a subsequent study showed that the infecting chlamydiae expressed a variable
phenotype in culture over the course of their infections. Isolated and cloned C. tra-
chomatis from these individuals expressed either a fusogenic or nonfusogenic inclu-
sion phenotype, which is correlated with the presence or absence of an inclusion
membrane protein, IncA (CT 119) [43, 44]. A retrospective analysis of patients in-
fected with IncA-negative (i.e. nonfusogenic) strains demonstrated that this genotype
was associated with lower infectious organisms and clinical symptoms in the patient
[45]. Subsequent work demonstrated that individual strains infecting patients can be
a mixture of IncA-negative and IncA-positive clones, and that genomic decay likely
leads to switching of this phenotype in vivo [44].

A second gene that varied in the patients infected with a mixture of IncA-postive
and IncA-negative, highly related strains was CT135, a hypothetical gene that was vari-
ably intact or interrupted in different infecting strains. While the function of CT135
remains unclear, its role as a virulence factor was demonstrated by Sturdevant et al.,
[46] who showed that laboratory strains of C. trachomatis contain subpopulations that
have deletions in this open reading frame, and that these deletions lead to differences
in the ability of the pathogen to colonize the upper genital tract in a murine model sys-
tem. These studies support a hypothesis that chlamydial strains in patients are likely
pools of strains that vary at different positions in the genome, and that these differ-
ences affect tissue tropism and other aspects of disease. Other phenotypes might also
vary in vivo [47] and there is good evidence that many routinely used C. trachomatis
strains exist as pools of organisms that differ slightly at many positions in the genome.
This is also supported by primate studies that show subtle genetic differences can lead
to significant differences in pathology in a primate model of Trachoma [48]. The study
of additional areas of genomic variation continues in many laboratories [39, 48, 49],
and it is likely that elucidation of the functions associated with such differences will
greatly enhance our ability to understand differences in pathogenesis among strains.

C. trachomatis Genomics 69

Black CM (ed): Chlamydial Infection: A Clinical and Public Health Perspective.
Issues Infect Dis. Basel, Karger, 2013, vol 7, pp 61-77 (DOI: 10.1159/000348752)



Efforts to Develop Molecular Typing Strategies

Historically, Chlamydia infections of many species were diagnosed through the use
of specific antibodies to either the group-specific lipopolysaccharide molecule, or
the serovariant major outer membrane protein. Highly specific antibodies were
generated for these studies, and such analyses remain useful in some diagnostic
and research settings. NAATS-based approaches for diagnosis of infection fol-
lowed the advent of PCR, leading to urine-based diagnostics that are minimally
invasive. While there have been examples of problems with these assays, in general
they are excellent tools for diagnostic analysis and epidemiology. However, these
analyses remain limited to plus/minus-type infection studies, where very little of
the nature of the infecting organism can be assessed. As the body of knowledge of
individual Chlamydia genome sequences has expanded, different strategies have
emerged to facilitate both identification of Chlamydia-infected individuals and
to work toward mechanisms to correlate individual chlamydial genotype with a
specific pathologic process. The following paragraphs will address these new
developments.

Multilocus Sequence Typing

The multilocus sequence typing (MLST) approach works to examines genetic poly-
morphisms in a relatively limited number of loci, with a goal of evaluating as many
group-specific differences as possible. A variety of multilocus sequence typing pro-
files for chlamydiae have been developed by different laboratories, each based on a
set of between 5 and 7 different genetic sequences in the Chlamydia genome [50-
53] (table 2). A different set of assays are based on tandem repeat sequences (e.g.
multilocus variable number tandem repeat analysis) [54, 55] which can also be used
as epidemiologic markers for different strains. While these strategies are clearly
useful in the understanding of epidemiologic patterns in chlamydial infections,
their utility in understanding differences in disease progression in patients remains
to be elucidated. It is likely that continued advances in next-gen sequencing
technologies will significantly affect our ability to conduct these analyses on a
larger number of loci, leading to clearer definitions of strains for epidemiologic
purposes.

Strain Evolution and Emergence

As mentioned earlier, original understandings of C. trachomatis strain variation was
limited to the analysis of the different serotypes, which led to ~18 canonical serovars.
As sequencing technologies improved, variation at many loci (e.g. trp, plasticity zone,
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Table 2. Summary of contemporary sequence typing systems for genotyping different C. trachomatis strains

Group Method Loci Strains Sequence Description

[reference] n types, n

Klint et al. MLST CT046, CT058, CT144,CT172, 47 32 5 hypervariable regions including

[50] CT682 3 hypothetical genes

Pannekoek  MLST CT587,CT855, CT0003, 26 15 7 housekeeping genes

etal. [53] CT498, CT742,CT371,CT198

Dean et al. MLST CT432,CT376, CT245, CT653, 87 44 7 housekeeping genes

[66] CT332,CT781,CT209

Pannekoek ompI-VNTR  CT642-CT643 (intergenic), 93 87 4 variable number tandem repeat

etal. [53] CT259-CT260 (intergenic), loci including intergenic regions
CT172,CT681 and ompA

Pedersen MLVA-5 CT046, CT456, CT632-CT633 43 15 5 variable number tandem repeat

etal. [54] (intergenic), CT868, CT872 loci including intergenic regions

Indicated loci numbers are based on the annotations from the C. trachomatis D/UW3 genome sequence.

the Pmps) led to understanding that variation clearly extended beyond serotype, and
that many individual genetic variations might correlate with differences in disease and
tissue tropism. Whole genome sequencing has greatly expanded our understanding
of this issue. Sequence analysis has led to the identification of chlamydial genomes
that are clear mosaics of different canonical serotypes, with variation not being
observed at loci that have been previously associated with differences in pathogenesis
or serovariation. The first of these were uncovered by Jeffrey et al. [49], who deter-
mined that an IncA-negative variant strain (Ds/2923) contains a D ompA gene within
a genetic background more closely related to E and F strains (fig. 1). This manuscript
also shows evidence of recombination within an F variant strain, in regions of the
chromosome that are different to those shown in Ds/2923. Work by Dean and
colleagues also addresses this issue — these individuals have identified a unique
recombinant strain that is a hybrid between strains of serovars D and L2, resulting in
a strain with unusual growth characteristics and an apparently ‘hypervirulent’ pheno-
type. Notably, this recombinant L2 strain has an intact toxin gene (CT166; table 1),
which is absent in other LGV strains as discussed earlier in this chapter, and is associ-
ated with severe hemorrhagic proctitis in vivo, and an in vitro cytotoxicity not seen in
other L2 strains [56].

Examples of apparently random recombination across the genome of clinical chla-
mydial isolates was confirmed and greatly expanded by Harris et al. [57], who added
a large and significant list of sequenced strains to the genome database. These studies
support a model in which recombination is widespread in C. trachomatis strains,
likely occurring in patients, and perhaps resulting in phenotypic switching among
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these generally closely related strains. Issues that remain in this area include the mech-
anism of DNA exchange by chlamydiae, the actual role of this recombination in chla-
mydial biology and disease, and the possibility that recombination hotspots are used
during chlamydial lateral gene transfer [58].

While much of the discussion here centers on gene-level or genome-level changes
that affect pathogenesis of individual chlamydial strains, the role of small variations
in genome structure, or simply the emergence of otherwise highly related strains in a
susceptible host population, remains important in this system. For example, a unique
LGV isolate (L2b) has been found recently in Europe and Canada [59]. The L2b ompA
sequence of the L2b strains was identical to that found in strains archived in San
Francisco in the 1980’s, indicating that this strain lineage has been expanding into
susceptible populations for at least 25 years. Harris and colleagues sequenced 12
contemporary isolates of the L2B lineage when they conducted their large-scale ge-
nome sequencing study [57], and showed that there was a maximum of 19 sequence
differences between the members of that lineage. The precise genetic or social changes
that led to the expansion of this clone remain unclear. However, there are differences
in the ompA gene that likely reflect differences in MOMP antigenicity. Also, as dis-
cussed above, previous work in a primate system suggests that such differences can be
critical to immune avoidance C. trachomatis infections [48]. The L2b story likely rep-
resents a very good model of how C. trachomatis strains ebb and flow among patient
populations, and the associated slow sequence changes that occur is complemented
by recombination events between strains in multiply-infected individuals, leading to
perhaps a larger reshuffling of genetic and phenotypic differences among C. tracho-
matis in human populations.

Sequencing of host genes that participate in chlamydial disease pathogenesis plus
the radical technological advances in bioinformatic analysis has allowed a novel field
to develop, the field of ‘public health genomics’. The driving concept in this area is the
integration of individual genome sequences and human genetic polymorphisms into
the therapeutic options that might be most applicable in a single infected patient. This
approach is a developing area in chlamydial biology, but researchers still have a long
way to go. Several different laboratories have worked in this area, with a goal of iden-
tifying host genetic variants that are associated with either enhanced pathology or
reduced disease in the patient population (table 3). There is a useful presentation of
many of these genes in the chapter by Dean in this volume, and we will not repeat
these discussions here. Much of these data can be compared to experiments with mu-
rine model systems, either through analysis of knockout mice or analysis of microar-
ray data. These are particularly challenging experiments, as the readout needs to be
clearly defined and complicating comorbidity determinants have to be carefully ad-
dressed. The accumulating data suggests that variation in several different genes en-
coding proteins participating in the immune response are associated with disease se-
verity, including genes encoding HLA molecules, cytokines and Toll-like receptors.
As technologies for accumulating and correlating data mature, and as individuals in
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Table 3. Host genes associated with variation in clinical presentation following chlamydial infection

of humans

Gene Correlation shown; system Reference
Haptoglobin type E active trachoma [67]
Sickle cell trait HbAS none [67]
NLRP3 abdominal pain following C. trachomatis infection [68]
miRNA-146A none; genital tract [68]
TLR-4 mutation none; genital tract [69]
MBL2 antibody response; C. pneumoniae infection [70]
multiple SNPs in PRR’s trend toward relationship; tubal pathology [71]
IL1-B, IL-1R no association; tubal pathology [72]
IL-8, CSF2, MMP9 association with trachomatous scarring [73]
MMP9 scarring; ocular infection [74]
TLR-4 pathogen accumulation; tubal factor infertility [75]
MBL-low susceptibility; tubal factor infertility [75]
CCR5, TLR-2 none; tubal factor infertility [75]
TLR-2 haplotype 1 reduced susceptibility; tubal pathology [76]
MICA host susceptibility; genital tract infection (771
IL-10, IFN-y immune response variation; tubal factor infertility [78]
TNF-q, IL-10 severity of tubal damage; tubal factor infertility [79]
HLA class I and I chlamydial genital tract infection [80]
HLA variants recurrent infection [81]

the field develop standardized metrics for integrating these data, increased clarity in
these areas will emerge. It is anticipated that this field will move toward a clinically
oriented integration of the host gene structure, chlamydial genes and genomes, the
host microbiota and the health history of the patient, and that this integration will lead
to more successful prediction of the patient prognosis following infection by C. tra-
chomatis in the genital tract.
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Abstract

Screening tests to detect Chlamydia trachomatis infections have advanced to permit the detection
of nucleic acids from organisms. The development of these molecular assays that can detect and
amplify the specific nucleic acids from the genes of C. trachomatis are called nucleic acid amplifica-
tion tests (NAATs) and they have expanded the range of available specimen types to include nonin-
vasive samples, as well as the more traditional invasive sample types. These new molecular tests have
thereby drastically extended the transit time and conditions from the sample collection to testing in
the laboratory. These highly sensitive and specific NAATs are now the primary tests used to screen
for C. trachomatis infections. For screening purposes, CDC recommends vaginal swabs from women
and urine from men as the sample types. These noninvasive specimen types are most suitable for
screening applications since the specimen can be collected in multiple venues, without the
requirement of pelvic or urogenital examinations. Vaginal swab specimens are less invasive than
endocervical swabs.Whenwomen are given the choice, they often preferthemabove urine collection.
These specimen types have been shown to be equal in sensitivity to endocervical swabs and slight-
ly better than urine specimens for the detection of C. trachomatis. Thus, the use of NAAT assays has
the potential to improve screening rates of both symptomatic and asymptomatic individuals for
detection of chlamydia infections. Copyright © 2013 S. Karger AG, Basel

Chlamydia trachomatis is the most commonly reported communicable disease in the
USA, which infects mostly among adolescent and young adult females. The Centers
for Disease Control and Prevention (CDC) estimates there are 3 million new cases
each year [1]. Acute chlamydia infections often have no symptoms, leaving many
cases untreated. However, the infection may progress to serious health outcomes
including pelvic inflammatory disease, infertility, ectopic pregnancy and chronic
pelvic pain. Untreated chlamydia in a pregnant woman can also infect her newborn.
These sequelae are preventable since chlamydia infections are easily treated with
antibiotics.



The CDC and the US Preventive Services Task Force and major medical profes-
sional organizations recommend an annual screening test for chlamydia for all sexu-
ally active adolescents and young women 25 years of age and under, for all pregnant
women and for women at high risk of infection because of sexual risk behavior [2, 3].
CDC also recommends that previously infected women be rescreened 3 months after
being treated for a chlamydia infection [2]. However, chlamydia screening remains
an underutilized clinical preventive service with less that 50% of eligible women being
screened every year [4].

Improvements in the molecular technology of screening tests holds promise for
increasing screening rates and preventing consequences of untreated infections. The
use of new molecular tests such as nucleic acid amplification tests (NAATSs) allows
chlamydia testing on vaginal and urine specimens, as well as more traditional samples,
such as endocervical swabs for women, thereby avoiding invasive specimen collection
procedures which require a speculum examination. Also, urine samples from men can
now be tested rather than more invasive urethral swabs. CDC now recommends use
of vaginal swabs for women and urine from men as the preferred sample for chla-
mydia screening [5, 6]. Use of such noninvasive sample types have expanded the types
of venues in which screening can be conducted.

Another potential advance likely to increase screening rates in women is the use of
self-collected vaginal specimens obtained by the patient [7]. Shown to be both effec-
tive and accurate in detecting chlamydia, research has indicated that self-collected
vaginal swabs are well accepted by women and are highly sensitive and specific for
chlamydia [8, 9]. In one study women reported they would be more likely to be
screened for STDs if they could collect their own samples [7]. This chapter reviews the
different types of tests, specimen types and venues for the detection of and screening
for chlamydia.

Tests for C. trachomatis Screening

Diagnostic Methods — Chlamydia

Chlamydiae were originally detected following cultivation in cell culture but this has
largely been replaced by nonculture assays. Culture for detection of chlamydiae in
clinical specimens is now usually only performed by large laboratories. Historically,
culture for chlamydia was the first relatively sensitive method for detecting the
presence of organisms in cervical samples. Although originally chlamydia was grown
in embryonated chicken eggs, growth and detection of chlamydia is now accom-
plished by staining of chlamydial inclusions grown in tissue culture cells [10]. C. tra-
chomatis is a biosafety level 2 agent and should be handled appropriately, although it
is not considered a particularly dangerous pathogen. The cell line most commonly
used is McCoy cells, but other cell lines have been used (monkey kidney, HeLa and
HEp-2). As culture is technically difficult and has been shown to be not as sensitive as
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Table 1. Estimates of sensitivity and specificity for diagnostic tests for C. trachomatis
in urogenital specimens

Diagnostic method Sensitivity, %  Specificity, %
Tissue culture 70-85 100
Direct fluorescent antibody 80-85 >99
Enzyme immunoassay 53-76 95
Direct hybridization 65-83 929
Polymerase chain reaction
Cervical swabs 89.7 99.4
Female urine 89.2 99.0
Male urine 90.3 98.4
Strand displacement amplification
Cervical swabs 92.8 98.1
Female urine 80.5 98.4
Male urine 94,5 914
Male urethral swabs 94.6 94.2
Transcriptional mediated amplification
Cervical swabs 94.2 97.6
Vaginal swabs 96.6-96.7 97.6-97.1
Female urine 94.7 98.9
Male urine 97.0 99.1
Male urethral 95.2 98.2
Real-time PCR
Cervical swabs 80.9-87.7 99.4-99.7
Vaginal swabs 84.8-94.7 98.8-99.1
Female urine 92.6-95.7 99.2-99.5
Male urine 97.3-97.8 99.6-99.7
Male urethral 88.6-93.3 98.3-99.1

Sensitivities and specificities adapted from clinical trial data, package inserts and
selected published papers.

previously thought, it is rarely used, except for sexual abuse cases and medicolegal
matters [11]. Previous studies have indicated that culture sensitivity compared to mo-
lecular techniques can range from 50 to 100%, and is usually considered to average
85%, while specificity is considered to be 100% (table 1) [10]. Culture is only per-
formed today by highly specialized research laboratories and some state public health
laboratories, as well as by the CDC. If a local state laboratory does not offer chlamyd-
ia culture when it is desired, the local laboratory should seek the assistance of the CDC
in locating the appropriate site.

Early nonculture assays, such as direct fluorescent antibody staining of direct pa-
tient material and enzyme immunoassays, have been replaced by molecular tests
called NAATS [12], which are currently the tests of choice [6]. Infections detected by
NAATS may be up to 80% higher than those found with the use of older technology.
Enzyme immunoassays and direct probe hybridization assays are no longer recom-
mended because of their inferior sensitivity (table 1) [6].
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Several NAATS are available commercially. These include: polymerase chain reac-
tion (PCR; Amplicor, Roche Molecular Diagnostics, Indianapolis, Ind., USA); strand
displacement amplification (SDA; ProbeTec, Becton-Dickson Inc., Sparks, Md.,
USA); transcription-mediated amplification (TMA; Aptima Combo 2, GenProbe
Inc., San Diego, Calif., USA), and real-time m2000 PCR (Abbott Molecular Diagnos-
tics, Des Plains, Ill., USA; table 1) [10, 13-15].

These methods have been found to have excellent sensitivity for detection of C.
trachomatis, usually well above 90%, in genital specimens and urine from adult men
and women, while maintaining high specificity [12]. A new genetic variant of C. tra-
chomatis was discovered in Sweden in 2006, which was found to have a mutation in
the sequence of the cryptic plasmid, at the target site for Roche PCR, rendering the
organism undetectable by this assay [16]. Recent data from Sweden reports that this
variant is now responsible for 20-65% of all detected chlamydial infection in counties
where PCR was used. So far, this variant appears to be limited primarily to Sweden
with a few isolates being identified in Norway and Denmark. Spread of the variant in
Sweden was associated with use of PCR as the NAAT for diagnosis of C. trachomatis
infection. It has not yet been detected in the USA [17].

NAATS are currently recommended by CDC as the diagnostic assays of choice [6].
Point-of-care tests, which can be used in doctors’ offices and potentially by trained
healthcare workers, are not yet of sufficient sensitivity to be recommended, but new
assays are under development. Such tests could eliminate the need for laboratory fa-
cilities and could be used in community settings [18].

Choice of Specimen Type for Screening

The specimens traditionally used have been cervical swabs for females and urethral
swabs for males. However, due to the great increase in sensitivity and specificity of
NAAT assays, less invasive samples such as urines for both females and males, as well
as vaginal swabs for females, can be also used. CDC now recommends that for
screening of asymptomatic women that vaginal swabs should be used, since they are
slightly more sensitive than urine [6]. Three commercially available NAATs are FDA
cleared for use with vaginal swabs collected either by clinicians or patients during a
healthcare visit.

Vaginal swab specimens are less invasive than endocervical swabs and, when
patients are given the choice, are often preferred over urine collection [9, 19-21].
Vaginal swabs have been successfully used previously for chlamydia screening in
many research studies [8, 22-25]. Such samples can eliminate the necessity for a
clinician-performed pelvic examination for asymptomatic women and may be cost
saving, when a Pap test is not required [26]. These specimen types have been
shown to be equal to endocervical swabs and slightly better than urine specimens
for the detection of C. trachomatis. Furthermore, patients can perform self-collec-
tion without a loss in sensitivity as measured against clinician-collected vaginal
swabs.
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However, urine screening tests are often used in outreach screening programs.
Testing urine for the presence of C. trachomatis has greatly enhanced expansion of
screening programs and has shown to be widely acceptable to patients, providers and
laboratory staff. However, collection, transport and processing of urine may some-
times result in leakage and spillage. Patients may also be reluctant to provide a urine
specimen, as it is often associated with drug testing.

When pelvic examinations are being performed for symptoms or because a Pap test
is required, the cervical swab is usually preferred as the sample type has been shown
to have a slightly higher organism load for chlamydia [27]. Cervical specimens are also
acceptable for NAAT testing in those settings that combine Pap and chlamydia testing
from the same swab sample, such as with the use of liquid cytology media. Liquid cy-
tology transport media are cleared by the FDA for several commercial assays. How-
ever, using liquid cytology samples may lead to testing of older women at low risk for
infection. However, if an individual recommended for screening is not receiving a
pelvic examination, clinicians should take advantage of the ease of obtaining a urine
sample or a self-collected vaginal swab for amplification testing for chlamydia.

For males, the urine specimen is the sample of choice for the detection of chla-
mydia by NAAT assays rather than the more invasive urethral swab [5, 6]. Studies
demonstrate that urine samples perform with higher sensitivity than urethral swabs.
Culture of urethral swabs is no longer recommended.

Alternative Specimen Types

Rectal and pharyngeal specimens are important sample types for detection of chla-
mydia in men who have sex with men. These sample types have been demonstrated
to perform well with NAAT assays and yield better results than culture, but are not
cleared by the FDA [28, 29]. Thus, verification of test performance by individual lab-
oratories before use is required. Eye specimens from infants or ocular samples from
adults can be tested by NAATS; again, laboratories must perform their own verifica-
tion studies. Although the commercially available NAATSs have FDA clearance for use
in genital sites (cervix, vagina, self-collected vaginal swabs and male urethra) and
urine from adolescents and adults, none are currently approved for any site in chil-
dren. Since no company has sought FDA clearance for such nongenital sites or for
children, individual laboratories must perform independent verification for using
amplification assays for testing such specimens for diagnostic purposes in order to
remain Clinical Laboratories Improvement Amendments (CLIA) compliant [30].
NAATS are also becoming increasingly used for diagnostic assays for cases of sexual
abuse [31].

Diagnostic Limitations

Because NAATS measure nucleic acids instead of live organisms, care should be tak-
en in using NAATS for test-of-cure assays. Residual nucleic acid from cells rendered
noninfective by antibiotics may still give a positive amplified test up to 3 weeks after
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treatment, when the patient is actually cured of viable organisms due to residual DNA
in cells [32]. Thus, clinicians should not use NAATS for test-of-cure until after at least
3 weeks. The CDC does not recommend a test-of-cure after treatment for chlamydia,
however, some clinicians still prefer to retest after therapy. Because incidence studies
have demonstrated that previous chlamydia infection increases one’s probability of
becoming reinfected [33], the CDC recommends that previously infected women be
rescreened at 3 months after treatment for chlamydia [2].

Populations to Screen

The steadily increasing cases being reported to the CDC every year and expansion of
funds for screening programs for chlamydia has resulted in recommendations by
professional organizations and public health officials to screen all sexually active
women <26 years of age yearly, or those >26 years with sexual risk factors [2]. The
CDC and professional organizations also recommend screening pregnant women
because of the possibility of the infant becoming infected during birth. Such infections
are usually seen in the eyes of babies, but there are cases where the infant may also
develop pneumonia caused by chlamydia several months later. Babies with suspected
ocular infections may be screened by obtaining swabs of the conjunctiva and sending
them to the laboratory for either culture, which is FDA cleared, or for molecular
NAAT assays. NAATSs are not cleared by the FDA for use in testing conjunctival
swabs, but in practice the assays work well and have been reported to be used by
research studies. Theoretically, the individual laboratory would have to perform a
verification study to ascertain adequate performance for the particular laboratory
[30].

No official recommendations exist for screening asymptomatic or symptomatic
men but CDC guidance has been published [34]. Some public health officials believe
that screening men should be recommended, but others believe more women should
be screened first based on the availability of funds. Some cost-effectiveness modeling
studies have reported that screening men may be an effective way to prevent chla-
mydia sequelae in women [35-37].

Use of Nucleic Acid Amplification Tests in Cases of Suspected Sexual Abuse

A recent multicenter study by Black et al. [31] evaluated the use of SDA and TMA us-
ing urine and genital swabs (vagina and urethra) compared to culture for diagnosis of
C. trachomatis in children, 0-13 years of age. Cultures for chlamydia were performed
at the laboratories of each center, according to their own standard protocols. The
commercial NAAT tests were performed at the CDC (SDA and TMA). When NAAT
results were compared by the specimen type, only one girl had a discrepant result for
chlamydia (vaginal swab negative, urine positive). The sensitivity of vaginal culture
for chlamydia was 39% in all 485 girls studied. However, the sensitivities of urine and
vaginal swab NAATSs were 100 and 85% in all female children, respectively, for detec-
tion of C. trachomatis [31].

C. trachomatis: Molecular Testing Methods 83

Black CM (ed): Chlamydial Infection: A Clinical and Public Health Perspective.
Issues Infect Dis. Basel, Karger, 2013, vol 7, pp 78-88 (DOI: 10.1159/000348753)



These results of Black et al. [31] suggest that NAATS, specifically SDA and TMA,
can be used for detection of C. trachomatis in girls being evaluated for suspected
sexual abuse. Limitations apply for use of these assays because the prevalence of C.
trachomatis in this population is low, and thus confirmatory testing with a different
NAAT is necessary. One cannot extrapolate from these results to other NAATS,
specifically PCR, or use in specimens other than vagina and urine in girls. No rec-
ommendations can be made for the use of these assays in prepubertal boys.

For routine genital samples from adults and sexually active adolescents being test-
ed, confirmatory testing originally recommended by CDC is no longer recommended
by CDC [38]. However, for cases of suspected sexual abuse, confirmatory testing by a
second NAAT should be performed and the laboratory should use a newer ‘second
generation’ NAAT with the highest possible sensitivity [39]. Although confirmatory
testing with a different NAAT target may be problematic, as most laboratories only
use one type of assay, one commercial NAAT (TMA) offers an alternate target con-
firmation assay that can be used on the same testing platform. Additional options in-
clude sending specimens to a reference laboratory for confirmation testing. The 2010
CDC STD Treatment Guidelines recommended that NAATSs can be used to detect C.
trachomatis in vaginal swabs and urine from girls being evaluated for suspected sex-
ual abuse [2]. However, NAATSs were not recommended for use in boys or extragen-
ital specimens, since there are no data. Specimens collected from children for forensic
applications should always be retained in the laboratory for purposes of additional
testing.

Serology

The microimmunofluorescence serological test has been the gold standard test for the
detection of antibody for chlamydia [40]. The assay is useful for population studies
but is not used for the diagnosis of C. trachomatis in ocular or urogenital disease. It
has, however, been widely used for the diagnosis of C. pneumoniae, a respiratory chla-
mydial pathogen. The older complementation fixation serological test has histori-
cally been used for the diagnosis of infections caused by the LGV serovars of chla-
mydia, as well as for the confirmation of C. psittaci infections. LGV is the etiologic
agent of lymphogranuloma venereum and some public health officials favor using
serological assays for confirming the classical form of LGV. It is not recommended
for diagnosing LGV from rectal specimens. The complementation fixation test and
most other commercially available serological assays measure antibody to
lipopolysaccharide, which is an antigen common to all chlamydia and thus these
serological assays cannot distinguish between antibodies from different species of
chlamydia. The microimmunofluorescence assay can be used to distinguish antibody
from different species.
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Barriers to Chlamydia Screening

There are barriers to chlamydia urogenital infection screening for both clinicians and
patients. For providers, there is lack of reimbursement for time required, lack of
awareness that patients are sexually active and lack of knowledge that screening can
be performed without a pelvic examination. For patients, there are issues with inability
to pay copayment of the test, lack of knowledge of the asymptomatic nature, high
prevalence and lack of knowledge about the possible adverse long-term reproductive
effects of chlamydia infection.

Providers, who are reluctant or too busy to perform pelvic examinations to collect
cervical swabs, now have the opportunity to screen women with either urine or vaginal
swabs. Patients who fear pelvic examinations can now submit urine or a self-collected
vaginal swab for screening and no longer have to submit to a pelvic examination. Use
of self-collected samples for chlamydia testing may eliminate some of these barriers
for screening. Education of clinicians and patients alike will assist in overcoming these
barriers. Making testing available free of charge from novel internet or similar school
health-based clinic programs may also remove financial barriers [41-43].

Implications for Public Health Policy and Screening Programs

Continued expansion of chlamydia screening may likely require a systematic outreach
approach to specimen collection in multiple venues, such as schools, vans, health fairs
and including the home for transport delivery to a testing laboratory by courier or
standard mail services [21, 42, 43]. Self-obtained vaginal swabs appear to be the most
appropriate specimen type for outreach screening or home collection based on discreet
packaging, less restrictive postal requirements and the lack of association with drug
testing. However, until FDA clearance has been granted to home collection of speci-
mens for C. trachomatis testing, program and medical directors must consult with
their local laboratory directors on such use to satisfy CLIA regulations for off-label
procedures [30].

In conclusion, screening tests to detect C. trachomatis infections have advanced to
permit the detection of DNA or RNA from nonliving bacteria, thus extending transit
time and conditions from the moment of collection to testing in the laboratory.
Development of tests that can detect and amplify the specific nucleic acids from the
genes of C. trachomatis have expanded the range of specimen types to include nonin-
vasive samples, as well as the more traditional invasive sample types. These highly
sensitive and specific tests are collectively known as NAATSs and are the primary tests
used to screen for C. trachomatis infections. For screening purposes, CDC recom-
mends vaginal swabs from women and urine from men as the sample types. These
noninvasive specimen types are most suitable for screening applications since the
specimen can be collected in multiple venues without the requirement of pelvic or
urogenital examinations.

Vaginal swab specimens are less invasive than endocervical swabs and, when pa-
tients are given the choice, are often preferred over urine collection [9, 19, 20, 38].
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These specimen types have been shown to be equal in sensitivity to endocervical swabs
and slightly better than urine specimens for the detection of C. trachomatis. Until
FDA clearance has been granted to home collection of specimens for C. trachomatis
testing, program and medical directors must consult with their constituent labora-
tory directors on study design to satisfy CLIA regulations for oft-label procedures.

mydia trachomatis or Neisseria gonorrhoeae infec-
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Treatment of Chlamydia trachomatis
Infections

Margaret R. Hammerschlag
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Abstract

Treatment of patients with Chlamydia trachomatis infection prevents sexual transmission. Treatment
of sexual partnersofinfectedindividuals willalso prevent reinfection of theindexcase and subsequent
transmission to other sexual partners. Prompt treatment of chlamydial infection, especially in
women, also reduces complications including pelvic inflammatory disease. Treatment of pregnant
women will prevent the transmission of infection to infants during delivery, which has resulted in a
dramatic decrease of perinatally acquired chlamydial infection (conjunctivitis and pneumonia) in the
USA. The introduction of highly specific nucleic acid amplification tests for detection of C. trachoma-
tis coupled with the availability of effective single-dose antibiotic treatment has had a major impact
on control of genital chlamydial infections. This chapter will review the current recommendations
for the treatment of C. trachomatis infections. Copyright © 2013 S. Karger AG, Basel

Treatment of patients with Chlamydia trachomatis infection prevents sexual trans-
mission. Treatment of sexual partners of infected individuals will also prevent rein-
fection of the index case and subsequent transmission to other sexual partners.
Prompt treatment of chlamydial infection, especially in women, may reduce com-
plications including pelvic inflammatory disease (PID), ectopic pregnancy and in-
fertility, although the extent is still controversial [1-3]. Treatment of pregnant
women prevents transmission of infection to infants during delivery, which has re-
sulted in a dramatic decrease of perinatally acquired chlamydial infection (conjunc-
tivitis and pneumonia) in the USA [1]. As the majority of individuals with genital
chlamydial infection are asymptomatic, screening is the foundation of control in
many populations.



Table 1. MIC of antimicrobial agents active against C. trachomatis

Antimicrobial agent MIC, pg/ml
Tetracycline 0.25-0.5
Doxycycline 0.031-0.25
Azithromycin 0.06-2
Erythromycin 0.016-2
Clindamycin 2-16
Moxifloxacin 0.015-1
Ciprofloxacin 0.5-2
Ofloxacin 0.5-1
Levofloxacin 0.12-0.5
Sulfamethoxazole 0.5-4
Amoxicillin 0.5-10
Rifampin 0.005-0.25
Gentamicin 500
Vancomycin 1,000

From references 7-9.

Antimicrobial Susceptibility of C. Trachomatis

Although there are no standardized methods for in vitro susceptibility testing of Chla-
mydia spp., results have been largely consistent [4-8]. C. trachomatis is susceptible in
vitro to a variety of antimicrobial agents, primarily those that act against protein and
DNA synthesis including rifampin, tetracyclines, macrolides, quinolones, sulfon-
amides and clindamycin [4-9] (table 1). All Chlamydiae are constitutively resistant to
aminoglycosides and glycopeptides (table 1). Chlamydiae have a Gram-negative en-
velope without detectable peptidoglycan; however, genomic analysis has revealed that
C. trachomatis encodes for proteins forming a nearly complete pathway for the syn-
thesis of peptidoglycan, including 3 penicillin-binding proteins, thus penicillin and
amoxicillin have been found to have some activity in vitro [10, 11]. This has been
called the chlamydial paradox or anomaly.

The intracellular location of Chlamydia spp. requires that antimicrobial agents
need to achieve adequate intracellular penetration and concentration to be effective.
Efficacy is generally defined by a minimal inhibitory concentration (MIC) of 1 pug/ml
or less, but an antibiotic with an MIC of 0.1 ug/ml may not necessarily have greater
microbiologic efficacy in vivo than one with an MIC of 1 pg/ml. Ciprofloxacin has
MICs of 0.5-2 pg/ml [8]. Two treatment studies of C. trachomatis urethritis in men
found that a 7-day course of ciprofloxacin at doses of 750 mg bid and 1,000 mg bid
had microbiologic efficacies of only 55 and 72%, respectively [12]. In contrast, levo-
floxacin has reported MICs of 0.12-0.5 pug/ml; one study of 500 mg daily for 7 days
for treatment of C. trachomatis urethritis had a microbiologic efficacy of 92% [12].
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Although resistance to quinolones and rifamycins can be induced in vitro by se-
rial passage in subinhibitory concentrations of antibiotics [13-15], antibiotic resis-
tance to C. trachomatis appears to be very uncommon in vivo. The number of pas-
sages needed to select for resistant mutants varied by strain and antibiotic. Point
mutations for quinolone resistance were detected in both DNA gyrase and topoisom-
erase IV genes [13, 14]. The role of antimicrobial resistance in treatment failures or
persistent infection is not clear. The potential of the organism to develop antimicro-
bial resistance in vivo has not been well studied, mostly limited to a few case reports
that suggested that resistance was a possible cause of clinical treatment failure; how-
ever, the possible mechanisms of resistance were not well defined [5, 16]. In 2000,
Somani et al. [17] described multidrug resistance to doxycycline, azithromycin and
ofloxacin in C. trachomatis isolates from 3 patients, 2 of which were clinical and mi-
crobiologic failures, the third patient’s infection being resolved despite resistance in
vitro. They did not look for possible resistance-associated mutations. Misyurina et
al. [18], from St. Petersburg, Russia, reported high level macrolide resistance in 4
clinical isolates of C. trachomatis associated with mutations in the 23SrRNA and L22
genes. The relationship to treatment and outcome were not clear as no information
were provided on the clinical courses of these patients. More recently, Bhengraj et al.
[19] reported identifying isolates with decreased susceptibility to azithromycin and
doxycycline from 9 of 21(43%) women with recurrent C. trachomatis infection in
New Delhi, India. The women presented with cervicitis, PID and infertility. The
MIC:s for azithromycin and doxycycline ranged from 0.12 to 8 ug/ml. There was no
consistent association of high MIC with previous treatment with either drug. It is
possible that this may represent the baseline susceptibilities of C. trachomatis isolates
circulating in this community. Neither of these studies attempted to look for any spe-
cific mutations. C. trachomatis appears to display what is called heterotypic resis-
tance in vitro, meaning that the population contains both sensitive and resistant or-
ganisms. Studies have suggested that approximately 1% of the population will dem-
onstrate resistance [17].

Most recurrent C. trachomatis infections result from reinfection from an untreated
partner or new infection from a new sexual partner [1]. Studies examining the in vitro
susceptibilities of recent clinical isolates from patients with C. trachomatis infection
seen in the USA and Israel did not reveal any resistant organisms [20, 21]. A large
survey of C. trachomatis isolates from patients with trachoma did not detect develop-
ment of macrolide or doxycycline resistance 18 months after 4 biannual community-
wide distributions of azithromycin [22]. These treatment distributions for trachoma
control involved hundreds of individuals >1 year of age receiving a single dose of
azithromycin, 20mg/kg in children or 1 g in adults, twice a year, which could conceiv-
ably provide selective pressure which might enable expansion of resistant clones of C.
trachomatis. The communitywide azithromycin exposure with treatment of chlamyd-
ial genital infections is significantly less than the mass treatments required for control
of trachoma.
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Table 2. Treatment of uncomplicated C. trachomatis infection in adult and adoles-
cent men and women

Recommended regimens
Azithromycin 1 g orally in a single dose
or
Doxycycline 100 mg orally twice a day for 7 days
Alternative regimens
Erythromycin base 500 mg orally four times a day for 7 days
or
Erythromycin ethylsuccinate 800 mg orally four times a day for 7 days
or
Levofloxacin 500 mg orally once daily for 7 days
or
Ofloxacin 300 mg orally twice a day for 7 days

Adapted from Workowski et al. [1].

Determining antibiotic resistance in C. trachomatis is hampered by the lack of a
standardized in vitro assay. Currently very few laboratories are performing chlamyd-
ia culture, nucleic acid amplification tests (NAATS) are now the standard for the di-
agnosis of C. trachomatis genital infections. Possible mutations associated with anti-
biotic resistance in C. trachomatis are not well characterized and there are no stan-
dardized molecular tests for these mutations.

Treatment of C. trachomatis Infections in Adults and Adolescents

Because of the long life cycle of C. trachomatis, 48-72 h depending on biovar and
strain, treatment has in the past required multiple dose treatment regimens. For de-
cades, 7-day courses of doxycycline and erythromycin were the standard treatment.
The need for multiple dose regimens has raised concerns about the impact on compli-
ance. The introduction of azithromycin with its long half-life in tissue has allowed for
single-dose treatment of genital C. trachomatis infections [1]. A meta-analysis of 12
randomized clinical trials comparing single-dose azithromycin to a 7-day course of
doxycycline found a rate of microbiologic eradication of 97% for azithromycin and
98% for doxycycline [23]. Both drugs also had similar tolerability. Currently, the Cen-
ters for Disease Control and Prevention (CDC) recommends either single-dose
azithromycin or a 7-day course of doxycycline as the first-line regimens for the treat-
ment of uncomplicated genital C. trachomatis infection in adolescent and adult men
and women [1] (table 2). Alternative regimens include a 7-day course of erythromycin
base or ethylsuccinate. Erythromycin has a higher rate of gastrointestinal side effects
than either azithromycin or doxycycline, which may contribute to the lower efficacy
seen in a number of studies. Levofloxacin and ofloxacin are also listed as alternative
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treatment regimens; however, they are more expensive and require multiple dosing
which offers no advantages over the first-line recommendations. Data on other qui-
nolones are very limited. In a recent study comparing oral moxifloxacin (400 mg
orally daily for 14 days) to levofloxacin (500 mg daily for 14 days) plus metronidazole
for the treatment of uncomplicated PID, moxifloxacin eradicated C. trachomatis from
8 of 8 (100%) women compared to 10 of 12 (83.3%) who were treated with levofloxa-
cin [24]. Moxifloxacin does not have an indication for treatment of genital C. tracho-
matis infections.

Test-of-cure (repeat testing 3—4 weeks after completion of therapy) is not gener-
ally recommended for individuals treated with a recommended or alternative regi-
men. However, if there are concerns about compliance, persisting symptoms or
reinfection, repeat testing is indicated. Repeat testing using NAATS after comple-
tion of treatment may not be accurate as chlamydial DNA can persist for 21 days
or longer.

Treatment of Pregnant Women

Screening and treatment of pregnant women is the most effective way to prevent
transmission to the infant and subsequent infection, including conjunctivitis and
pneumonia [1]. The CDC recommends repeat testing of pregnant women, preferably
by NAAT, to document eradication 3 weeks after treatment. Doxycycline and
quinolones are contraindicated for use in pregnancy. Single-dose azithromycin has
been found to be both safe and effective in pregnant women [25], although few stud-
ies have followed the infants after delivery. The CDC also recommends amoxicillin as
a first-line treatment regimen [1] (table 3). Amoxicillin has been demonstrated to be
more effective and better tolerated than erythromycin, which was the recommended
regimen for use in pregnancy for many years [1, 25].

Pregnant women treated for chlamydial infection during the first trimester should
have test-of-cure, and should also be retested 3 months later.

Treatment of Lymphogranuloma Venereum

Lymphogranuloma venereum (LGV) is a systemic, invasive chlamydia infection
caused by the C. trachomatis serovars L1, L2 or L3. Most LGV infection seen in Eu-
rope and the USA has been due to L2 strains. If not treated early and appropriately,
LGV can lead to serious sequelae in men and women, including colorectal fistulas,
strictures and elephantiasis. Unlike uncomplicated genital infection due to tracho-
ma biovar strains of C. trachomatis, treatment of LGV requires a prolonged course
of therapy. Published studies have demonstrated persistent C. trachomatis RNA in
rectal samples from patients with LGV proctocolitis after 2 weeks of doxycycline,
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Table 3. Treatment of C. trachomatis infection in pregnant women

Recommended regimens
Azithromycin 1 g orally in a single dose
or
Amoxicillin 500 mg orally three times a day for 7 days
Alternative regimens
Erythromycin base 500 mg orally four times a day for 7 days
or
Erythromycin base 250 mg orally four times a day for 14 days
or
Erythromycin ethylsuccinate 800 mg orally four times a day for 7 days
or
Erythromycin ethylsuccinate 400 mg orally four times a day for 14 days

Adapted from Workowski et al. [1].

Table 4. Treatment of LGV

Recommended regimen

Doxycycline 100 mg orally twice a day for 21 days
Alternative regimen

Erythromycin base 500 mg orally four times a day for 21 days

Adapted from Workowski et al. [1].

whereas in comparison, C. trachomatis DNA was undetectable after 7 days of treat-
ment in patients with proctitis due to trachoma biovar strains [26]. Although 21-day
treatment with doxycycline appears to be very effective, there have been reports of
failure, usually in men coinfected with HIV [27]. Data on the use of other antibiot-
ics, including azithromycin and quinolones, are limited to anecdotal reports, al-
though in vitro susceptibilities against C. trachomatis suggest that they would be
effective (table 1). Regimens of azithromycin used have included a single 1-gram
dose and 1 gram weekly for 3 weeks [1, 28]. The patient reported by Méchai et al.
[27], who failed 3 weeks of doxycycline, was successfully treated with 400 mg moxi-
floxacin for 10 days.

The CDC recommends doxycycline, 100 mg orally twice daily for 21 days as the
first line treatment regimen. Erythromycin base, 500 mg orally 4 times daily for 21
days is the alternative regimen (table 4).
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Abstract
At the level of the herd (nations), the epidemic of Chlamydia trachomatis genital tract infections has
not been controlled despite medical interventions including screening, treatment and partner
management programs. However, at the level of the individual it is clear that the host immune
response of humans and animals is capable of clearing infection, or at least controlling it
asymptomatically at a level below that detectable with current diagnostic assays. Aggressive
chlamydia screening and treatment programs appear to be counterproductive for reducing the
incidence of disease, likely due to a detrimental effect on herd immunity. The unintentional
demonstration of herd immunity revealed by unsuccessful antibiotic-based public health strategies
offers a hopeful glimpse into possibilities for future immunologic/vaccine-based interventions. A key
to successful implementation of a vaccine-based strategy will be understanding the immunologic
goal of vaccination, i.e. the parameters that define a protective hostimmune response. In this chapter,
we will examine whatis currently known about theimmune response to genital chlamydial infections
based on data from experimental animal models and limited human studies.

Copyright © 2013 S. Karger AG, Basel

Human Immune Response to Genital Chlamydia trachomatis Infection

In contrast to extensive data on the host immune responses elicited in animals during
chlamydial infections (including clearance mechanisms), knowledge of immune re-
sponses to C. trachomatis infection and immune mechanisms mediating protective
immunity are rather limited in humans. Because of ethical considerations, most hu-
man studies have evaluated immune responses at the time a patient is diagnosed with
chlamydia, but have not performed repeated immune measures in patients with un-
treated infection that would provide more insight into the natural history of chla-
mydia and immune mechanisms mediating clearance. Some studies have demon-



strated immune responses in patients with current genital chlamydial infections that
were not C. trachomatis specific (i.e. not measured in vitro in response to challenge
with C. trachomatis antigens), such as changes in genital mucosal concentrations of
select cytokines [1-3], as well as increases in urethral polymorphonuclear cell counts
[4] and cervical T cell but not B cell phenotypes [5]. A major limitation of many of
these studies is that other potential pathogens (e.g. Herpes simplex virus, Mycoplasma,
Ureaplasma, etc.) could also induce nonspecific immune responses and may not have
been tested for or controlled for in the studies. Other studies have demonstrated C.
trachomatis-specific immune responses during genital chlamydial infections, such as
detection of: (1) serum and/or genital mucosal antibodies (mainly IgA and IgG) to C.
trachomatis elementary bodies (EBs) or specific proteins (e.g. MOMP, PGP-3 and
heat shock proteins, HSPs) [1, 2, 6, 7] and (2) systemic and mucosal lymphoprolif-
erative (LP) responses of peripheral blood mononuclear cells (PBMCs) to C. tracho-
matis EBs or specific proteins, e.g. MOMP and HSPs [1, 8, 9]. However, most studies
of C. trachomatis-specific immune responses have not correlated these responses with
a clinical correlate of protective immunity, e.g. decreased risk for incident or recurrent
chlamydia, in part due to a lack of large well-characterized human cohorts with clin-
ical correlates of protective immunity.

Do humans develop protective immunity to C. trachomatis and what are the
immune mechanisms mediating protection? Chlamydial reinfection within several
months after treatment is common (about 10-20%) [10, 11], suggesting that some
humans do not develop complete protective immunity. Yet other at-risk individuals
do not get reinfected, likely due to some degree of protective immunity, a notion
supported by epidemiological and natural history studies. Studies of persons with
prior chlamydia or a high likelihood (e.g. commercial sex workers) show reduced risk
of reinfection [12, 13]. Limited studies of the natural history of untreated chlamydia
in humans have demonstrated that up to 28% of chlamydia-infected persons have
spontaneous clearance of infection within several weeks of an initial screening test (i.e.
before they receive treatment), and approximately 50% have cleared infection by 1
year [14]. These studies support the notion that some humans develop protective
immunity to C. trachomatis, yet studies on the underlying immune mechanisms are
sparse.

Human data that are available, as in animal models, suggest that CD4 T cells and
Thl responses are important. In a longitudinal study of host immune responses in
commercial sex workers in Nairobi who were at high risk for chlamydia, Cohen et al.
[8] reported that select PBMC IFN-y responses to C. trachomatis HSP60 measured in
subjects at baseline correlated with protection against incident chlamydial infections.
Debattista et al. [9] reported that women accessing an Australian sexual health clinic
who had PID or a history of multiple chlamydial infections had a reduced PBMC
IEN-y response to C. trachomatis HSP60 compared with women with only a single
chlamydial infection or those with infertility due to endometriosis. Agrawal et al. [1]
evaluated differences in host immune responses in female subjects with assumed
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primary versus recurrent genital chlamydial infections (based on absence vs. presence
of serum C. trachomatis 1gG, respectively) and found cervical LP responses to C.
trachomatis HSP10 were higher in recurrent infection while LP responses to MOMP
were higher in primary infection; another key finding was that IFN-y levels were
higher in cervical washes of women with recurrent infection than primary infection.
Finally, a study by Wang et al. [15] evaluated immunogenetic determinants predicting
recurrent chlamydia in adolescents enrolled in the multicenter longitudinal study
‘Reaching for Excellence in Adolescent Care and Health’ and found that females
without an IL-10 gene promoter variant (promoter positions -1082, -819 and -592)
had more recurrent chlamydial infections, and that this variant correlated with lower
endocervical IL-10 levels (not C. trachomatis specific). Other studies have also linked
select genetic variants to chlamydia complications (e.g. pelvic inflammatory disease
and infertility) [16-19].

Data on the contribution of the humoral arm of the adaptive immune response
towards protective immunity to C. trachomatis infection in humans are also sparse
but suggest that the humoral response may contribute. Brunham et al. [20] report-
ed chlamydia-infected women with anti-C. trachomatis IgA in endocervical secre-
tions shed fewer infectious Chlamydiae than women without anti-chlamydial IgA,
but the correlation was not observed with serum antibodies. Similarly, Cunning-
ham et al. [21] reported that the presence of genital anti-C. trachomatis IgA
appeared to expedite chlamydia clearance in women following treatment, but
serum IgG did not appear to influence clearance. However, the Cohen et al. [8]
study discussed above found that neither cervical nor serum antibodies against C.
trachomatis EBs and HSP60 were associated with a decrease in incident chlamydi-
al infections.

A major limitation of many studies of immune responses predicting protective im-
munity to C. trachomatis infection was generalizability of the patient population stud-
ied. Some studies included HIV-infected persons or those with multiple prior sexu-
ally transmitted infections, which could have confounded immune responses. Also,
differences in the race/ethnicity of the patient populations could influence the gener-
alizability of the observations beyond the patient populations studied. In summary,
there are a limited number of studies of host immune responses in genital C. tracho-
matis infections in humans, and studies on C. trachomatis-specific immune respons-
es that influence protective immunity are sparse but suggest some humans do develop
protective cellular and/or humoral immune responses.

Immunological Data from Animal Models of Genital Chlamydia Infection

The Animal Models

Animal models are essential for understanding host defense mechanisms because
they allow experimental host manipulation to definitively test protective immunity
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hypotheses. The major animal models for C. trachomatis urogenital infections are the
C. muridarum mouse model, infection of mice with human C. trachomatis strains,
and the C. caviae guinea pig model. The mouse models bring with them affordability,
a reasonable reproduction of the natural human genital tract infection, including
development of hydrosalpinx and infertility, and a wealth of reagents including
knockout mice. The guinea pig model, while somewhat limited in reagents and genetic
tools, is a reasonable reproduction of the human infection including development of
hydrosalpinx with the additional advantage of sexual transmission of infection
between male and female guinea pigs [22, 23].

Information gleaned from animal models is predisposed to misgivings about
extrapolation to humans. This is a valid scientific concern, and a careful assessment
of the animal model versus the human host is appropriate when interpreting animal
model data. Use of human C. trachomatis strains rather than C. muridarum in the
mouse model avoids issues related to the genetic drift that occurred in the million
years since they diverged from a common ancestor, but brings with it liabilities related
to species-specific adaptations that occurred in the same timeframe. Additionally,
animal homologs for the human HLA-A/B/C/D antigen presentation molecules are
also evolutionarily divergent, making it highly unlikely that 8-14 amino acid T cell
epitopesidentified in an animal model would have any relevance for human immunity.
However, because many or possibly most potential Chlamydia T cell epitopes are
sequestered in the inclusion body, identification of Chlamydia proteins whose roles
in pathogen-host interactions make them accessible to host cell antigen processing
pathways is species-independent information that is useful for rational subunit
vaccine development.

At the first level of inspection one can compare the genomes of the Chlamydia
strains used in each model. The Chlamydophila caviae genome has been sequenced.
There is good synteny (gene order alignment) between C. trachomatis serovar D
except at the origin of replication and a region of genetic divergence known as the
plasticity zone (PZ) or replication termination region [24]. C. trachomatis serovar D
has 894 open reading frames (genes), 808 of which are shared with C. cavaie. It is likely
that C. trachomatis-C. caviae homologs for these 808 genes have the same role in the
host-pathogen relationship, and, from the T cell epitope perspective, likely have
similar exposure to the host cell antigen processing machinery.

C. muridarum is even more closely related to C. trachomatis serovar D [25]. There
are gene-for-gene homologs in identical gene order with the only major differences
occurring in the PZ. 810 open reading frames are shared between C. muridarum and
C. trachomatis serovar D, and they likely have similar exposure to the host cell anti-
gen processing machinery. The PZ of human urogenital strains, including serovar
D, contains a tryptophan operon capable of synthesizing tryptophan using indole as
the precursor (as does C. caviae), while the C. muridarum PZ has cytotoxin genes
with homology to Yersinia YopT (as does C. caviae). In vitro and in vivo studies sup-
port the hypothesis that differences in PZ genes between C. trachomatis and C. mu-
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ridarum are adaptations to species-specific innate defense mechanisms triggered by
IFN-y [26].

Human reproductive tract epithelial cells have IFN-y-inducible expression of in-
doleamine-2,3-deoxygenase (IDO), an innate defense that acts against intracellular
parasites by depleting intracellular pools of tryptophan, an essential amino acid for
many microbial pathogens. Murine reproductive tract epithelial cell lines do not
express IDO, with or without IFN-y treatment. Human C. trachomatis urogenital
serovars replicating in human epithelial cells can be rescued from IFN-y-mediated
replication inhibition by addition of indole to the medium, presumably by synthesizing
tryptophan from the indole precursor. Conversely, C. muridarum replication in
human epithelial cells is inhibited by IFN-y and is not rescued by addition of indole
to the media, presumably because C. muridarum cannot bypass IDO depletion of
intracellular tryptophan without a tryptophan synthetase operon [26]. Many
laboratory workers have been infected by human C. trachomatis strains while no
laboratory worker has ever been reported to be infected by C. muridarum [27]. It is
likely that C. muridarum lacks species-specific adaptations, including a tryptophan
synthetase operon necessary to replicate in humans.

C. muridarum has three cytotoxin genes in its PZ [26]. In vitro and in vivo data
support the hypothesis that the murine cytotoxin genes are a species-specific adap-
tation to an innate defense mechanism unique to mice mediated by IFN-y-inducible
p47 GTPases. Human C. trachomatis urogenital serovars do not have cytotoxin
genes, likely because their human host does not have IFN-y-inducible p47 GTPas-
es. C. muridarum replicating in mouse epithelial cell lines is largely indifferent to
effects of IFN-y, presumably because murine epithelial cells do not express IDO
and C. muridarum cytotoxin genes, by homology to Yersinia YopT, likely inactivate
IFN-y-induced murine p47 GTPases. p47 GTPases appear to function as an innate
defense against intracellular parasites by disrupting intracellular vesicular traffick-
ing, thereby starving parasitophorous vacuoles of nutrients, including sphingomy-
elin [26], an essential lipid for Chlamydia replication, and/or directing early inclu-
sions to lysosomes [28]. Human C. trachomatis strains are unable to replicate in
mouse epithelial cells treated with IFN-y, presumably because they have no answer
for the mouse-specific p47 GTPase defense system. Human C. trachomatis strains
have a very limited replication capability in the murine genital tract compared to
C. muridarum [29, 30], and are likely overly sensitive to innate defenses induced by
IFN-y, potentially lowering the bar for defining protective host defense in that
model system.

In summary, human C. trachomatis urogenital strains and rodent C. muridarum
have evolved different mechanisms for evading species-specific innate defenses
induced by IFN-y. As long as they are in their natural host species, replication of
human and murine Chlamydia strains is largely indifferent to first level innate defenses
induced by IFN-y. For the purposes of studying adaptive immunity, differences in
innate IFN-y biology are probably not important as long as the Chlamydia species
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used is in its natural host species. Innate host defenses do not resolve Chlamydia
infections but are critically important for their contributions to immunopathology
(addressed at the end of this chapter). Chlamydial genital tract infections are ulti-
mately cleared by an adaptive immune response.

The Adaptive Immune Response and Protective Host Inmunity

Early seminal work in the field showed that T cells were critical for clearance of chla-
mydial genital tract infections [31]. Mice deficient in T cells were unable to clear infec-
tions [32]. Interrupting genital tract infections in mice with antibiotic therapy before
the tenth day of infection had detrimental effects on the development of protective T
cell-mediated immunity [33], potentially explaining somewhat counterproductive an-
tibiotic-based public health strategies as interrupted development of protective T cell-
mediated immunity in antibiotic-treated individuals, with a cumulative negative effect
on herd immunity [34, 35]. Additional work showed that T cells are sufficient to clear
primary genital tract infections, but that there is a role for antibody in clearing second-
ary challenges after resolution of primary infections [36], and a role for antibody in
vaccine-induced immunity [37, 38]. With that general introduction, we will attempt to
synthesize a working paradigm for host immunity against genital tract chlamydial in-
fections and point out areas where we still lack knowledge.

The T Cell Response

Data from mouse models strongly supporta dominantrole for CD4 T cells in protective
immunity [39, 40]. Early hypotheses in the field looked toward a role for CD8 T
lymphocytes in immune-mediated clearance because Chlamydia species are
intracellular pathogens [41, 42]. However, a critical role for CD8 T cells in clearance
of Chlamydia from the genital tract was set aside by experiments utilizing {3,
microglobulin-deficient mice [40]. B, microglobulin is a critical component of MHC
class T heterodimers (human equivalents are HLA-A and HLA-B) that present foreign
peptides to CD8 T cells. Despite a paucity of CD8 T cells and MHC class I molecules,
B, microglobulin-deficient mice cleared C. muridarum genital tract infections with
kinetics similar to that of wild-type controls. More recently, Chlamydia-specific CD8
T cells have fallen further from grace as they appear to contribute to infertility in the
C. muridarum mouse model [43]. Mice sufficient in CD8 T cells and B cells have lower
fertility rates (greater infertility) than mice sufficient in CD4 T cells and B cells after
clearingprimaryandsecondary C. muridarum genital tractinfections. By extrapolation,
vaccine strategies focused on generating MHC class I-restricted CD8 T cell responses
may have limited efficacy and could promote detrimental immunopathogy, e.g.
infertility.
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The most precise statement of protective immunity in the mouse model is that it is
critically dependent on MHC class II [40]. MHC class II heterodimers present foreign
peptides to CD4 T cells. Mice deficient in MHC class II are unable to clear primary C.
muridarum genital tract infections. These data and supporting CD4 T cell depletion
studies are broadly interpreted as showing a dominant role for CD4 T cells, and no
significant role for CD8 T cells in the clearance of infection. This generalization risks
being overly broad and may obscure consideration of important CD8 immunobiology.
The relevant caveats are that CD8 T cell responses are frequently dependent on CD4
T cell responses during primary infections, and that CD4-deficient mice are able to
clear C. muridarum genital tract infections with a relatively modest 10-day delay
compared to wild-type control mice [40]. Chlamydia-specitic CD8 T cells in humans
are predominantly HLA-A and HLA-B unrestricted [44, 45], i.e. very unusual. In
mice, MHC class II-restricted CD8 T cells comprise roughly 10% of ‘normal’ cellular
immune responses [46]. Our understanding of Chlamydia-specific CD8 T cell
immunobiology is incomplete, and it may be important for understanding host
defense, especially immunopathogenesis attributable to the CD8 T cell subset.

CDA4 T cells play the dominant role in protective immunity in the mouse model.
The critical issues for understanding protective host immunity are: (1) which CD4 T
cell subset(s) mediate protection and (2) by what mechanism? A useful parameter for
categorizing protective immunity is the immunobiology of IFN-y. IFN-y has already
come up in the context of its role in innate host defenses (IDO and p47 GTPases).
IFN-y is also an integral component of adaptive immunity. It has important effects on
antigen presentation including the transition to immunoproteosomes that process
foreign proteins into antigenic peptides (T cell epitopes), and upregulation of MHC
class I, MHC class I and ICAM-1 on professional (dendritic cells, macrophages, B
cells) and semiprofessional antigen-presenting cells (epithelial cells). Epithelial cells
express very little MHC class II unless exposed to IFN-y. Upregulation of MHC class
II is likely critical in host defense against C. trachomatis replicating in epithelial cells
lining the reproductive tract because CD4 T cells utilize MHC class IT to ‘see’ infected
epithelial targets. Mice deficientin MHC class II cannot clear Chlamydia. A correlation
between IFN-y-induced MHC class II and CD4 T cell recognition of C. muridarum-
infected epithelial cells has been demonstrated in vitro [47]. IFN-y also upregulates
expression of epithelial-inducible nitric oxide synthetase (iNOS) that generates nitric
oxide, the effector molecule for one of the two known CD4 T cell-mediated mechanisms
for controlling Chlamydia replication in epithelial cells.

IFN-y-Dependent Cellular Immunity (iNOS)

T cell surveillance of mucosal epithelium is a unique facet of adaptive cellular
immunity, about which we have only a limited understanding. Because replication of
C. trachomatis urogenital serovars D-K is largely limited to reproductive tract
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epithelium, it is reasonable to presume that protective CD4 T cell responses must
terminate C. trachomatis replication in epithelial cells. A universal feature of adaptive
T cell immunity is the ability of T cells to ‘see” infected cells presenting microbial
peptides bound to antigen presentation molecules on their cell surface; therefore, CD4
T cells likely need to interact physically with infected epithelial cells to mediate
protective immunity. Consistent with general features of adaptive cellular immunity,
the first CD4 T cell-mediated mechanism for terminating Chlamydia replication in
epithelial cells requires physical interaction between T cells and infected epithelial
cells.

CD4 T cells can terminate Chlamydia replication by upregulating expression of
epithelial-inducible iNOS to generate Chlamydiacidallevels of nitric oxide, a chemical
antiseptic analogous to hydrogen peroxide. This mechanism requires IFN-y, and
physical contact between CD4 T cells and infected epithelial cells via LFA-1 on the T
cell interacting with ICAM-1 on the epithelial cell [48]. IFN-y alone induces iNOS
transcription in epithelial cells, but the physical interaction is required to boost nitric
oxide levels to sterilizing levels.

A CD4 protective mechanism mediated by IFN-y/iNOS/nitric oxide was a satis-
fying mechanism for controlling an intracellular pathogen such as C. trachomatis.
However, as is common to biologic systems, the reality of protective immunity is
more complex than the initial glimpse at its mechanism. Mice deficient in iNOS
were not compromised in clearance of C. muridarum genital tract infections [49,
50], and IFN-y-knockout mice cleared 99.9% of C. muridarum from the genital tract
with near normal kinetics [31, 51]. This was disconcerting, as were subsequent ex-
periments showing that mechanisms for killing/lysing infected epithelial cells via
perforin and FasL were also dispensable for clearing C. muridarum from the genital
tract [52]. If induction of nitric oxide production and physical killing of infected
epithelial cells were not critical, and antibodies were not critical, then there was no
known host defense mechanism for understanding resolution of C. muridarum gen-
ital tract infections. However, critical experiments showed that iNOS was important
for sterilizing immunity [53]. Viable C. muridarum could be recovered from the
genital tracts of iNOS-deficient but not wild-type mice that previously self-cleared
genital tract infections when they were treated with cyclophosphamide, a cytoxic
drug that depletes lymphocytes and neutrophils more efficiently than monocyte/
macrophages.

The IFN-y and iNOS knockout mouse data showed that sterilizing immunity was
dependent on IFN-yand iNOS, butalso that there were IFN-y- and iNOS-independent
mechanisms for clearing C. muridarum from the genital tract. It was perplexing that
neither iNOS nor T cell-mediated lysis of infected epithelial cells were critical for
controlling genital tract infections as knockout mice singly deficient in either function
could still clear infection. The existing data could be readily explained if there were
two or more redundant CD4 T cell mechanisms for terminating Chlamydia replication
in epithelial cells.
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IFN-y-Independent Cellular Inmunity (Plac8)

Evidence for an iNOS and IFN-y-independent CD4 T cell mechanism came from in
vitro studies utilizing Chlamydia-specific CD4 T cell clones [54]. In a panel of Chla-
mydia-specific CD4 T cell clones derived from mice that self-cleared C. muridarum
genital tract infections, it was noted that some clones were better than others at con-
trolling C. muridarum replication in epithelial cells. The best clones were able to ter-
minate C. muridarum replication in the absence of exogenous IFN-y and in the pres-
ence of inhibitors of iNOS. Blocking the ability of this potent subset of CD4 T cell
clones required both inhibition of iNOS and inhibition of T cell degranulation. This
was evidence for a second mechanism that was not dependent on nitric oxide produc-
tion. Because these same T cell clones could not recognize infected epithelial cells un-
til 15-18 h postinfection, and could not physically lyse them until >30 h postinfection
(C. muridarum replication in epithelial cells completed; noninfectious reticulate body
— infectious EB transition was over), it was unlikely that physical destruction of the
epithelial ‘Chlamydia incubator’ was the relevant mechanism for terminating infec-
tion. The existing data suggested that the INOS-independent pathway (degranulation
dependent) involved injection of a preformed T cell Chlamydia microbicide into the
epithelial cytosol that directly attacked EBs.

The major T cell granule microbicide in humans is granulysin. However, mice do
not have a granulysin homolog, implying existence of an additional T cell microbi-
cide active against Chlamydia. Microarray experiments comparing expression of the
most potent CD4 T cell clones to less effective CD4 T cell clones identified a small
cysteine-rich protein known as Plac8 (also called onzin) as a candidate T cell granule
Chlamydia microbicide [55]. Mice deficient in Plac8 are more susceptible to Klebsi-
ella peritonitis [56], implying at least an indirect antibacterial function. The Chla-
mydia-specific CD4 microarray data was followed by infectious challenge of Plac8-
deficient mice that revealed a compromised ability to clear C. muridarum genital
tract infections. Plac8 knockout mice have a ~20-day delay in clearance of C. muri-
darum compared to wild-type controls. Continuous treatment of Plac8 knockout
mice with the iNOS inhibitor N-monomethyl-L-arginine rendered Plac8 knockout,
but not wild-type mice, nearly incapable of clearing a genital tract infection over 8
weeks. That experiment demonstrated redundant mechanisms for clearing C. muri-
darum; one dependent on iNOS, the other dependent on Plac8. Mice deficient in
either Plac8 or iNOS could clear a C. muridarum genital tract infection, but dual-
deficient mice, genetically deficient in Plac8 and pharmacologically deficient in ni-
tric oxide production, were severely compromised in their ability to clear infection
[55].

Plac8 is a 12.4-kd protein that localizes to neutrophil granules and is expressed by
a subset of T cells. Confusingly it does not have a conventional signal peptide to put
it into vesicular trafficking pathways necessary for delivery to granules. However, its
copurification with granules and absence from cytosolic cell fractions argues that it is
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in the granule, and likely has an unconventional signal peptide. Details about Plac8s
role as either the facilitator or effector molecule for the iNOS-independent mecha-
nism for terminating C. muridarum replication in epithelial cells remains to be deter-
mined. Until that Plac8 biology is clarified it is unclear whether Plac8 directly kills EBs
or facilitates an unknown effector molecule that does.

Cytokine Polarization

For the past 2 decades, the working paradigm for T cell-mediated host defense and
immunopathology has focused on cytokine polarization patterns of CD4 and, to a
lesser extent, CD8 T cells. The first major CD4 subdivision described was Th1 versus
Th2 [57]. Th1 CD4 T cells secrete IFN-y with or without IL-2, while Th2 T cells se-
crete IL-4/IL-13 without IFN-y or IL-2. T cell polarization reflected antagonistic ef-
fects of IFN-y and IL-4 on naive T cell differentiation. IFN-y blocked Th2 develop-
ment dependent on GATA-3, and IL-4 blocked Th1 development dependent on T-
bet. In broad strokes, Thl T cells are specialized to defend against intracellular
microbial pathogens by direct action and by facilitating expansion of CD8 cytotoxic
T lymphocytes; Th2 T cells are specialized to deal with extracellular pathogens, espe-
cially parasites, by facilitating B cell expansion, Ig production and recruitment of
eosinophils. Consistent with these general principles, protective responses against
Chlamydia are Th1 while Th2 responses are ineffective or worsen the infection [58,
59]. The poor performance of Th2 cells in clearing infection could be understood as
an inability to utilize the IFN-y/iNOS-dependent protection mechanism. It is note-
worthy that not all Chlamydia-specific Th1l T cells are protective in vitro [60] or in
vivo [61]. The latter may reflect specificity for nonprotective T cell epitopes, poor
homing, lack of TNF-a, or potentially the lack of the Plac8 mechanism for control-
ling infection.

In recent years there has been an expansion in helper T cell subsets to include Th3
(mucosal tolerance), Treg (mucosal and peripheral tolerance), Th17 (neutrophil re-
cruitment), Th21 (follicular T cells) and Th22 (epithelial defense activation). In ad-
dition, there is an important category of Th1 T cells that deserve their own subset,
but are currently referred to as multifunctional Thl T cells [62]. Activated multi-
functional Th1 cells secrete IFN-y, TNF-a and IL-2, and correlate with protective
immunity in vaccine studies in the C. muridarum mouse model [63, 64]. That find-
ing is consistent with the finding that TNF-a receptor-deficient mice are less effi-
cient in clearing C. muridarum infections [31]. The stature of TNF-a is further en-
hanced by the finding that Th1 cells that produce only IFN-y upon activation do not
appear to mediate protection in the C. muridarum mouse vaccine model [63]. TNF-a
may be a mechanism-crossover cytokine. In the presence of IFN-y, TNF-a boosts
induction of iNOS expression via NFkB binding sites in the iNOS promoter [65],
and induces expression of epithelial ICAM-1, facilitating epithelial nitric oxide pro-
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duction via T cell-epithelial cell interaction [48]. Multifunctional CD4 T cells also
have more robust degranulation [66] that may have a bearing on Plac8-dependent
cellular immunity.

The understanding of Th17 and Th22 immunobiology is in early stages, and their
roles in Chlamydia biology remain to be determined. This is a major semantic issue
in the current literature. It is unclear whether making IL-17 upon activation is the
equivalent of being a Th17 cell. For the most part, Th17 T cells are an in vitro CD4
T cell subset generated by activating naive CD4 T cells in the presence of TGF-f and
IL-6, or IL-21 + IL-23 while neutralizing IFN-y. This combination generates RORyt-
positive T cells that produce IL-17 and no IFN-y upon activation. It is now clear in
vivo that many IL-17-positive T cells are also IFN-y positive [63]. Polarizing naive
Chlamydia-specific CD4 transgenic T cells to a Th17 phenotype was readily accom-
plished in vitro; however, when those T cells were adoptively transferred and mice
infected with C. trachomatis serovar L2, the recovered transgenic T cells were IFN-y
positive, £TNF-a, with a modest frequency of IL-17 [59]. It is likely that multifunc-
tional CD4 T cells producing IFN-y and IL-17 is the cytokine polarization event
more relevant to Chlamydia immunobiology.

T cell production of IL-17, whichever subset produces it, is an emerging cytokinein
Chlamydiaimmunobiology. The role of IL-17 is to protect against bacterial infections,
generally extracellular bacteria, by recruiting and activating neutrophils. IL-17 also
has a major role in immunopathology, most prominently demonstrated for autoim-
mune rheumatoid arthritis. Recruitment of and activation of neutrophils has poten-
tial for destruction of delicate reproductive tract architecture via release of metallo-
proteases and elastases. Existing data from the mouse model suggests that IL-17 has
a modest role in controlling Chlamydia replication in the lung [67]. One study in
the C. muridarum mouse model failed to show any effect of neutralizing IL-17 an-
tibody therapy on bacterial loads or pathology during genital tract infections [68].
These studies may be somewhat biased against a positive result because IL-17 exists
as IL-17a/a, IL-17f/f, and IL-17a/f heterodimers, while the available antibody re-
agent for neutralization was IL-17a specific. IL-22 is an interesting cytokine because
it activates epithelial cell defense mechanisms including expression of defensins;
however, there are currently no Chlamydia-specific data addressing this cytokine or
T cell subset other than documentation of their presence in cervical CD4 T cells of
C. trachomatis-infected women [69].

In summary, CD4 T cell cytokines have important roles in Chlamydia
immunobiology. The best evidence for protective immunity suggests that multifunc-
tional Th1 cellsmediate protectiveimmunity, possiblybyaugmentingiNOS-dependent
and degranulation-dependent immune mechanisms. Not surprisingly, Th2 T cells
are ineffectual and predispose to detrimental immunopathology, likely because they
cannot utilize the INOS-mediated clearance mechanism. Surprisingly, Th1 cells pro-
ducing only IFN-y on activation appear to be ineffective for protective immunity,
highlighting the importance of multifunctional Th1 cells and TNF-a. The newcomer
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on the CD4 T cell subset block, Th17, or at least T cells that make IL-17, have an un-
clear role in Chlamydia protection and immunopathogenesis. With the discovery of
a Plac8-dependent clearance mechanism, the role of CD4py,g T cells in protective
immunity is an important topic for future research.

Antibody-Mediated Immunity

Antibodies are not critical for clearance of primary Chlamydia genital tract infec-
tions in animal models. B cell-deficient mice clear primary infections with normal
kinetics [70]. There is, however, a role for B cells and antibody in clearing second-
ary infections (rechallenge) [36]. Interestingly, the specificity of the antibody seems
to be of limited importance. Anti-MOMP, anti-LPS and antiserum from immune
mice are all capable of mediating this mechanism. Anti-LPS antibody has no po-
tential to neutralize EBs. In addition, passive transfer of antibody prior to primary
infection does not confer any protection to the recipient mice, arguing that anti-
bodies probably do not directly mediate the effect via complement or other innate
mechanism (e.g. ADCC). Indirect mechanisms related to enhanced antigen presen-
tation are possibilities. Professional APC bearing antigen-specific surface Ig are
1,000 times more efficient at presenting antigen [71] (i.e. can present antigens pres-
ent at very low concentrations potentially accelerating an adaptive immune re-
sponse). A role for Fc receptors in anti-Chlamydia secondary responses has been
previously demonstrated [72]. Confusingly, antibody depletion of CD4 or CDS8, or
both CD4 and CDS8, after clearance of the primary infection has no effect on this
Ig-dependent secondary clearance mechanism [73], begging the question of which
effector cell type mediates this mechanism. The antibody dependent secondary
clearance mechanism is one of the major remaining mysteries of protective host
immunity.

Lack of a critical role for antibodies in clearing primary infections should not be
interpreted as meaning that anti-Chlamydia antibodies are unimportant. Two recent
studies, one combining inactivated EB with an intracellular nonelementary body
Chlamydia protein and a second study vaccinating B cell-sufficient and deficient mice
with native MOMP, have shown improved protection with vaccine strategies that
generate anti-Chlamydia antibodies [37, 38].

Summary of Adaptive Inmunity

In summary, there are three major adaptive immunity mechanisms for clearing
Chlamydia genital tract infections in the mouse model; two CD4 T cell mechanisms
and one antibody-dependent mechanism. The originally described CD4 T cell
mechanism is iNOS and IFN-y dependent, while the second CD4 T cell mechanism
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iNOS

Nitric oxide

Fig. 1. Toxic bag paradigm: CD4 T cell mechanisms for clearance of C. muridarum from the genital
tract. 1 = IFN-y and iNOS dependent; 2 = Plac8 dependent. Sterilizing immunity requires both 1
and 2.

is Plac8 dependent (fig. 1). These CD4 T cell mechanisms are potent and singly
sufficient (i.e. redundant) for clearing primary genital tract infections; however, ster-
ilizing immunity appears to require both iNOS and Plac8. Interestingly, neither iN-
OS-dependent nor Plac8-dependent mechanisms require cytolysis. Instead, both
mechanisms neutralize Chlamydia trapped within an intact epithelial cell, a “toxic bag’
model of sterilizing immunity. In fact, premature cytolysis would likely be detrimental
to both mechanisms. iNOS expression has been demonstrated in epithelial cells lining
the human reproductive tract [74], and murine Plac8 has a highly conserved human
homolog [56]. There are no reasons a priori to dismiss iNOS and Plac8 as the relevant
protective mechanisms in humans.

The third adaptive immunity mechanism for clearing C. muridarum genital tract
infections requires an antibody response and preexisting cellular immunity developed
during clearance of a primary infection. Important details of this immunoglobulin-
based mechanism remain to be determined.

Innate Immune Response and Immunopathology

The innate immune response is not responsible for resolution of Chlamydia genital
tract infections as evidenced by the requirement for T lymphocytes. Innate responses
are likely responsible for a 2-3 log decrease in C. muridarum shedding during the first
10 days of infection, the timeframe in which antibiotic treatment interferes with de-
velopment of a protective secondary T cell response. This window corresponds to
peak levels of IFN-y and TNF-a in genital tract secretions, which reach a maximum
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on day ~4 then taper to low levels by day 14 [68]. This early innate blast of IFN-y and
TNF-a likely accounts for poor replication capacity of human urogenital serovars in
the mouse [30, 31], and the early 2 log decrease in C. muridarum shedding in wild-
type mice. IFN-y and TNF-a synergize to induce iNOS transcription and nitric oxide
production. Both human and mouse Chlamydia strains are susceptible to high levels
of nitric oxide [48, 75]. In mice the innate anti-Chlamydia mechanisms relevant to
human strains likely include p47 GTPases and nitric oxide, and for C. muridarum ex-
clusively nitric oxide. Mice deficient in MyD88, signaling molecule for TLR2 (also
TLR4, 5, 7-9), have delayed clearance of C. muridarum from the genital tract [76].
MyD88 mice turn out to be deficient in the early innate blast of IFN-y provided by
natural killer cells [77], and also have delayed recruitment of CD4 T cells to the repro-
ductive tract that likely explain the delay in clearance, highlighting the bridge between
innate and adaptive immunity [76].

Innate IFN-a/f responses antagonize IFN-y-mediated protection as type 1 inter-
feron receptor-deficient mice clear infection faster than wild-type controls with less
immunopathology [78]. Complementary in vitro data has shown that IFN-f blocks
IFN-y-mediated upregulation of epithelial MHC class II and dampens Chlamydia-
specific CD4 T cell activation [47]. It is possible that the balance between type I and
type II interferon responses within individuals is a contributing factor to clearance
and immunopathology. Infected epithelial cells and macrophages are sources of type
I interferons via different TLR pathways [79, 80].

TLRs play a critical role in immunopathology in the mouse model. While TLRs
differ between mice (TLRs 1-9 and 11-13) and humans (TLRs 1-10), TLR2, the
TLR critical for immunopathology, is conserved in sequence (79% conserved; 71%
identical) and function (ligand recognition of bacterial lipids and lipopeptides) be-
tween mice and humans. Mice deficient in TLR2 have lower levels of TNF-a and
CXCL2 (MIP-2; chemokine for recruiting neutrophils) in genital tract secretions,
and less immunopathology than control mice, without any difference in clearance
kinetics [81]. Complementary in vitro data with oviduct epithelial cells identified
TLR2/MyD88 as the pathway responsible for infected epithelial production of in-
flammatory cytokines including IL-6 and GM-CSF [82]. Very interesting observa-
tions have been made using a plasmid-deficient C. muridarum strain that fails to
activate TLR2. Infection of mice with plasmid-deficient C. muridarum generated
protection against immunopathology on rechallenge with wild-type C. muridarum,
but surprisingly protection from rechallenge immunopathology was not based on
rapid clearance of the secondary infection [83]. These results highlight the com-
plexities involved for those interested in rational vaccine development.
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Chlamydia Vaccine Development
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Abstract
The search for a safe and efficacious human chlamydial vaccine has been ongoing for more than 5
decades. Unfortunately, the dream has yet to be realized. However, much progress has been made
in defining the immunologic requirements of a potentially efficacious vaccine, which involve the
induction of a strong CD4 T cell-driven Th1 response, as well as an accessory antibody response that
is vital for a rapid and robust memory response to reinfections. While a subunit vaccine is currently
preferred to the whole organism, the vaccine antigen(s) may be a single or a multisubunit, provided
it furnishes ample T and B cell epitopes to induce adequate protective immune responses without
immunopathogenic responses. In addition, any subunit vaccine prospect would require a delivery
vehicle and method that can together produce an effective immunomodulation to both boost the
protective immunity and target immune effectors to the mucosal site of infection. Furthermore, a
vaccine that confers broadly specific and long-term protective immunity against both chlamydial
infection and disease is the ultimate goal; however, a vaccine that prevents only the development
of serious complications (e.g. blinding trachoma, pelvic inflammatory disease, ectopic pregnancy,
infertility and pneumonia) could be an acceptable short-term goal.

Copyright © 2013 Carolyn M. Black, Atlanta, Ga.

Need for a Chlamydia Vaccine

Members of the major clinically relevant bacterial species of the genus Chlamydia
cause ocular, genital and respiratory infections as pathogens that infect only humans
(e.g. Chlamydia trachomatis and C. pneumoniae), as zoonotic pathogens (e.g. C. psit-
taci) or as veterinary pathogens (e.g. C. pecorum and C. abortus). However, all Chla-
mydia species have a similar developmental cycle, comprising two prominent mor-
phologically distinct forms, the infectious elementary body (EB) form and an obligate
intracellular, noninfectious and vegetative form called the reticulate body (RB; see
Introduction to this book for details on the developmental cycle). The public health
significance of chlamydial infections is underscored by the huge socioeconomic bur-



den of the ocular, genital and respiratory diseases, as well as the economic losses in
the veterinary industry. Human ocular infections by serovars A, B, Ba and C of C.
trachomatis cause trachoma, the world’s most common preventable blinding disease,
essentially an epidemic in several developing nations in Africa, South East Asia and
the Middle East. An estimated 150 million people are infected worldwide, of which 6
million are visually impaired or irreversibly blinded [1]. Human genital chlamydial
infections and the clinical outcomes account for more than 90 of the 500 million an-
nual new sexually transmitted diseases (STDs) worldwide, thus ranking as the most
common bacterial cause of STD [2, 3]; the USA alone spends over USD 3 billion an-
nually on an estimated 4 million reported clinical cases of genital chlamydial infec-
tions [4, 5]. In addition to self-limiting urethritis in both males and females, cervicitis
in women, and epididymitis and proctitis in men, pelvic inflammatory disease and
tubal factor infertility are major complications of female genital chlamydial infection,
occurring in approximately 40 and 10% of untreated infections, respectively, and con-
stituting an enormous morbidity and socioeconomic burden [6-9]. Infants who are
infected during birth by genitally infected mothers may develop conjunctivitis and
respiratory disease that progress to pneumonia. A joint disease called Reiter’s syn-
drome is also a complication of genital chlamydial infection. Finally, reports suggest-
ing that genital chlamydial infection may be rising in some populations [5, 10, 11] and
could predispose to HIV-related AIDS [11-18] and human papilloma virus-associat-
ed cervical dysplasia have heightened these concerns [3] and the urgency to develop
preventive measures. Infections caused by C. pneumoniae are rampart in the human
population, with approximately over 60% of most American, European and Asian
societies being exposed. C. pneumoniae infections cause mild to sublethal acute respi-
ratory diseases, such as pharyngitis and bronchitis, and are considered to be respon-
sible for over 10% of community-acquired pneumonia [19]. Initial claims of a possible
link between C. pneumoniae infection, atherosclerosis and some age-related chronic
and autoimmune diseases on the basis of correlative data [20-22] have yet to be sub-
stantiated clinically and experimentally. Infections by the zoonotic C. psittaci produce
an assortment of clinical manifestations which, in animals and birds, are psittacosis,
hepatitis, mastitis, conjunctivitis, pneumonia, abortions and diarrhea; in humans, it
is a psittacosis-like disease that may, in rare cases, become systemic or fatal pneumo-
nia [23]. C. psittaciis thus an occupational hazard for workers in the poultry and farm-
ing industry and in persons exposed to infected avian species [24]. Finally, C. pecorum
causes infectious pneumonitis in domestic animals [25, 26] as a veterinary pathogen.

Considering the magnitude and near epidemic state of ocular, genital and respira-
tory chlamydial infections in some populations, the continued spread in communities
worldwide, and the economic stress on the healthcare system, several prevention and
control strategies have been proposed and/or executed. These control and prevention
measures include mass screening and treatment, mass antibiotic treatment of at-risk
populations, health education programs on prevention methods, and the use of an ef-
ficacious vaccine as an immunoprophylaxis and preventive. Interestingly, a number of
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Table 1. Proposed chlamydial control and prevention measures, advantages and limitations

Chlamydial control and
prevention measure

Advantages

Disadvantages

Targeted and/or mass
screening and treatment

Treatment of diagnosed cases to:

Prevent transmission and spread of infections
Prevent evolution of infections to complications/
sequelae (pelvic inflammatory disease, infertility,
trachoma, etc.)

Population coverage may be infeasible
Indiscriminate use of antibiotics may create
selection pressure for producing resistant strains
Misdiagnosed (false negative) cases that are not
treated (due to assay or technical or other errors)

may lead to continued spread of infections and
diseases
Will early treatment cause arrested immunity?

Indiscriminate mass treatment could:

Prevent the transmission and spread of infections
Prevent evolution of infections to complications/
sequelae (pelvic inflammatory disease, infertility,

trachoma, etc.)

Mass treatment of
populations or
communities

Population coverage may be infeasible
Indiscriminate use of antibiotics may create
selection pressure for emergence of resistant strains
Cost in most societies may be unattainable!

Will early treatment cause arrested immunity?

Educational prevention
and control programs

Stimulate public awareness of risk factors and
behaviors that lead to infection

Public awareness of mode of transmission and
general practices to prevent or avoid infection

Low compliance with guidelines
Historically has been unsuccessful due to
socioeconomic and behavioral issues

Not available. A human vaccine remains an elusive
goal in design and efficacy

Prevents infection and disease, cost effective and
can make worldwide impact

Vaccine

the proposed or executed control and prevention measures are now known to be either
very challenging to develop, impractical to execute or ineffectual to control the ende-
micity and spread of chlamydial ocular, genital or respiratory infections in the human
population [27-29]. Table 1 summarizes these control and prevention measures, their
advantages and limitations. It is important to point out that results from the measures
executed so far have led to the current medical opinion that the vaccine option will
likely represent the most reliable and cost effective means to achieve the greatest im-
pact [21, 30] for a number of reasons: first, the mass screening and treatment, or mass
and targeted population treatment with antibiotics such as azithromycin have not pro-
duced the desired long-term result to eliminate chlamydial ocular or genital infections
[27, 29]; second, although chlamydial infections are treatable with antibacterial agents
if detected early (e.g. use of tetracycline derivatives, especially doxycycline, and the
macrolides or azalides including erythromycin and azithromycin [21]), the high pro-
portion of asymptomatic infections often lead to severe and sometimes irreversible
complications, usually presenting as the first symptoms of an infection [30, 31]. In ad-
dition, it has been reported that a significant proportion of treated infections may lead
to persistence [32, 33], casting doubt on the long-term value of certain chemothera-
pies. Moreover, most other prevention strategies have economic, convenience and ac-
ceptance issues. Furthermore, computer modeling has predicted that a partially pro-
tective chlamydial vaccine that prevents certain severe sequelae in a vaccination pro-
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gram would constitute an acceptable short-term goal [34]. Thus, with epidemiologic
data indicating persisting and sometimes increasing incidence of ocular and genital C.
trachomatis infections in the human population worldwide, the urgency for an effica-
cious vaccine cannot be over emphasized. Unfortunately there is no acceptable human
chlamydial vaccine to date due to a number of challenges, ranging from safety consid-
erations through insufficient immunogenicity of vaccine candidates and lack of effec-
tive delivery systems, to how to induce long-term immunity (discussed below).

Chlamydia Vaccine Design Requirements and Challenges

Historical Considerations

From the time of early attempts at diagnosis, associations with ocular, genital and re-
spiratory diseases in humans and animals [35-38], and etiologic proof by reinocula-
tion of normal human hosts in the eye with culture isolated chlamydiae [39], the use
of an effective vaccine prophylaxis against chlamydial infection and disease has been
an important consideration for prevention. Some of the early questions bordered on
whether vaccines could be designed separately for ocular, genital and respiratory in-
fections, or for the entire Chlamydia genus, members of a species, or subspecies and
serotypes (also called serovars or genovars). The valid case for separate approaches to
designing human versus veterinary chlamydial vaccines was settled when animal vac-
cines that prevented specific chlamydial diseases were easily achieved by convention-
al vaccination methods [40]. Veterinary Chlamydia vaccines consisting of live attenu-
ated or inactivated C. psittaci strains have been developed and used successfully to
protect ewes from chlamydia-induced abortion [25, 41]. The successful animal Chla-
mydia vaccines in current veterinary use consist of live-attenuated or fixed elemen-
tary bodies of C. psittaci feline strains, which protect against Chlamydia-induced abor-
tion in ewes or feline pneumonic chlamydial disease, respectively [25, 40, 41]. Al-
though the successful veterinary vaccines do not prevent infectivity and lack the
rigorous immunization schedules, efficacy, safety and toxicity standards of a human
vaccine, their efficacy would suggest that a safe and efficacious human vaccine is a pos-
sibility. Also, the veterinary chlamydial vaccine success story provides the impetus and
hope for future live attenuated human vaccines if the suspected immunopathogenic
concerns are alleviated. Unfortunately, despite the successful animal vaccines, early
efforts in human vaccines met with considerable challenges that have persisted to date
[42-45]. The challenges facing human chlamydial vaccine design first came to light in
the early attempts to use basic vaccinology methods to develop a vaccine against tra-
choma. Thus, whole organism-based vaccines derived by formalin inactivation of cul-
ture- or chick embryo-grown EBs, when delivered intramuscularly in alum or min-
eral oiladjuvant into children in trachoma-endemic areas of Taiwan, East Africa (Ethi-
opia), northern India and The Gambia in Africa produced mixed and some alarming
results [46-52]. Depending on the trial, the results included a transient or temporary
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decline in trachoma in some vaccinated groups compared to placebo controls, more
severe trachoma in some prevaccinated children compared to controls and serovar-
specificity of protection where observed [50]. The apparently disappointing outcome
of these early vaccine trials that used the intact bacterium and the possibility that the
whole chlamydiae contain components that induce both immunoprotective and im-
munopathogenic immune responses discouraged further effort toward whole organ-
ism-based vaccines. But these early vaccine experiences resulted in an expansion of in
vivo and in vitro analyses of chlamydial biology into a set of new objectives that remain
valid today. These new objectives included the identification of candidate immuno-
pathogenic components of chlamydiae that may at least partly induce the pathogen-
esis of the sequelae of chlamydial infection and the design of genetic tools to identify
and possibly remove the toxic components from the intact organism [53].

Thus, the early disappointing experience with whole organism-based vaccines, the
lack of knowledge of the identity of the immunopathogenic components, and the
absence of tools to genetically detoxify or modify the intact bacterium and produce
safe attenuated strains have combined to dramatically shift the focus of contemporary
chlamydial vaccine research in favor of unraveling the basic immunobiology of
chlamydial infection. The central objectives are to define and characterize: (1) the
elements of the immune response that mediate protection and the associated
antimicrobialmechanisms, (2) thecandidatevaccineantigensand (3) theimmunization
and immunomodulatory requirements for inducing long-term immunity in ocular,
genital and respiratory mucosae.

Contemporary Vaccine Approaches

Despite the early disappointing results from chlamydial vaccine trials, there is consid-
erable optimism fueling current efforts in vaccine development. The rational basis for
optimism for a realistic chlamydial vaccine include: first, clinical and experimental re-
sults suggesting that infected individuals or animal models of experimentally induced
ocular or genital infections develop a measurable level of protective immunity. Thus,
newly infected individuals are less likely to be reinfected, at least by the same serovar
[54], resistance to trachoma increases with age [55] and vaccination with inactivated
organisms produces a short-lived protection against ocular rechallenge [47]. Also, ex-
perimental vaccination and challenge studies in several animal models of genital, re-
spiratory and ocular chlamydial infections, using diverse immunization regimens,
have shown that a certain degree of protection characterized by a reduction in infection
or prevention of certain complications such as acute inflammation and infertility could
be achieved [56-59]. In addition, there is strong evidence that a partial short-lived
chlamydial immunity develops after a natural genital infection [54]. Besides, successful
veterinary vaccines have been produced that prevented sequelae such as chlamydia-
induced abortion and pneumonic chlamydial disease [25, 40, 41]. These findings have
provided the impetus to contemporary Chlamydia vaccine efforts to analyze the cel-
lular and molecular bases for protective immunity and define the essential immuno-
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logic and antigenic requirements for inducing a protective chlamydial immunity in
animal models, which should guide human vaccine design and evaluation.

The shift to contemporary vaccinology methods for chlamydial vaccine design has
resulted in research focused on 3 mutually inclusive objectives: (1) to analyze the
immunobiology of chlamydial infection in relevant animal models, with supporting
clinical studies, to define theimmune elements that correlate with protective immunity,
and elucidate the antimicrobial mechanisms of the immune effectors; (2) to apply
genomics, proteomics, bioinformaticsand in vitroand in vivoimmunologic techniques
to identify stable vaccine candidates, and (3) to utilize modern vaccinology techniques
(based on knowledge of factors that regulate immunity at mucosal sites of infection)
to boost long-term protective immunity through immunomodulation and develop-
ment of effective delivery systems and potent adjuvants. Interestingly, considerable
progress has been made in the first two objectives but the third objective has remained
elusive. As discussed in detail below, the advances in the first two key vaccine objec-
tives (i.e. correlates of protective immunity and vaccine candidates) have culminated
in the derivation of specific immunologic paradigms guiding contemporary vaccine
design efforts. However, rapid progress is needed on the third objective (i.e. vaccine
delivery vehicles) to provide the theoretical basis for designing efficacious vaccines
that confer long-lasting immunity against Chlamydia.

Correlates of Protective Chlamydial Immunity and Basis of Vaccine Testing

Clinical studies in humans and experimentation in animal infection models have re-
vealed that immunity to C. trachomatis correlates with a strong CD4 Th1 response and
a complementary antibody response whose function includes fostering a rapid and
robust memory T cell-mediated immune (CMI) response during reinfections and pos-
sibly the neutralization of infectious particles [56, 58, 60-62]. Thus, as important im-
munologic correlates for vaccine testing and evaluation, a potentially efficacious vac-
cine should induce a strong CD4 Th1 response and accessory IgG and IgA antibodies
in mucosal and systemic tissues. The antichlamydial action of protective CMI effectors
is mediated principally via cytokine-induced antimicrobial mechanisms [56, 58, 60,
63], including a major role for IFN-y in the cytokine profile of protective cellular ef-
fectors, which is reinforced by the genetic evidence for a crucial role of Thl-related
cytokines in protective immunity against mycobacterial infections [64]. The biochem-
ical mechanisms of the antimicrobial action of Thl cytokines include: activation of
indoleamine 2,3-dioxygenase (depletion of intracellular tryptophan); activation of in-
ducible nitric oxide synthase (high levels of nitric oxide secretion); deprivation of iron,
possibly via downregulation of transferrin receptors, and probably the induction of
phagolysosomal fusion or disruption of selective vesicular nutrient transport via p47/
GTPase activation [56, 58, 60, 65]. Therefore, chlamydial vaccines inducing these an-
timicrobial processes are potentially effective. Furthermore, the proposed existence of
immunoprotective and immunopathogenic immune responses during chlamydial in-
fection [66] would suggest that immunomodulatory approaches that would favor the
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induction of the former and/or prevent the latter are needed for potential vaccines.
Unfortunately, vaccine approaches capable of skewing antichlamydial immune re-
sponses toward protection and simultaneously prevent immunopathogenic responses
are currently unknown; however, recent reports indicated that certain cytokine pro-
files of antichlamydial immune effectors are critical for preventing immunopathology
[67]. In addition, the recent identification of T17-mediated Th1 response as a mostly
deleterious immune response [68, 69] could provide a guide among other antigen
screening methods for identification of antigens with the potential to induce immu-
nopathology (discussed below).

Potential Chlamydial Vaccine Candidates

The possibility that whole intact chlamydiae harbor pathogenic components [30, 70],
and the absence of tools to genetically detoxify or modify them to produce safe atten-
uated strains make subunit vaccine the current focus of vaccine research. The list of
potential subunit vaccines has continued to grow as progress is made in antigen dis-
covery, functional genomics and proteomics, as well as suitable animal models of chla-
mydial diseases are established. As recently reviewed [45, 71], these vaccine candidates
include the 40-, 60- and 15-kDa outer membrane proteins (OMPs) which are encoded
by the Omp-1 (omp A), Omp-2 (omp C) and Omp-3 (omp B) genes, respectively [72].
Of these proteins, the 40-kDa Omp-1 antigen (the major OMP, MOMP), has received
an enormous amount of attention due to its immunogenicity, immunoaccessibility,
abundance (60% of OMP mass), contribution to the structural integrity of the EB,
function as a porin, possession of both species- and genus-specific epitopes, and ex-
pression during all phases of the developmental cycle [73]. However, the efficacy of
MOMP-based vaccines has been limited, due in part to poor immunogenicity, conse-
quently producing only partial protective immunity. Other potential vaccine candi-
dates are the polymorphic OMPs (Pmp) and the conserved PorB family of membrane
proteins [72, 74, 75], as well as an ADP/ATP translocase [76], an immunogenic plas-
mid protein (pgp3) [77], a proteasome/protease-like activity factor (CPAF) [78], a
toxin mapped to the plasticity zone of several strains [79], certain members of the chla-
mydial type III secretory machinery [80], and a number of hypothetical proteins that
have been cloned and tested in animal models [81, 82]. A provisional list of patent
claims on chlamydial vaccine candidates has also been published [21]. The continuing
progress in chlamydial genomics and proteomics, especially with the use of available
novel tools for antigen discovery, including immunoproteomic, antigen profiling and
generation of active expression libraries [45, 81, 82] will likely expand the pool of vac-
cine candidates. Comparative structural and immunologic analyses of these antigens
should lead to the judicious selection of a single antigen or a combination of immuno-
gens for a multisubunit vaccine. A major advantage of the multiple subunit approach
is the potential synergistic immunologic benefit of a combination of epitopes from
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multiple antigens, which will likely induce a higher frequency of immune effectors that
ensures an effective long-lasting immunity. The role of conformation in the vaccine
efficacy of candidate protein antigens is yet to be fully established [83]. However, pro-
tein folding may determine the availability of crucial T cell epitopes during antigen
processing, and the vaccine delivery medium could potentially affect vaccine confor-
mation, immunization and processing. Furthermore, the effect of carbohydrate or
lipid modification of vaccine candidates on the immunogenicity and efficacy of a po-
tential chlamydial vaccine is yet to be evaluated in the vaccine efforts. In fact, an idio-
typic mimic of chlamydial glycoplipd exoantigen conferred protective immunity in a
mouse genital infection model [84], suggesting that a conjugate of glycoplipd exoan-
tigen and possibly MOMP or one of the Pmp proteins may be a promising vaccine.

Moreover, although an efficacious subunit vaccine is the current focus and previous
studies have suggested that chlamydial immunity may be serovar specific [50], a chla-
mydial vaccine candidate with potential to confer genus-specific immunity would be
attractive because of the multiple serovar coverage by a single vaccine. Hopefully, such
vaccines will be reactive against epitopes on EBs and RBs, so that they are effective
against both the EB and RB forms of chlamydiae, which would raise the expectation that
they could prevent infectivity as well as disease. Besides, a broad-acting vaccine that
targets immune effectors against both the EB and RB forms of chlamydiae would likely
prevent the possibility that persisting RBs may act like a Trojan horse that can reactivate
and continue the developmental cycle of Chlamydia in infected hosts and present as
reinfections. The related issues of whether a single, effective human chlamydial vaccine
would confer genus versus serovar-specific immunity, be effective against both the EB
and RB forms of chlamydiae, and prevent disease (sequelae) or infectivity will probably
remain unresolved until contemporary vaccine strategies guide us to identify a suitable
protective antigen(s) that is effectively delivered to confer long-lasting immunity
against either ocular, genital or respiratory Chlamydia disease. Alternatively, modern
vaccinology techniques might be used to design an efficacious chlamydial vaccine that
accommodates immunodominant epitopes which would ensure immune effectiveness
against both RBs and EBs, as well as confer broad crossreactive immunity.

Finally, the proposed existence of immunoprotective and immunopathogenic im-
mune responses during chlamydial infection [66] would suggest that at least some chla-
mydial antigens may induce both responses or immunopathology only, and therefore
need to be ‘de-toxified” or removed from any potential vaccine. Among the screening
methods for antigen immunotoxicity, the induction of an inappropriate cytokine pro-
file, such as the absence of IFN-y [67], or the known immunopathogenic IL-17 [68, 69],
and possession of potentially pathogenic properties [53, 85-88] are approaches to be
considered. In this respect, apart from the lipopolysaccharide with its known endotoxin
activity, gene encoded, potentially immunopathogenic antigens described for chlamyd-
iae so far include the heat shock proteins, the DNA primase, chlamydial OmcB proteins,
and some newly identified antigens associated with the pathogenesis of reactive arthritis
[85-88]. Mechanistically, certain heat shock proteins induce excessive proinflammatory
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cytokines such as IL-1 with pathologic consequences, whereas chlamydial DNA pri-
mase, the 60-kDa cysteine-rich OmcB protein and some hypothetical antigens have been
theorized to induce immunopathology by antigenic mimicry [86-88]. The significance
of screening for antigen immunotoxicity cannot be over-emphasized, since it is a poten-
tial source of yet unknown adverse vaccine effects that have been reported.

Requirements of Delivery Systems for Efficacious Chlamydial Vaccines

The focus of the third chlamydial vaccine research objective has centered on defining
the factors that regulate immunity at the mucosal site of infection and development
of novel delivery and immunomodulation strategies to boost protective immunity
with a subunit vaccine. The current focus on a subunit vaccine and the findings that
most experimental vaccines and natural chlamydial infections induced only partial
and temporary immunity would suggest that effective delivery systems are needed for
chlamydial vaccines. The objective is centered on the principle of vaccinology that
poor delivery can prevent the efficacy of the best vaccine candidate. However, the
objective to produce effective delivery systems and adjuvants for boosting mucosal
immune responses against chlamydial infections has remained elusive. As an
operational definition, delivery system is used contextually in this review to indicate
both delivery vectors and delivery vehicles. The requirement for effective delivery in
vaccine efficacy includes the need to furnish the necessary immunomodulation to
boost effectors and targeting them to appropriate effector sites [89], and the need sug-
gested from findings in previous attempts to deliver candidate subunit vaccines in
animal models, which can be summarized as in the following paragraphs.

First, the vast majority of the delivery vehicles used to deliver chlamydial antigens
so far have produced mixed results in various animal models [56, 63, 89, 90]. Interest-
ingly, only the IL-10-deficient dendritic cell (DC)-based cellular vaccine produced a
sterilizing, long-term immunity in a mouse genital infection model; this immunity
correlated with the capacity to induce a high frequency of specific Th1 cells and ele-
vated titers of the CMI-associated IgG2a and IgA antibodies [60]. Chlamydia-pulsed
IL-10-deficient DCs appear to possess the necessary antigenic, costimulatory and im-
munomodulatory machinery for inducing an optimal protective immunity. While the
protective cellular vaccine approach is probably of limited practical application for a
widespread infection such as Chlamydia, it furnishes a benchmark for evaluating oth-
er potential vaccines, and its further analysis may guide efforts toward designing a
more effective delivery vehicle(s). The efficacy of the system indicates that, given op-
timal conditions, a protective chlamydial vaccine is possible, and given an effective
delivery vehicle, inactivated chlamydial elementary bodies possess sufficient immu-
nogenic epitopes to elicit a protective immunity. It has been suggested that the high
efficacy of the DC-based cellular vaccine makes them ‘natural adjuvants or preemi-
nent delivery vehicles’, useful as tools to guide the design of effective delivery systems

Chlamydia Vaccine Development 123

Black CM (ed): Chlamydial Infection: A Clinical and Public Health Perspective.
Issues Infect Dis. Basel, Karger, 2013, vol 7, pp 115-130 (DOI: 10.1159/000348762)



Table 2. Requirements of a potentially efficacious Chlamydia vaccine

Vaccine parameter Preference Role and effect

Vaccine antigen(s)/ Subunit vaccine or nontoxic intact chlamydiae  Ensures vaccine is devoid of

candidate(s) (inactivated or live-attenuated) potential immunopathogenic
components

Immunogenicity A robust protective CD4-driven Th1 response Ensures the elimination of

profile and the accessory antibody response intracellular chlamydiae

Immunomodulation Use of effective delivery system/vehicles and Ensures an adequate and long-

mucosal adjuvants to boost memory immune  lasting protective immunity in
responses against Chlamydia in ocular, genital  mucosal sites of chlamydial
and respiratory mucosae infection

that mimic the action of DCs, for immunizing against chlamydial infections and to
unravel the necessary vaccine machinery in terms of antigens, delivery, immunity and
homing requirements [59, 60, 91]. The challenge for vaccinology, therefore, is to de-
velop a delivery system that will mimic the superior immunostimulatory properties
of IL-10-deficient DCs to achieve an effective chlamydial vaccine. It is noteworthy
that rapid maturation of Chlamydia-pulsed IL-10-deficient DCs was a major factor in
the acquisition of efficient antigen-presenting cell competence [92].

Second, a list of potential delivery systems and adjuvants for chlamydial vaccine
and the effectiveness of some of them in promoting the induction of protective chla-
mydial immunity has been recently reviewed [89]. They include viral and bacterial
vectors (e.g. live poliovirus and vaccinia; or nonliving bacterial ghosts), cellular deliv-
ery vehicles (e.g. antigen-presenting cells, APCs, such as DCs), immunomodulators
(e.g. cytokines and antibodies), detergent-based vehicle