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ABSTRACT

The bacterium Chlamydia trachomatis is the etiological agent of the most common sexually transmitted infection in North
America and Europe. Medical complications resulting from genital C. trachomatis infections arise predominantly in women
where the initial infections often remain asymptomatic and thus unrecognized. Untreated asymptomatic infections in
women can ascend into the upper genital tract and establish persistence, ultimately resulting in extensive scarring of the
reproductive organs, pelvic inflammatory disease, infertility and ectopic pregnancies. Previously resolved C. trachomatis
infections fail to provide protective immune memory, and no effective vaccine against C. trachomatis is currently available.
Critical determinants of the pathogenesis and immunogenicity of genital C. trachomatis infections are cell-autonomous
immune responses. Cell-autonomous immunity describes the ability of an individual host cell to launch intrinsic immune
circuits that execute the detection, containment and elimination of cell-invading pathogens. As an obligate intracellular
pathogen C. trachomatis is constantly under attack by cell-intrinsic host defenses. Accordingly, C. trachomatis evolved to
subvert and co-opt cell-autonomous immune pathways. This review will provide a critical summary of our current
understanding of cell-autonomous immunity to C. trachomatis and its role in shaping host resistance, inflammation and
adaptive immunity to genital C. trachomatis infections.
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AN INTRODUCTION TO CHLAMYDIA
INFECTION BIOLOGY

Several species of the genus Chlamydia cause human diseases
(Belland, Ojcius and Byrne 2004). Most human Chlamydia in-
fections are caused by the human-adapted pathogens Chlamy-
dia trachomatis and C. pneumoniae. These infections are common
throughout the world with up to 80% of some adult popula-
tions testing seropositive for Chlamydia (Kuo et al. 1995; Choi
et al. 1998). Chlamydia pneumoniae is responsible for both asymp-
tomatic and acute pulmonary infections which have been asso-

ciated with the development or exacerbation of persistent res-
piratory ailments such as asthma and chronic obstructive pul-
monary disease (Blasi et al. 1993; Kuo et al. 1995; Hahn et al. 2012;
Patel et al. 2012; Shimada, Crother andArditi 2012). Chlamydia tra-
chomatis infections are also frequent and occur in approximately
100 million individuals annually worldwide, causing significant
morbidity in the human population. Distinct C. trachomatis sub-
species or strains are adapted to different human cell types and
tissues and accordingly associate with distinct disease manifes-
tations (Stephens et al. 2009). Strainswithin serovars A to C infect
conjunctival epithelial cells and cause endemic ocular infection.
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If left untreated, repeated infections can result in trichiasis (in-
turning of the eye lashes), leading to corneal abrasions, corneal
scarring, opacification and ultimately blindness. Strains within
serovars D to K infect genital tract epithelial cells. Recurring or
persistent genital C. trachomatis infections can cause urethritis,
pelvic inflammatory disease (PV), infertility or lead to neonatal
infections (Haggerty et al. 2010; Mylonas 2012). Lastly, the lym-
phogranuloma venereum (LGV) strains L1, L2 and L3 not only
infect epithelial cells but also infect macrophages and spread
systemically through lymph nodes. A detailed description of
the pathogenesis of both ocular and genital infections was pre-
sented in a number of comprehensive recent reviews (Darville
and Hiltke 2010; Abdelsamed, Peters and Byrne 2013; Taylor
et al. 2014; Hafner 2015). Our reviewwill specifically focus on cell-
autonomous immune responses that underlie the pathogene-
sis of genital C. trachomatis infections. Because C. trachomatis is a
highly adapted human pathogen with reduced virulence in the
mouse (Coers, Starnbach and Howard 2009), many investigators
have opted to use the closely related rodent-adapted pathogen
C. muridarum to perform murine infection experiments. Impor-
tant scientific insights have been gleaned from rodent stud-
ies using either C. trachomatis or C. muridarum as the infectious
agent, and our reviewwill encompass findings obtained from ei-
ther model.

All Chlamydia species are obligate intracellular pathogens
that replicate within an intracellular vacuolar compartment
known as an ‘inclusion’. Chlamydia trachomatis enters host cells
in its infectious form known as the elementary body (EB). Fol-
lowing invasion, EBs differentiate into the replicative reticulate
body (RB) form, which can undergo binary fission within the
confines of the expanding inclusion (Abdelrahman and Belland
2005). At mid stage of the developmental cycle, RBs begin to dif-
ferentiate back into EBs, which can exit the spent host cell ei-
ther through lysis or vacuolar extrusion (Hybiske and Stephens
2007). Following host cell exit, antibody-mediated immunity
can restrict the dissemination of C. muridarum and thereby
prevent systemic infections in mouse models (Li and McSor-
ley 2013). However, antibody-mediated immunity is largely dis-
pensable for the clearance of C. muridarum at the primary in-
fection site and similarly fails to provide protective immu-
nity (Morrison et al. 2000; Li and McSorley 2013, 2015). Instead,
clearance of infections and protective immunity is dependent
on Chlamydia-specific T cells. Mucosal Chlamydia infections in
mice evoke both CD4+ and CD8+ T-cell responses. Yet, while
depletion of CD8+ T cells fails to compromise immune pro-
tection against genital infections with either C. trachomatis or
the rodent-adapted strain C. muridarum, CD4+ T cells are both
necessary and sufficient to confer protection (Starnbach, Be-
van and Lampe 1994, 1995; Morrison, Feilzer and Tumas 1995;
Lampe et al. 1998; Morrison et al. 2000; Coers et al. 2011; Gondek
et al. 2012; Nogueira et al. 2015). Critical for the anti-Chlamydia
response of CD4+ T cells is their ability to secrete the proin-
flammatory cytokine interferon-γ (IFNγ ) (Johansson et al. 1997;
Perry et al. 1999; Roan et al. 2006; Gondek, Roan and Starnbach
2009). Priming of host cells with IFNγ induces a network of
cell-autonomous defense modules (Boehm et al. 1997). Here, we
will review IFNγ -dependent and –independent cell-autonomous
host defense pathways thatmediate resistance to Chlamydia and
how these responses impact the pathogenesis of genital Chlamy-
dia infections. Additionally, we will summarize and evaluate the
literature on innate immune sensing pathways that modulate
cell-autonomous host defense to Chlamydia, impact the acti-
vation of adaptive immune responses and control inflamma-
tion.

AN OVERVIEW OF CELL-AUTONOMOUS
IMMUNITY AND ITS IMPORTANCE TO
CHLAMYDIA TRACHOMATIS PATHOGENESIS

Vertebrates maintain a sophisticated network of specialized im-
mune cells that includes innate lymphoid cells, professional
antigen presenting cells, B cells and T cells. This network of
professional immune cells—essential for host protection against
the onslaught of myriads of potential infectious agents—is tra-
ditionally equated with the immune system. However, more
often than not professional immune cells exert their function
through the secretion of proinflammatory cytokines that bind
to their cognate receptors on the surface of non-immune cells
and thereby instruct these non-immune cells to enter a state
of heightened resistance towards pathogens. This cytokine-
induced state of heightened resistance is due to the cytokine-
induced expression of various cell-autonomous immune path-
ways (Randow, MacMicking and James 2013; Pilla-Moffett et al.
2016)

The term ‘cell-autonomous immunity’ is not to be confused
with ‘cellular immunity’. While cellular immunity refers to im-
mune functions of professional immune cells that operate inde-
pendently of antibodies, cell-autonomous immunity describes
the capacity of individual cells of virtually all cell lineages to
independently defend themselves against infections. Function-
ally, cell-autonomous immune responses can be placed into
two categories: detection of pathogens by pattern recognition
receptors (PRRs) and execution of antimicrobial effector func-
tions. Pathogen recognition by PRRs is the first and essential
step in cell-autonomous host defense, as it enables the host
cell to detect the presence and precise location of a pathogen.
Once localized, the pathogen can be captured and delivered
into terminal lysosomes. Here, the host cell bombards the ‘mi-
crobial prisoner’ with an array of antimicrobial molecules that
are active within acidified lysosomes (Randow, MacMicking and
James 2013). While microbial destruction within lysosomes ap-
pears to be the default cell-autonomous defense pathway, in-
tracellular pathogens can also be contained within multilamel-
lar autophagosome-like structures or simply be expelled from
the infected host cell (McCormack et al. 2013; Randow, MacMick-
ing and James 2013; Miao et al. 2015; Selleck et al. 2015). Cy-
tokines, and IFNs in particular, are often required to induce or
enhance cell-autonomous immunity against C. trachomatis and
many other intracellular pathogens (Pilla-Moffett et al. 2016).
However, some cell types including ‘non-immune cells with bar-
rier functions’, such as keratinocytes or mucosal epithelial cells,
appear to have subsets of cell-autonomous defense programs
switched on at all times (Bernard and Gallo 2011; Hooper 2015;
McCormack et al. 2015).

Cell-autonomous host defense is central to the pathogenesis
of C. trachomatis infections. Infected cells can sense the presence
of C. trachomatis through several PRRs (Fig. 1) and the importance
of PRRs in shaping the outcome of C. trachomatis infections is
becoming increasingly evident (Darville and Hiltke 2010; Hafner
2015). PRR stimulation promotes the recruitment of profes-
sional immune cells to the site of infection. Therefore, PRR
activation creates a more proinflammatory microenvironment
surrounding C. trachomatis-infected cells and thereby induces
cell-autonomous host defense in both the infected cell and non-
infected bystander cells (Darville and Hiltke 2010; Hafner 2015).
We will discuss the various types of cell-autonomous defense
pathways that have been shown to mediate bactericidal or
bacteriostatic activities against C. trachomatis and C. muridarum.
We will further explore the role of these cell-autonomous
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Figure 1. Innate immune sensors of C. trachomatis infection. A wide variety of sensors collectively detect C. trachomatis infections and activate immune response
pathways. Following the detection of unknownC. trachomatis-derived ligands in the extracellular or vacuolarmilieu, TLR2 andTLR3 induce the transcription of cytokine-
encoding genes. The cytosolic sensor STING directly detects the presence of bacterial cyclic di-AMP or—indirectly through cGAS—the presence of DNA in the host cell
cytosol. STING activation leads to IRF3-dependent induction of type I IFN production. Cytosolic NOD1 and NOD2 detect bacterial cell-wall components, for example,

muramyl dipeptide, and Chlamydia-induced ER stress to induce NF-κB activation and transcription of proinflammatory cytokines. Three distinct cytosolic surveillance
pathways can induce inflammasome activation in response to C. trachomatis: AIM2, NLRP3 and caspase-11. Activated inflammasomes execute pyroptotic cell death,
and IL-1β/IL-18 secretion. IRGs detect C. trachomatis inclusions in mouse cells and recruit host factors, promoting inclusion ubiquitination and ultimately leading to
inclusion rupture.

defense pathways in host resistance, inflammation and
infection-induced pathology and, if known, highlight bacterial
counter-immune mechanisms that allow Chlamydia to block or
even co-opt cell-autonomous immunity.

The conflict between cell-autonomous host defense and bac-
terial counter-immunity is a reflection of the continuous evolu-
tionary arms race between Chlamydia species and their hosts.
As a result of this and similar host–pathogen conflicts, cell-
autonomous host defense strategies continue to diverge in dif-
ferent host species (Daugherty andMalik 2012). Accordingly, dis-
tinct Chlamydia species evolved disparate virulence strategies to
cope with cell-autonomous defenses unique to their preferred
host species. For example, C. trachomatis has adapted to IFNγ -
inducible human- but not rodent-specific cell-autonomous re-
sponses and thereby further solidified its tropism for the human
host (Caldwell et al. 2003; Nelson et al. 2005; Bernstein-Hanley
et al. 2006a,b; Coers, Starnbach and Howard 2009). The evolu-
tionary conflict between human immunity and C. trachomatis

counter-immunity is ongoing, as mirrored in the genetic diver-
sity of C. trachomatis strains and some recent observations indi-
cating that human genetic variation affecting cell-autonomous
immunity can alter susceptibility to C. trachomatis-associated
diseases (Abdelsamed, Peters and Byrne 2013).

INNATE IMMUNE SENSORS OF CHLAMYDIA
TRACHOMATIS INFECTIONS

Toll-like receptors

Toll-like receptors (TLRs) comprise a large family of type I trans-
membrane receptor proteins that recognize structurally con-
served pathogen-associated molecular patterns (PAMPs) as well
as some endogenous ligands released in the context of in-
fection or cellular damage. TLRs form both homo- and het-
erodimers and each dimer displays different ligand specifici-
ties (Kawai and Akira 2011). TLR4 and myeloid differentiation
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factor 2 (MD-2) form receptor complexes that detect the pres-
ence of lipopolysaccharide (LPS), also known as endotoxin
(Kawai and Akira 2011). Although C. trachomatis is a Gram-
negative bacterium and expresses an LPS-like lipooligosaccha-
ride (LOS), C. trachomatis infections fail to stimulate robust TLR4-
dependent responses (Ingalls et al. 1995; Nguyen et al. 2011). The
lack of TLR4 activation by C. trachomatis is a result of the spe-
cific structure of Chlamydia LOS. The immune-stimulatory activ-
ities of LPS or LOS are determined by its core structural com-
ponent, lipid A. The precise molecular configuration of lipid A
differs amongst distinct bacterial species correlatingwith its im-
munogenicity; the number of acyl chains and chain lengths of a
given lipid A molecule determine the efficiency with which the
TLR4-MD-2-LPS complex is formed (Kawai and Akira 2011; Scior,
Alexander and Zaehringer 2013). Whereas strong activators of
TLR4 signaling such as Salmonella or Escherichia coli lipid A con-
tain six acyl chains between 12 and 14 carbons in length, Chlamy-
dia lipid A is penta-acylated with non-hydroxylated fatty acid
chains of up to 20 carbons in length rendering it a poor ligand for
MD-2 (Brade et al. 1997; Rund et al. 1999; Heine et al. 2007; Scior,
Alexander and Zaehringer 2013). Accordingly, purified Chlamy-
dia LOS is 100-fold less potent than Salmonella LPS at inducing
TLR4/MD-2-dependent cytokine responses and TLR4-deficient
mice clear genital Chlamydia infections with kinetics similar to
wild-type mice (Ingalls et al. 1995; Darville et al. 2003). Moreover,
an unbiased forward genetics approach in mice failed to detect
linkage between susceptibility to C. trachomatis infections and
the Tlr4 loss-of-function allele present in C3H/HeJ inbred mice
(Bernstein-Hanley et al. 2006a,b). Furthermore, human studies
with patient cohorts consisting predominantly of white women
revealed no significant association between infection rates and
polymorphisms in TLR4 or its coreceptor CD14, or between tubal
factor infertility and TLR4 or CD14 variants (Morre et al. 2003;
Ouburg et al. 2005; Wang et al. 2005; Verweij et al. 2016). A sin-
gle study examining a small cohort of African American women
found an association between the TLR4 rs1727911 CC genotype
and cervical or endometrial C. trachomatis infections, specifically
amongst patients with BV (Taylor et al. 2012), suggesting that
TLR4 variants could exacerbate C. trachomatis-induced sequelae.
However, the latter study has yet to be confirmed using a vali-
dation cohort. All of these studies together indicate that C. tra-
chomatis infections are unlikely to directly induce robust TLR4
activation in mice or humans. Future studies will need to ad-
dress whether TLR4 signaling could play a role in the pathogen-
esis of C. trachomatis genital infections, possibly by altering the
composition of the vaginal microbiome or susceptibility to BV
(Wiesenfeld et al. 2003; Yoshimura et al. 2009).

While Chlamydia LOS is a poor agonist for TLR4, C. trachomatis
and C. muridarum infections were shown to induce robust secre-
tion of proinflammatory cytokines including tumor necrosis fac-
tor α (TNFα), thus suggesting that Chlamydia infections stimulate
TLRs other than TLR4 (Williams et al. 1989; Ingalls et al. 1995; Pre-
beck et al. 2003). Subsequent studies revealed that C. trachomatis
and C. muridarum infections trigger TLR2-dependent secretion of
interleukin 6 (IL-6), IL-8 and TNFα (Darville et al. 2003; Derbigny,
Kerr and Johnson 2005; O’Connell et al. 2006). TLR2 was shown to
colocalize with inclusion membranes (O’Connell et al. 2006) and
therefore signaling may originate from the inclusion membrane
itself or, alternatively, from the plasma membrane (Fig. 1).

Several Chlamydia-derived molecules were proposed to act
as TLR2 agonists including heat shock protein 60 (hsp60), the
chlamydial major outer membrane protein and a lipoprotein
named macrophage infectivity potentiator (Mip) (Vabulas et al.
2001; Bulut et al. 2002; Bas et al. 2008; Massari et al. 2013). While

various structurally distinct PAMPs are implicated as TLR2 ago-
nists, direct binding to TLR2 has only been demonstrated for a
small number of molecules including amphiphilic lipopeptides
or lipoproteins and the fungal cell-wall component zymosan
(Lien et al. 1999; Sato et al. 2003; Jin et al. 2007; Kang et al. 2009).
The crystal structure of TLR1-TLR2 heterodimer bound to dia-
cylated lipopeptide and TLR2-TLR6 heterodimer bound to tri-
acylated lipopeptide confirmed that lipopeptides act as bona
fide TLR2 ligands, which activate TLR2 signaling at picomolar
concentrations (Muhlradt et al. 1997; Jin et al. 2007; Kang et al.
2009). Some previously considered agonists, such as peptidogly-
can (PG), fail to induce TLR2 activation when chemically synthe-
sized, suggesting that contaminations with lipopeptides could
account for the induction of TLR2 signaling by a number of sub-
stances including PG-derived structures purified from bacteria
(Zahringer et al. 2008).

TLR2 activation is dramatically diminished when cells are
exposed to plasmid-cured Chlamydia strains, suggesting that
plasmid-encoded genes either control the synthesis or the pro-
cessing of TLR2-activating molecules (O’Connell et al. 2007,
2011). The plasmid-encoded protein Pgp4 acts as a tran-
scriptional regulator and controls the expression of multiple
chromosomal genes including glgA, which encodes a glycogen
synthase (Song et al. 2013). Accordingly, plasmid-cured Chlamy-
dia strains display a defect in glycogen synthesis and glyco-
gen accumulation (Matsumoto et al. 1998; O’Connell and Nicks
2006; O’Connell et al. 2011). More recently, it was demonstrated
that enzymatically synthesized glycogen activates TLR2 signal-
ing, opening up the intriguing possibility that Chlamydia-derived
glycogen functions as the primary trigger for infection-induced
TLR2 activation (Kakutani et al. 2012). In contrast to the defect in
glycogen accumulation plasmid-curedChlamydia strains express
wild-type levels of the lipoprotein Mip, all but excluding Mip
as the driver of Chlamydia-induced TLR2 activation (O’Connell
et al. 2011). Using recently developed genetic approaches, loss-
of-function mutations in pgp4, mip and other chlamydial genes
could be used to define the Chlamydia-derived TLR2 agonist. How
glycogen or other TLR agonists become available to their im-
mune sensors during the course of an infection is currently un-
known and will need to be addressed in the future.

Further confirming a role for TLR2 as a sensor for Chlamydia
infections, Darville and colleagues found that the secretion of
the cytokines TNFα, IL-6 and CXCL2was decreased in the genital
mucosa of C. muridarum-infected Tlr2−/− mice relative to wild-
type mice. In spite of the diminished cytokine levels, TLR2 de-
ficiency unexpectedly failed to change the kinetics by which C.
muridarum infections were cleared in the rodent host. Instead,
Tlr2−/− mice displayed a marked reduction in infection-induced
oviduct and mesosalpinx pathologies, suggesting a specific role
for TLR2 signaling in the development of Chlamydia-induced se-
quelae but a lesser role in immune clearance (Darville et al. 2003).
Similarly, plasmid-curedC.muridarum strains that fail to activate
TLR2 signaling cause substantially reduced pathology relative
to infections with plasmid-bearing wild-type strains (O’Connell
et al. 2007). Collectively, these observations establish an impor-
tant role for TLR2 signaling in Chlamydia infection-associated
pathologies.

In humans, TLR2 is highly expressed in the fallopian tube
and the cervix suggesting that TLR2 sensing of C. trachomatis
could also drive pathologies in human genital infections (Pioli
et al. 2004). Indeed, a moderate association between TLR2 hap-
lotypes and the clinical course of C. trachomatis infections has
been observed (Verweij et al. 2016). On the other hand, compara-
ble disease manifestations were observed in rhesus macaques
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inoculated with either wild-type or with plasmid-cured C. tra-
chomatis, the latter strain lacking TLR2 activating properties (Qu
et al. 2015). These data indicate that TLR2 signaling plays a lesser
role in the pathogenesis of C. trachomatis infections in primates
than it does in rodents, and furthermore, that additional PRRs
other than TLR2 are likely to be involved in Chlamydia-induced
immunopathologies.

A strong candidate to act as the key TLR2-induced cytokine
promoting oviduct pathology in mice is TNFα; similar to Tlr2−/−

mice, TNFα−/− mice are also protected against pathologies in-
duced by C. muridarum infections while resolving C. muridarum
infections with kinetics comparable to wild-type mice (Murthy
et al. 2011). These data suggest that TNFα is necessary to induce
sequelae in the mouse model but do not exclude the involve-
ment of other TLR2-induced cytokines in the pathogenesis of
Chlamydia infections. Regardless of the specific mechanism by
which TLR2 activation leads to development of immunopatholo-
gies, these observations demonstrate that immune clearance of
genital Chlamydia infections can be uncoupled from sequelae-
inducing immune responses, an observationwith important im-
plications for vaccine development (Stary et al. 2015).

Whereas TLR2 activation triggers Myd88-dependent NF-kB
signaling, engagement of endosomal TLR3 predominantly trig-
gers the production of IFNβ (Kawai andAkira 2010).Chlamydia in-
fections induce IFNβ secretion in a number of cell types includ-
ing murine oviduct epithelial cells (Xia et al. 2003; Lad et al. 2005;
Derbigny et al. 2007) and it was shown that epithelial cells defi-
cient in TLR3 expression showed a marked, albeit not complete
reduction in Chlamydia-induced IFNβ secretion (Derbigny et al.
2012). TLR3 recognizes double-stranded RNA (dsRNA), a molecu-
lar pattern first associatedwith viral infections (Kawai and Akira
2010). It was later demonstrated that bacterial dsRNA also ac-
tivates TLR3 signaling (Kawashima et al. 2013), suggesting that
Chlamydia-derived dsRNA may act as a TLR3 agonist in epithe-
lial and possibly also in dendritic cells (Fig. 1). Considering the
inherently anti-inflammatory nature of TLR3-driven IFNβ pro-
duction (Kawai and Akira 2010), a potential role for TLR3 signal-
ing in dampening immunity to Chlamydia needs to be explored
further in the future.

Stimulator of interferon genes

Signaling via TLR3 is not the only mechanism by which Chlamy-
dia infections induce type I IFN production. A second PRR that
senses the presence of Chlamydia and induces the secretion of
IFNβ is stimulator of interferon genes (STING) (Prantner, Darville
and Nagarajan 2010). The importance of STING as an inducer
of IFNβ production in response to Chlamydia infections was
demonstrated in multiple cell lines (Prantner, Darville and Na-
garajan 2010; Barker et al. 2013). For example, human embryonic
kidney (HEK) 293T cells are inherently deficient for STING ex-
pression and only respond to C. trachomatis with IFNβ secretion
when STING is ectopically expressed. Similarly, STING-deficient
mouse embryonic fibroblasts fail to secrete IFNβ in response to
C. trachomatis infections (Barker et al. 2013).

Several studies have demonstrated that STING dimerization
leads to the activation of the TANK-binding kinase 1 resulting in
the phosphorylation of interferon regulatory transcription factor
3 (IRF3) and IRF3-dependent transcription of type I IFN-encoding
genes (Barber 2014). Two pathways result in STING dimerization
and activation: in the first pathway, STING acts as a direct sen-
sor of bacteria-derived cyclic dinucleotides and in the second
pathway, STING acts as an indirect sensor of cytosolic double-
strandedDNA (dsDNA) (Sun et al. 2013;Wu et al. 2013). Both path-

ways have been implicated in the activation of STING by Chlamy-
dia infections (Barker et al. 2013; Zhang et al. 2014).

Cyclic di-GMP and cyclic di-AMP are bacterial second mes-
senger molecules that are expressed at varying concentrations
(0.1–10 μM) inside a bacterial cell (Ryan, Tolker-Nielsen and
Dow 2012). It was demonstrated in vitro that one cyclic di-GMP
molecule forms a complex with the C-terminal domains of two
STING molecules, thereby promoting STING dimerization and
initiating STING signaling. While the structural data convinc-
ingly demonstrate direct binding of cyclic di-GMP to STING, the
measured binding affinity of cyclic di-GMP to STING was rela-
tively low compared to other ligand–PRRs interactions (Ouyang
et al. 2012; Yin et al. 2012). Accordingly, it was found that STING
activation by cyclic dinucleotides under physiological conditions
requires the helicase DDX41, which binds cyclic dinucleotides
and then forms a complex with STING (Parvatiyar et al. 2012).
STING can also be activated by cyclic-GMP-AMP (cGAMP) (Sun
et al. 2013;Wu et al. 2013). The production of cGAMPmediated the
host enzyme cGAMP synthase (cGAS) in response to the pres-
ence of cytosolic dsDNA (Sun et al. 2013). Following dimeriza-
tion induced by either bacterial cyclic dinucleotides or by host
cGAMP, STING rapidly traffics from the endoplasmic reticulum
(ER) through to the Golgi to perinuclear endosomes where it pro-
motes the phosphorylation and activation of IRF3 (Barber 2014).

Cyclic di-AMP is a nucleic acid metabolite that contributes
to cell-wall homeostasis in Gram-positive bacteria (Corrigan
et al. 2011).Chlamydia trachomatiswas identified as the first Gram-
negative bacteria to also produce cyclic di-AMP but its physio-
logical function in C. trachomatis is currently unknown (Barker
et al. 2013). Intrabacterial concentrations of cyclic di-AMP rapidly
increase as replicating RBs transform back into infectious EBs
and this increase in cyclic di-AMP levels correlates with an in-
crease in IFNβ production (Barker et al. 2013). Exogenously sup-
plied cyclic di-AMP or C. trachomatis infections induce IFNβ pro-
duction in HEK 293T cells that ectopically expressmurine STING
but lack the dsDNA sensor cGAS, suggesting that chlamydial
cyclic di-AMP acts directly as a STING agonist (Barker et al. 2013).
However, coexpression of STING and cGAS inHEK 293T cells elic-
its greater IFNβ production in response to Chlamydia infections
than expression of STING alone (Zhang et al. 2014). Therefore,
Chlamydia infections appear to induce STING activation not only
through the production of cyclic di-AMP but also through an
infection-dependent increase in cytosolic dsDNA levels (Fig. 1).
This model is also supported by studies demonstrating that
cGAS expression was required for robust IFNβ production in
Chlamydia-infected human and murine oviductal epithelial cell
lines (Zhang et al. 2014). Failure to efficiently degrade cytosolic
dsDNA due to the absence of the exonuclease TREX1 exacer-
bated IFNβ production in response to Chlamydia-infected cells,
thus further supporting a model in which cytosolic dsDNA con-
tributes to Chlamydia-induced type I IFN production (Zhang et al.
2014). Unanswered so far remain the questions of whether the
inflammatory dsDNA is bacterial or host derived and how ds-
DNA leaks either from the bacteria and their surrounding inclu-
sion space or from the host cell nucleus into the host cell cytosol.

While both cyclic di-AMP and dsDNA seem to promote STING
activation in Chlamydia-infected cells, which one of the two
pathways is predominantly activated may depend on the in-
fected cell type, the host species or the individual host haplo-
type. Indeed, it was reported that common SNPs in the human
STING gene significantly alter the ability of STING protein to re-
spond to agonists, thus skewing the binding preference of STING
either towards cGAMP or cyclic dinucleotides (Yi et al. 2013). It
is therefore plausible that STING allelic variants could influence
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the magnitude or duration of the type I IFN response during
chlamydial infections.

How relevant is STING activation in the pathogenesis of C.
trachomatis infections? Mouse fibroblasts deficient for STING sig-
naling allow for exacerbated chlamydial growth, revealing a po-
tential function for STING in cell-autonomous immunity to C.
trachomatis (Barker et al. 2013). It was proposed that STINGmedi-
ates its anti-Chlamydia activity through autocrine cell activation
by STING-induced type I IFNs, but this model has not yet been
experimentally confirmed. While the type I IFN receptor IFNAR
induces cell-autonomous immunity in tissue culturemodels, IF-
NAR paradoxically promotes C. trachomatis survival in vivo (Na-
garajan et al. 2008). Therefore, STING activation and the resulting
production of type I IFNs could potentially promote C. trachoma-
tis survival in the genital tract. Predicting the in vivo function
of STING is further complicated by the possibility that STING-
mediated IRF3 activation could provide protection against im-
munopathologies independently of IFNAR signaling (Prantner
et al. 2011). In order to clearly define how STING-mediated re-
sponses affect the pathogenesis of Chlamydia infections, addi-
tional in vivo studies are needed.

Nucleotide-binding oligomerization domain-containing
proteins

Activation of the cytosolic PRRs NOD1 and NOD2 drives NF-κB-
dependent expression of proinflammatory cytokines such as IL-
6. Recently, it was demonstrated that activation of NOD2 by ei-
ther single-stranded RNA (ssRNA) or N-glycosylated muramyl
dipeptide could also induce type I IFN production (Pandey et al.
2009; Sabbah et al. 2009; Caruso et al. 2014). Whereas activation
of NOD2 by ssRNA induces type I IFN production in an IRF3- and
MAVS-dependent manner (Caruso et al. 2014), mycobacteria-
derived muramyl dipeptides trigger type I IFN secretion in an
IRF5-dependent manner (Pandey et al. 2009). In line with a role
for nucleotide-binding oligomerization domain (NOD) proteins
as initiators of type I IFN responses, it was reported that max-
imal induction of IFNβ expression during chlamydial infec-
tion requires NOD1 (Prantner, Darville and Nagarajan 2010). A
separate study reported NOD1-mediated NF-κB signaling in C.
muridarum-infected fibroblasts, which resulted in the secretion
of the cytokine IL-6 and the chemokine CXCL2 (Welter-Stahl et al.
2006). However, the chlamydial agonist responsible for NOD1 ac-
tivation or the downstream signaling events were not described
in these studies.

Both NOD1 and NOD2 are known to recognize structures
derived from PG, a polymer imbedded in bacterial cell walls.
NOD1 recognizes the PG dipeptide D-gamma-glutamyl-meso-
diaminopimelic acid (iE-DAP), which is made by all Gram-
negative and a few Gram-positive bacterial species. NOD2, on
the other hand, binds murmayl dipeptide, a common build-
ing block of PG in all bacterial phyla (Caruso et al. 2014). While
the presence of PG in the cell wall of Chlamydiae had been
controversial for half a century, recent work by Maurelli and
colleagues unequivocally showed that Chlamydiae produce de-
tectable amounts of PG (Liechti et al. 2014; Packiam et al. 2015).
The same group demonstrated that Chlamydia-derived muramyl
peptides activated NOD2 signaling and the canonical NF-κB
pathway (Packiam et al. 2015). Although these observations es-
tablish that chlamydial PG acts as NOD2 agonist, it remains un-
clear whether chlamydial PG is the chief activator of NOD1/2
signaling in response to Chlamydia infections. As an alternative
model, Chlamydia infection-induced ER stress could be the dom-

inant factor driving NOD1/2 signaling. This model is based on
a recent report demonstrating that an inhibitor of the ER stress
response kinase IRE1α blocked IL-6 secretion in C. muridarum-
infected human HeLa cells (Keestra-Gounder et al. 2016).

Collectively, these observations establish that Chlamydia can
induce NOD signaling. The importance of NOD signaling in the
pathogenesis of genital C. trachomatis infections is less clear. A
polymorphic variant in human NOD1 associates with decreased
rates of genital C. trachomatis infections in women but increased
incidence of tubal factor infertility (Brankovic et al. 2015), sug-
gesting a functional role for NOD1 in human Chlamydia infec-
tions. In mice, on the other hand, clearance rates of experi-
mental C. muridarum infections were unaffected by the absence
of NOD1 (Welter-Stahl et al. 2006). The immune response of
Chlamydia-infected NOD2-deficient animals has yet to be re-
ported. Considering that chlamydial PG has been confirmed as
a NOD2 agonist, a more careful examination of the role of NOD2
in anti-Chlamydia immunity is warranted.

Inflammasomes

Inflammasomes are critical for host defense against a broad
spectrum of card-carrying pathogens but also provide essen-
tial host resistance against environmental bacteria that are non-
pathogenic in immunocompetent hosts (Guo, Callaway and Ting
2015; Maltez et al. 2015). While the absence of inflammasome
function results in increased susceptibility to infections, dysreg-
ulation of inflammasomes has been linked to a host of autoin-
flammatory and autoimmune diseases (Guo, Callaway and Ting
2015). Inflammasomes are multiprotein oligomers that form
in response to intracellular PAMPs or host-derived damage-
associated molecular patterns (DAMPs). The canonical inflam-
masome consists of the cysteine protease caspase-1, an up-
stream sensor protein and in most cases the adapter protein
apoptosis-associated speck-like protein containing a carboxy-
terminal CARD (ASC) (Latz, Xiao and Stutz 2013). The non-
canonical inflammasome is less well characterized and is de-
fined by the presence of caspase-11. Cytosolic PAMPs or DAMPs
trigger the assembly of either type of inflammasome and can
induce a proinflammatory cell death pathway known as pyrop-
tosis. Canonical inflammasomes additionally mediate the pro-
teolytic processing of the cytokines IL-1β and IL-18. Processing
of pro-IL-1β and pro-IL-18 by caspase-1 transforms these cy-
tokine proforms into their active forms that can be delivered
into the extracellular milieu by a poorly characterized secretion
pathway (Dupont et al. 2011). Chlamydia infections in a variety
of epithelial cell lines as well as in monocytes induce caspase-
1-dependent IL-1β and IL-18 secretion (Lu, Shen and Brunham
2000; Abdul-Sater et al. 2010). Caspase-1 activation and the as-
sociated cytokine release occur as a result of the detection of
Chlamydia by at least three separate cytosolic surveillance path-
ways (Fig. 1): a cytosolic dsDNA-sensing pathway that requires
absent in melanoma 2 (AIM2), direct activation of NLR family
pyrin domain containing 3 (NLRP3) by unknown ligand(s) and
indirect activation of NLRP3 via the non-canonical caspase-11-
containing inflammasome (Abdul-Sater et al. 2009, 2010; Finethy
et al. 2015).

Initial studies attributed Chlamydia-induced caspase-1 activ-
ity to the NLRP3 inflammasome. These studies found that in un-
primed cells interference with NLRP3 expression resulted in a
corresponding drop in IL-1β secretion (Abdul-Sater et al. 2009,
2010). In naive cells, Chlamydia induces NLRP3 activation in a
manner dependent on both chlamydial protein synthesis and
the activity of type III secretion system (T3SS) (Lu, Shen and
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Brunham 2000; Abdul-Sater et al. 2010). It was hypothesized that
a secreted chlamydial protein induced K+ efflux leading to con-
sequential generation of radical oxygen species (ROS), a known
inducer of NLRP3 activity. Thus far, no such chlamydial protein
has been identified. Alternatively, T3SS may be required for cell
priming rather than for direct NLRP3 activation. In support of the
latter model, priming with LPS was shown to obviate the need
for chlamydial growth or T3SS function to induce IL-1β secretion
in response to Chlamydia infections (Prantner et al. 2009).

While no Chlamydia-derived molecule has so far been iden-
tified as a direct agonist for NLRP3, one potential candidate is
cyclic di-AMP, which can induce K+ efflux and NLRP3 activa-
tion through an unknown mechanism independent of STING
(Abdul-Sater et al. 2013). Furthermore, the ability of cyclic di-
AMP to activate STING during a Chlamydia infection suggests
that cyclic di-AMP is available in sufficient quantities to activate
NLRP3. Alternatively, NLRP3 activation may occur in response
to infection-associated cellular stress rather than a microbe-
derived agonist, consistent with the putative role for NLRP3 as a
promiscuous sensor of infection-induced DAMPs (Latz, Xiao and
Stutz 2013). As will be discussed in more detail later, Chlamy-
dia infections also activate caspase-11, which in turn induces
NLRP3 function and thus is responsible for some but not all
NLRP3-mediated secretion of IL-1β and IL-18 (Finethy et al. 2015).
These data hence imply the existence of at least two NLRP3
activation pathways in Chlamydia-infected cells: a caspase-11-
dependent and a caspase-11-independent pathway. The precise
nature of the caspase-11-independent inducer of NLRP3 activa-
tion in Chlamydia-infected cells remains to be determined.

In IFNγ - or LPS-primed murine bone marrow-derived
macrophages (BMDMs), complete loss of NLRP3 expression re-
sults in a partial loss of IL-1β and IL-18 secretion (Nagarajan
et al. 2012; Finethy et al. 2015). Loss of AIM2 expression also re-
sults in a moderate reduction in IL-1β and IL-18 production in
primed BMDMs (Finethy et al. 2015). These observations suggest
that NLRP3 and AIM2 inflammasomes function independently
of one another and have partly redundant functions in primed
BMDMs. Accordingly, concurrent loss of NLRP3 and AIM2 gene
function leads to the complete abrogation of Chlamydia-induced
IL-1β and IL-18 secretion, indicating that NRLP3 and AIM2 are
the sole canonical inflammasomes activated by C. muridarum or
C. trachomatis in BMDMs (Finethy et al. 2015).

AIM2 functions as PRRs for cytosolic dsDNA (Burckstummer
et al. 2009; Fernandes-Alnemri et al. 2009; Hornung et al. 2009;
Roberts et al. 2009). As with cGAS, the source of the inflamma-
tory dsDNA activating AIM2 is unknown. Similarly, very little is
known about the mechanism by which AIM2 is regulated. In the
absence of an external priming signal, Chlamydia induces an in-
flammasome response primarily through NLRP3, demonstrating
that AIM2 requires an IFN-mediated second signal in order to
detect Chlamydia infections (Finethy et al. 2015). The nature of
this second signal is currently unknown butmay involve an IFN-
inducible host response that results in the release of either host
or bacterial dsDNA into the host cell cytosol.

As already mentioned, Chlamydia infections prompt the ac-
tivation of the non-canonical caspase-11 inflammasome in
BMDMs, triggering NLRP3-dependent IL-1β and IL-18 secretion.
Activated caspase-11 also initiates pyroptosis in BMDMs in an
NLRP3- and caspase-1-independent manner (Finethy et al. 2015).
Findings made in regard to the function of caspase-11 in murine
BMDMs could be of significance for understanding immunity
to C. trachomatis in humans. Similar to their murine caspase-
11 homolog, human caspase-4 and caspase-5 are activated by
Gram-negative infections (Knodler et al. 2014; Shi et al. 2014).

Recent studies with purified mouse caspase-11 and human
caspase-4 protein revealed that both the murine and human
protein display similar ligand specificities for penta- and hexa-
acylated forms of LPS (Shi et al. 2014). Penta-acylated LOS derived
from Chlamydia is therefore a strong candidate to function as a
caspase-11 or caspase-4 ligand. Future experiments will need to
test whether purified Chlamydia LOS functions as a direct ligand
of murine caspase-11 and/or human caspase-4/ −5. Addition-
ally, the question of how chlamydial LOS becomes available to
cytosolic sensors needs to be addressed. One possibility is that
host-directed inclusion lysis coupled to bacteriolysis could liber-
ate LOS making it available for sensing in the host cytosol. How-
ever, in murine BMDMs both C. muridarum and C. trachomatis in-
duce robust caspase-11 activation despite the ability of C. muri-
darum to interfere with host-mediated inclusion lysis (Finethy
et al. 2015; Haldar et al. 2015). Alternatively, LOS molecules or
small outer membrane vesicles released from individual bacte-
ria (Vanaja et al. 2016) could accumulate inside inclusions and
‘leak’ into the host cytosol ‘accidently’.

Although the activation of caspase-11—as well as AIM2—
in response to Chlamydia has only been described in BMDMs
so far, these sensors might also function in the epithelial cell-
autonomous immune response to Chlamydia. Caspase-11 and
AIM2were shown to be expressed and function in epithelial cells
(Knodler et al. 2014; Hu et al. 2015). The relative in vivo contri-
bution of caspase-11 and AIM2 to Chlamydia-induced inflamma-
some activation in urogenital epithelial cells is unknown. How-
ever, even if these pathways were inactive in epithelial cells, it
would not exclude a role for these proteins in cell-autonomous
immunity to Chlamydia. While C. trachomatis predominantly in-
fects epithelial cells, macrophage immunity is not irrelevant to
the course of infection. LGV serovars L1, L2, and L3 are able
to infect macrophages thereby encouraging systemic infection
(Mabey and Peeling 2002). Thus, while speculative, it is possible
that pyroptotic responses in macrophages could diminish C. tra-
chomatis LGV dissemination beyond the site of infection.

As discussed, priming of host cells with IFNs prior to in-
fection promotes rapid and potent inflammasome responses.
In part, this is due to the ability of IFNs to induce expression
of inflammasome components such as caspase-11 (Schauvliege
et al. 2002). However, IFN-induced expression of these compo-
nents alone is not sufficient to explain the enhanced response of
IFN-primed cells, and it recently became apparent that IFNprim-
ing induces additional cofactors that increase the sensitivity for
inflammasome activation (Broz et al. 2012). One such group of co-
factors constitutes guanylate-binding proteins (GBPs), a family
of IFN-inducible GTPases (Pilla-Moffett et al. 2016). Studies per-
formed in murine BMDMs found that loss of GBP expression led
to a reduction in pyroptosis as well as IL-1β and IL-18 secretion
in response to both cytosolic and vacuolar bacterial pathogens
(Meunier et al. 2014, 2015; Pilla et al. 2014; Man et al. 2015). Re-
cently, we demonstrated that GBP-deficient BMMs also displayed
a muted inflammasome response when infected with either C.
trachomatis or C. muridarum (Finethy et al. 2015).

GBPs have been proposed to assist inflammasome activa-
tion through three distinct mechanisms by mediating (i) lysis
of pathogen-containing vacuoles (PVs) and/or (ii) bacteriolysis
thereby inducing the release of PAMPs into the cytosol or by (iii)
directly promoting formation of the inflammasome complex. In
support of the first mechanism, GBPs have been shown to tar-
get to and to facilitate the rupture of PVs formed by the proto-
zoan pathogen Toxoplasma gondii (Yamamoto et al. 2012). GBPs
also associate with C. trachomatis inclusions formed in mouse fi-
broblasts (Haldar et al. 2013, 2014), and possibly in human cells,
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although the latter observation remains controversial and re-
quires further investigation (Tietzel, El-Haibi and Carabeo 2009;
Al-Zeer et al. 2013; Johnston et al. 2016). In spite of the association
of GBPs with C. trachomatis inclusions, the function of GBPs in
Chlamydia-induced inflammasome activation is most likely un-
related to PV lysis; we found that C. muridarum precludes GBP
localization to the inclusion membrane through an unidentified
mechanism, and failed to observe a link between GBPs and in-
clusion rupture (Finethy et al. 2015; Haldar et al. 2015). Therefore,
in this instance, GBPs are likely to function independently of PV
lysis.

Recently, it was demonstrated that GBPs could promote
inflammasome activation during infection with the cytosolic
bacterium Francisella novicida. These studies showed that GBPs
could colocalize with cytosolic bacteria and mediate bacterioly-
sis (Man et al. 2015; Meunier et al. 2015). While it is plausible that
GBPs could lyse exposed Chlamydiae following inclusion rupture,
no association of GBPs with expelled Chlamydia was observed
(Finethy et al. 2015). The available data therefore favor a model
wherein the GBPs function outside the host–pathogen interface
in promoting inflammasome activation in response to Chlamy-
dia. This model is in agreement with a study that reported how
murine GBPs could exacerbate caspase-11-dependent pyropto-
sis in response to purified LPS delivered into the host cytosol,
indicating that GBPs act downstream of the release of PAMPs
by intracellular pathogens (Pilla et al. 2014). Another study re-
ported that the GBP family member GBP5 promotes NLRP3-ASC
oligomerization in response to a subset of canonical NLRP3 ag-
onists (Shenoy et al. 2012), although this report has been chal-
lenged (Meunier et al. 2014; Man et al. 2015). Thus, the function
of GBPs outside of direct PV or pathogen destruction remains
unclear and future experiments will be necessary to determine
the mechanism of GBP-dependent inflammasome regulation.
Moreover, the importance of GBPs in controlling inflammation
in response to Chlamydia infections in vivo still needs to be
addressed.

Immunity-related GTPases

In addition to GBPs, a second family of IFN-inducible GTPases,
the so-called immunity-related GTPases (IRGs), plays an impor-
tant role in the biology of Chlamydia infections. IFN-inducible
GTPases belong to the dynamin superfamily and have emerged
as essential mediators of host resistance to a broad spectrum
of pathogens including viruses and bacteria. Members of IRG
protein family provide cell-autonomous immunity to infec-
tions with a number of intracellular bacterial and protozoan
pathogens (Pilla-Moffett et al. 2016). In accord with their role in
host resistance, allelic variants of the human IRGM locus are as-
sociated with altered susceptibility to bacterial infections (Inte-
mann et al. 2009; Yang et al. 2014). Naturally occurring genetic
variations in murine IRG genes are associated with altered sus-
ceptibility to C. trachomatis infections (Bernstein-Hanley et al.
2006a,b) and the IRG resistance system has emerged as the sin-
gle most potent IFNγ -inducible defense system active against
C. trachomatis in the mouse (Nelson et al. 2005; Coers et al. 2008,
2011).

The IRG resistance systems in mice and humans are differ-
ent from one another in a number of ways starting with the
number of IRG genes encoded by the respective murine and hu-
man genomes: whereas mouse genomes typically harbor about
20 IRG genes, the human genome contains only one ubiqui-
tously expressed IRG gene (Bekpen et al. 2005, 2009; Coers, Starn-
bach and Howard 2009). All IRG proteins encoded by the mouse

genome can be placed into two subfamilies defined by sequence
and functional differences: the regulatory IRGM and the ‘effec-
tor’ GKS proteins (Bekpen et al. 2005; Hunn et al. 2008). The ef-
fector GKS proteins are defined by the presence of a canonical
GxxxxGKSmotif in the P-loop of the GTP-binding site. IFN prim-
ing of mouse cells strongly induces expression of IRGM and GKS
proteins. In uninfected cells, GKS proteins are found predomi-
nantly in the GDP-bound form and reside in the cytosol or as-
sociate transiently with cell organelles (Hunn et al. 2008). In in-
fected cells, GKS proteins translocate and bind to C. trachomatis
inclusions in their active, GTP-bound form (Coers et al. 2008; Hal-
dar et al. 2013).

In contrast to GKS proteins, IRGM proteins contain a non-
canonical GxxxxGMS P-loop sequence and are therefore some-
times referred to as ‘GMS proteins’ (Bekpen et al. 2005; Hunn
et al. 2008). Following their induction by IFNs,murine GDP-bound
IRGM proteins stably reside on most if not all endomembranes
and organelles including theER, mitochondria and lipid droplets
(LDs). Here, the regulatory IRGM proteins prevent off-target ac-
tivation of GKS proteins and thereby guard self-structures such
as LDs against GKS binding (Haldar et al. 2013). In contrast to
endomembranes and organelles, inclusions are largely devoid
of IRGM proteins and therefore permissive for the recognition
by GKS proteins (Fig. 2). The absence of IRGM proteins from in-
clusion membranes provides a ‘missing-self’ signal resulting in
the transition of GKS proteins into a GTP-bound active state in
which GKS proteins can stably attach to inclusion membranes
(Coers 2013; Haldar et al. 2013). This process is further supported
by the ATG8 conjugation system (Al-Zeer et al. 2009; Haldar
et al. 2014). Once loaded with GKS proteins, inclusions become
decorated with a ubiquitin coat and ultimately undergo host-
mediated rupture by a poorly characterized process (Haldar et al.
2015), as discussed in more detail below. Therefore, the critical
function of GKS proteins is to direct antimicrobial effector path-
ways to their intended ‘non-self target’, the inclusion (Fig. 1). In
how far PRRs other than GKS proteins fulfill similar functions
in cell-autonomous immunity to C. trachomatis in human cells
remains to be determined.

PATHWAYS OF CELL-AUTONOMOUS DEFENSE
AGAINST CHLAMYDIA TRACHOMATIS

Ubiquitination of inclusions and associated
defense pathways

Ubiquitin is a small (8.5 kDa) protein—expressed in
virtually all cells of the human body—that can be cova-
lently attached to other proteins; this process is known as
ubiquitination. Ubiquitin can be attached to other proteins as
a single molecule (monoubiquitination) or as multiple chain-
linked molecules (polyubiquitination). Ubiquitination regulates
many cellular processes that include receptor internalization
and proteolysis. The attachment of polyubiquitin chains to large
intracellular structures such as protein aggresomes or damaged
mitochondria promotes the degradation of these structures
inside autolysosomes (Komander and Rape 2012; Klionsky
et al. 2016). Intracellular pathogens can also become ubiquitin
decorated, resulting in their capture and degradation inside
autolysosomes, or their containment with autophagosome-
like structures (Boyle and Randow 2013). We have recently
demonstrated that ubiquitin systems promote the rupture of
inclusions in mouse fibroblasts (Haldar et al. 2015), adding to the
list of antimicrobial responses that are ubiquitin dependent.
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Figure 2. Targeting of GKS proteins and GBPs to C. trachomatis inclusions in mouse cells. The GKS class of IRG proteins is guided towards inclusion membranes
through a missing-self principle. The IRGM proteins Irgm1 and Irgm3 reside on ‘self’ membranes and organelles such as LDs and block GKS protein activation at
these sites. The absence of these IRGM proteins from inclusions enables GTP-bound GKS dimers to form and associate with inclusion membranes. This association

of GKS proteins with inclusions is further enhanced by the presence of lipidated Atg8 proteins at inclusion membranes (left panel). Inclusion-bound GKS proteins
promote the recruitment of ‘pioneering’ ubiquitin E3 ligases (E3) and p62-interacting E3 ligases (TRAF6, TRIM21), which promote the decoration of inclusions with
ubiquitin. Potential ubiquitination substrates are the GKS proteins themselves. The ubiquitin-binding protein p62 escorts GBP2 to inclusions (right panel). Additional

p62-independent mechanisms of GBP recruitment exist (not shown). GKS-decorated inclusions rupture in a p62-dependent manner.

The coating of intracellular pathogens with ubiquitin is a
conserved defense mechanism found in host organisms as di-
verse as fruit flies and humans (Boyle and Randow 2013; Man-
zanillo et al. 2013). The ubiquitin E3 ligases Parkin and LRSAM1
were previously shown to be required for the ubiquitination of
intracellular Mycobacterium tuberculosis and Salmonella enterica in
unprimed mouse and human cells (Huett et al. 2012; Manzanillo
et al. 2013). Inclusions formed by C. trachomatis can also become
ubiquitin decorated in mouse cells after priming with IFNs. This
IFN-dependent pathway uses a set of E3 ligases that is distinct
from the previously reported Parkin and LRSAM1 and instead
depends in part on the E3 ligases TRAF6 and Trim21. The ubiq-
uitination of C. trachomatis inclusions in mouse cells is abso-
lutely dependent on themurine IRG resistance system. The data
support a model according to which GKS proteins recruit sev-
eral ubiquitin E3 ligases including the aforementioned TRAF6
and Trim21 to inclusions resulting in the deposition of K48- and
K63-linked polyubiquitin and potentially other ubiquitin species
at the inclusion membrane (Haldar et al. 2015). The ubiquiti-
nation substrates are currently unknown but may include GKS
proteins themselves (Traver et al. 2011). The ubiquitin coat sur-
rounding GKS-decorated inclusions recruits ubiquitin-binding
proteins including p62. The latter protein escorts members of
the GBP protein family to ubiquitinated inclusions, and GBPs
are likely to enlist additional antimicrobial host factors (Haldar
et al. 2015). As a result, ubiquitinated inclusions become en-
dowed with a diverse set of host defense proteins, ultimately
resulting in inclusion rupture and spillage of the inclusion’s bac-
terial contents into the host cell cytosol. While the molecular
mechanismsunderlying inclusion lysis are not yet defined, ubiq-
uitin systems appear to be essential for the execution of this
novel host defense pathway (Haldar et al. 2015). The fate of C.
trachomatis RBs and EBs ejected from inclusions into the host
cytosol is also unclear but may involve capture and degradation
through a xenophagic pathway (Al-Zeer et al. 2009).

While C. trachomatis is highly susceptible to IRG-mediated
cell-autonomous immunity in murine cells, closely related C.
muridarum is resistant to cell-intrinsic defense pathways or-
chestrated by IRGs. This resistance is founded in the ability of
rodent-adapted C. muridarum to actively block the accumulation
of GKS proteins at its surrounding inclusion membranes (Co-
ers et al. 2008). The mechanism by which C. muridarum inter-
feres with GKS function and the bacterial virulence factors re-
sponsible for immune evasion are currently unknown. Because
C. trachomatis and C. muridarum are highly syntenic and dis-
play high genomic diversity only within a region of the bacte-
rial chromosome termed the plasticity zone (PZ), genes within
the C. muridarum PZ including the toxin-encoding gene tc0438
were attractive candidates to be involved in IRG evasion (Nel-
son et al. 2005). However, a careful mutational analysis of C.
muridarum PZ genes including tc0438 strongly argued against
a role for PZ-encoded factors in IRG evasion (Rajaram et al.
2015).

Because GKS proteins solicit ubiquitin systems to the inclu-
sion, C. muridarum resists ubiquitination of its inclusion by in-
terfering with GKS function (Haldar et al. 2015). This difference
between C. trachomatis and C. muridarum may have far-reaching
implications for the study of adaptive immunity to Chlamydia
infections, as it was recently shown that ubiquitin tagging of
Toxoplasma gondii PVs affects antigen presentation and CD8+ T-
cell activation (Lee et al. 2015). Future work will need to address
whether human cells are equipped with the cell-intrinsic ca-
pacity to label inclusions with ubiquitin. Because human cells
lack GKS proteins entirely (Bekpen et al. 2005), the attachment
of ubiquitin tags to inclusions in human cells would require
a convergent but GKS-independent system. Such a human-
specific ubiquitination system may indeed exist, as it was re-
cently shown that T. gondii PVs become ubiquitin-decorated in
IFNγ -primed human epithelial cells (Coers and Haldar 2015;
Selleck et al. 2015).
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The enzyme indole-2,3-dioxygenase provides
nutritional immunity in human cells

In light of the importance of IRG-mediated immunity for con-
trolling C. trachomatis infection in mice, it may seem surpris-
ing that an IFNγ -inducible IRG system appears to be lacking
in humans. As mentioned before, mice express about 20 sep-
arate IRG proteins upon IFNγ stimulation but human epithelial
cells express only a single IRG protein known as IRGM (Bekpen
et al. 2005). Human IRGM expression, however, is not induced
by IFNγ , but instead is constitutively driven off a retroviral ele-
ment, albeit at low levels. In comparison to its mouse orthologs,
the human IRGM protein is severely truncated at both the N-
and C-termini implying some degree of functional divergence
between mouse and human IRGM proteins (Bekpen et al. 2005,
2009). Although human IRGM is a functional protein involved in
the regulation of autophagy (Singh et al. 2006, 2010; Chauhan,
Mandell and Deretic 2015), these findings suggest that human
and mouse IRGs are sufficiently distinct to dramatically differ
in their ability to restrict growth of C. trachomatis and, further,
that human and mouse cells may apply divergent strategies to
contain or eliminate intracellular infections with C. trachoma-
tis.

Cell-autonomous host defense to Chlamydia is indeed sub-
stantially different between mouse and human cells. This con-
cept is supported by the finding that IFNγ -primed human but
not mouse cells restrict Chlamydia growth through the induction
of indole-2,3-dioxygenase (IDO)-mediated tryptophan deple-
tion. Because C. trachomatis is a natural tryptophan auxotroph,
tryptophan depletion by IDO restricts intracellular growth of
C. trachomatis (Byrne, Lehmann and Landry 1986; Nelson et al.
2005; Roshick et al. 2006). However, it is less clear whether IDO-
mediated nutritional immunity ultimately benefits the human
host or the bacterial intruder.

Chlamydia trachomatis is highly adapted to the human IDO
pathway. In response to IDO-induced tryptophan starvation, C.
trachomatis undergoes dramatic physiological and morphologi-
cal changes, and enters a state of persistence (Beatty, Byrne and
Morrison 1993; Kane et al. 1999; MacKenzie et al. 2007; Wyrick
2010). As C. trachomatis enters persistence, the bacterium upreg-
ulates a partial trp operon enabling it to consume exogenous
indole—most likely originating from the genital microbiome—
and to produce enough tryptophan to survive in the persistent
state (Caldwell et al. 2003; Wyrick 2010; Aiyar et al. 2014). There-
fore, C. trachomatis is able to enter, survive and endure in the
persistent state for as long as host cells remain in the IFNγ -
primed state characterized by diminished intracellular trypto-
phan stores. As we will discuss later in more detail, this persis-
tent state may play an important role in the establishment of
chronic C. trachomatis infections (Fig. 3).

This interaction between host IDO and the C. trachomatis trp
operon is unique to human infections and absent from the inter-
action between the murine host and its host-adapted pathogen
C. muridarum. Mouse genital epithelial cells express little to no
IDO, even when primed with IFNγ , and accordingly C. muri-
darum experienced no selective pressure to acquire the ability
to generate tryptophan de novo (Nelson et al. 2005; Roshick et al.
2006; Coers, Starnbach and Howard 2009; Abdelsamed, Peters
and Byrne 2013). Instead, C. muridarum evolved to cope with IRG
responses unique to the rodent host. Therefore, the ability of C.
muridarum to counteract murine IRG immunity and the ability
of C. trachomatis to co-op the human IDO response beautifully
illustrate how two closely related Chlamydia species are specif-
ically adapted to their respective host species. These findings

also highlight the importance of studying specific adaptations
of C. trachomatis to its human host.

Nitric oxide synthase mediates macrophage immunity
to Chlamydia trachomatis infections

Chlamydia trachomatis predominantly infects epithelial cells.
Vaginal infections with serovars D-K can spread from columnar
epithelial cells of the endocervix to the fallopian tubes or the
ovaries but typically remain localized to the genital tract. The
LGV serovars L1, L2 and L3 on the other hand are invasive and
can cause systemic infections by spreading through the lym-
phatic drainage system (Belland, Ojcius and Byrne 2004). While
all genital C. trachomatis strains are adapted to grow and survive
inside epithelial cells, only LGV strains are also adapted to sur-
vive inside macrophages (Mabey and Peeling 2002; Belland, Oj-
cius and Byrne 2004). Survival of C. trachomatis LGV strains in-
sidemacrophages has been linked to dissemination of infection,
chronic infections and tolerance towards antibiotic treatment
(Ramsey et al. 2001a; deVries et al. 2009). Therefore,macrophages
appear to be equipped with additional cell-autonomous de-
fense mechanisms that are lacking from epithelial cells. These
macrophage-specific defensemechanisms are presumablymore
effective against non-LGV than LGV strains.

One critical mediator of macrophage immunity against
Chlamydia infections is nitric oxide synthase 2 (NOS2). It has
been demonstrated that NOS2 restricts the dissemination of
genitalC.muridarum infections and also limits infection-induced
pathology in mice (Ramsey et al. 2001a). NOS2 synthesizes ni-
tric oxide (NO), a noxious gas with both antimicrobial and
immunemodulatory functions. In combination with ROS, NO
forms reactive nitrogen species (RNS), which react with proteins
and thereby directly damage bacteria engulfed within NOS2-
positive phagosomes (Bogdan 2015). NOS2-dependent killing of
Chlamydia inside macrophages also requires the function of the
lysosomal enzyme cathepsin B, which acts upsteam of RNS pro-
duction but may also act synergistically with RNS in Chlamy-
dia killing (Rajaram and Nelson 2015). The increased dissemi-
nation rates observed in NOS2-deficient mice could therefore be
a direct consequence of diminished killing of Chlamydia inside
NOS2-deficient macrophages.

In addition to murine macrophages, IFNγ -primed murine
epithelial cells also restrict growth of C. trachomatis in a NO-
dependent manner (Igietseme et al. 1996, 1997). The importance
of NO in cell-autonomous immunity to C. trachomatis in human
cells is less clear. Infections with C. trachomatis result in unde-
tectable to moderate induction of NO production in a variety
of human cells types, and pharmacological inhibition of NOS2
function has no significant effect on C. trachomatis replication in
human cells (Roshick et al. 2006; Agrawal et al. 2011). The limited
role for NOS2 in human cell-autonomous resistance to C. tra-
chomatis could be due to the ability of C. trachomatis to inhibit the
NOS2 pathways in human cells: in human mesenchymal stem
cells, C. trachomatis infections induce polyamine synthesis and
thereby suppress NOS2 expression and NO production. Blocking
the polyamine pathway through the ablation of ornithine decar-
boxylase function results in an increase in NO production and
enhanced restriction of C. trachomatis growth in mesenchymal
stem cells (Abu-Lubad, Meyer and Al-Zeer 2014). Whether C. tra-
chomatis can block NO production in other human cell types in-
cluding macrophages remains to be investigated.

While defects in the bactericidal activity of macrophages
could boost inflammation in NOS2-deficient mice due to an
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Figure 3. Chlamydia trachomatis responds to changes in the tryptophan metabolism of IFNγ -primed epithelial cells of the female genital tract. Chlamydia trachomatis

colonizes columnar epithelial cells of the endocervix following infection of the female genital tract. Infections induce the expression of lymphocyte-derived IFNγ , which
primes human epithelial cells to induce the expression of the tryptophan-catabolizing enzyme IDO. Depletion of intracellular tryptophan stores by IDO instructs C.

trachomatis RBs to undergo a dramatic morphological transformation into ‘persister cells’ (PCs). PCs halt replication and drastically change their cell physiology. While
still an untested hypothesis, these substantial changesmay allow PCs to evade adaptive immune responses. As one of their adaptations to IFNγ priming, PCs upregulate
expression of the trp operon and thereby activate an indole-scavenging pathway. Consuming indole—most likely derived from the vaginal mircobiome—enables C.

trachomatis PCs to survive tryptophan-spent conditions within its host cell.

increase in bacterial burden, NOS2 deficiency has also been
shown to affect inflammation independently of its impact on
bacterial burden (Mishra et al. 2013). In addition to its an-
timicrobial properties, NOS2-produced NO can also regulate
macrophage function through the activation of the cyclic GMP-
dependent pathway, or through protein S-nitrosylation, a re-
versible post-translational modification of protein sulfhydryl
groups (Bogdan 2015). Specifically, it was shown that IFN prim-
ing of macrophages inhibits NLRP3 inflammasome assembly
through NOS2-dependent S-nitrosylation of NLRP3 (Hernandez-
Cuellar et al. 2012; Mishra et al. 2013). The inactivation of NLRP3
by this pathway plays an import role in limiting the destruc-
tive, tissue-damaging effects of chronic M. tuberculosis infec-
tions (Mishra et al. 2013). It is conceivable that NOS2-mediated
inhibition of NLRP3 assembly could be similarly indispensable
in restricting the damaging effects of NLRP3 activation during
Chlamydia infections and that the increased immunopatholo-
gies observed in C. muridarum-infected NOS2-deficient mice are
largely the result of NLRP3 hyperactivation. This intriguing hy-
pothesis postulates that the increased incidence of infection-
induced pathologies in C. muridarum-infected NOS2-deficient
mice could be reversed by the simultaneous deletion of NLRP3.
Future studies need to delineate the relative contribution of
NOS2 to anti-Chlamydia host defense in macrophages or other
cell types and the importance of NOS2 as an anti-inflammatory
factor during C. trachomatis infections.

CELL-AUTONOMOUS IMMUNE RESPONSES
REGULATE INFLAMMATION AND ADAPTIVE
IMMUNITY TO CHLAMYDIA TRACHOMATIS

The role of inflammasomes in the pathogenesis
of Chlamydia-associated disease

As just discussed for NOS2-deficient mice, the activation or in-
hibition of inflammasomes may dramatically alter the course of
Chlamydia infections. This prompts the question as to how in-
flammasomes regulate immune functions triggered by Chlamy-
dia infections. Following the sensing of microbial PAMPs or
infection-induced DAMPs, activated inflammasomes can induce
pyroptotic cell death and the release of IL-1α/β and IL-18 (Latz,
Xiao and Stutz 2013). The ability of IL-1 and IL-18 receptor sig-

naling to shape downstream immune responses implicates in-
flammasomes as key regulators of chlamydial disease outcome.

Recent studies have identified IL-1 receptor (IL-1R) signal-
ing as a determinant of Chlamydia infection-associated disease.
Mice-lacking IL-1R expression exhibit increased bacterial shed-
ding during the course of urogenital C. muridarum infections
compared to wild-type mice. Conversely, mice deficient for the
endogenous IL-1R antagonist clear infections more rapidly than
wild-type mice. These results highlight a role for IL-1R signaling
in controlling pathogen clearance. Importantly, loss of IL-1R sig-
naling additionally leads to decreased incidence of Chlamydia-
induced sequelae (Nagarajan et al. 2012). This suggests that
while IL-1R-dependent mechanisms promote clearance, they
also result in collateral tissue damage. This is consistent with
the prevalent model suggesting that host-driven inflammation
is responsible for chlamydial disease.

IL-1R signaling can be activated by either IL-1α or IL-1β. Mice
deficient for IL-1β develop higher chlamydial burden and less
pathology similar to IL-1R-deficient mice, suggesting that IL-1β-
initiated signaling drives the observed IL-1R-dependent pheno-
types (Prantner et al. 2009). However, these observations do not
exclude a role for IL-1α in the pathogenesis of chlamydial dis-
ease, as synergistic activity of IL-1α and IL-1β may be responsible
for the full extent of the observed immunopathologies.

How does IL-1R signaling dictate the course of infection and
disease outcome? IL-1R signaling both shapes T-cell responses
and controls innate immune cell recruitment. Specifically, loss
of IL-1R is associated with decreased infiltration of CD45+ Ly6G+

F4/80− polymorphonuclear cells (PMNs) into the uterus through-
out the course of genital C. muridarum infections (Nagarajan et al.
2012). The decreased recruitment of PMNs likely contributes to
the diminished histopathology observed in IL-1R-deficientmice.
This model is supported by the observations that neutropenic
mice infected with C. muridarum exhibited decreased inflam-
matory damage while clearing infections at normal rates (Lee
et al. 2010). Nonetheless, whether IL-1R signaling contributes to
disease solely through the recruitment of PMNs remains un-
clear. The reported cytopathic effects of IL-1R signaling on ep-
ithelial cells could additionally contribute to Chlamydia-induced
pathologies; it was shown that human ex vivo fallopian tube or-
gan cultures displayed fewer markers of tissue damage follow-
ing C. trachomatis infections when treated with exogenous IL-1R



886 FEMS Microbiology Reviews, 2016, Vol. 40, No. 6

antagonist (Hvid et al. 2007). Conceivably, IL-1R signaling could
exert its effects on tissue inflammation in a dual manner by pro-
moting the recruitment of PMNs to the site of infection while
also directly acting on epithelial cells. The recruited PMNs them-
selves could act as source of additional IL-1 cytokine release, ul-
timately resulting in a feed-forward mechanism and enhanced
tissue destruction (Lapointe et al. 2010). Together, these results
support a model in which PMNs are required for the induction
of IL-1R-dependent immunopathologies but dispensable for IL-
1R-dependent immune clearance of Chlamydia infections.

Whereas IL-1R-mediated immunopathologies involve PMNs,
the impact of IL-1R signaling on infection burden could be due to
changes in the CD4+ T-cell response. IL-1α and IL-1β have both
been reported to directly enhance antigen-dependent CD4+ T-
cell expansion and differentiation (Ben-Sasson et al. 2009). In one
C. muridarum infection study, loss of IL-1R resulted in decreased
CD4+ cell numbers at 20 days post-infection (dpi) in oviducts.
However, similar changes in CD4+ T-cell numbers were not ob-
served at 10 dpi, when differences in bacterial burden became
first apparent (Nagarajan et al. 2012). Therefore, changes in ab-
solute CD4+ T-cell numbers cannot fully explain the role of IL-
1R signaling in promoting clearance of C. muridarum infections.
A non-mutually exclusive mode of action for shaping the adap-
tive immune response is the ability of IL-1R signaling to affect
T-cell polarization. Inflammasome-dependent IL-1α/β produc-
tion can favor a Th17-skewed response in a variety of contexts
(Acosta-Rodriguez et al. 2007; Rao, Tracey and Pober 2007). IL-
17 receptor-deficient mice exhibit a suppressed Th1 response to
genital C. muridarum infections accompanied by a decrease in lo-
cal IFNγ secretion (Scurlock et al. 2011). Therefore, changes in the
polarization of the T-cell responses provide an attractive frame-
work to account for the role of IL-1R signaling in the clearance of
Chlamydia infections. However, alternative mechanisms should
also be considered in future studies.

The adaptor protein ASC is required for canonical inflam-
masome assembly and inflammasome-dependent IL-1β produc-
tion (Latz, Xiao and Stutz 2013). Similar to IL-1R deficiency, loss
of ASC expression results in increased burden in C. muridarum-
infected mice. This phenotype is not evident until ∼10 dpi, sug-
gesting that observed changes in bacterial burden result from a
diminished adaptive immune response. In contrast to IL-1R sig-
naling deficiencies, however, loss of ASC expression has no im-
pact on Chlamydia-induced pathologies (Nagarajan et al. 2012).

Why do mice deficient in either ASC or in IL-1R display
distinct phenotypes? While ASC is required for the release
of IL-1 through the activity of canonical inflammasomes, se-
creted IL-1 can also originate from other sources. For example,
neutrophil-derived serine proteases are capable of processing
IL-1β, thus facilitating IL-1β secretion (Netea et al. 2010). Some
observations suggest that neutrophils could supply IL-1β inde-
pendently of ASC during Chlamydia infections in vivo: mice lack-
ing ASC exhibit only a partial decrease in IL-1β levels accompa-
nied by an increase in neutrophil infiltration (Nagarajan et al.
2012). Therefore, increased neutrophil-derived IL-1β secretion
in ASC-deficient mice could be compensating for the defect in
inflammasome-dependent IL-1β production in the same ani-
mals.

Another factor that could account for the increased suscep-
tibility of ASC-deficient mice is IL-18. IL-18 is a macrophage-
derived cytokine that signals through the IL-18 receptor and ac-
tivates T-cell immunity (Sedimbi, Hagglof and Karlsson 2013).
ASC-containing canonical inflammasomes produce IL-18 in re-
sponse to Chlamydia infections (Finethy et al. 2015) and IL-18 is
produced in vivo in an ASC-dependent manner in C. muridarum-

infected mice (Nagarajan et al. 2012). However, the importance
of IL-18 in the pathogenesis of Chlamydia infections has not yet
been explored. An attractive and testable model evokes syner-
gistic activities between IL-1 and IL-18 cytokines in shaping the
adaptive immune response essential for sterilizing immunity.

While an atypical caspase-8-dependent pathway also ex-
ists, caspase-1 is essential for pro-IL-1β and pro-IL18 process-
ing in most contexts (Monie and Bryant 2015). Mice deficient for
both caspase-1 and caspase-11 exhibit decreased genital tract
pathologies accompanied by no change in bacterial burden dur-
ing the course of the infection (Cheng et al. 2008). The differ-
ence between Casp1/Casp11 double knockout and ASC-deficient
mice in resolving Chlamydia infections is unexpected consider-
ing that both capase-1 and ASC are required for processing and
secretion of IL-1β and IL-18 in Chlamydia-infected macrophages
(Finethy et al. 2015). Confounding the interpretation of the in
vivo data is the lack of knowledge regarding the contribution
of caspase-11 to the outcome of a chlamydial infection in vivo.
While caspase-1 and ASC are required for IL-1β and IL-18 pro-
duction in Chlamydia-infected macrophages, these proteins are
dispensable for caspase-11 activity, which is sufficient for the in-
duction of pyroptosis and the associated release of IL-1α (Kaya-
gaki et al. 2011; Finethy et al. 2015). In order to solve the caspase-
1 conundrum, and to fully understand the role of canonical and
non-canonical inflammasomes in dictating chlamydial immu-
nity and disease progression, future studies need to examine the
in vivo function of caspase-1 and caspase-11 individually.

On the role of host IDO in the establishment
of persistent Chlamydia trachomatis infections

Immunopathologies are associated with persistent or recurring
C. trachomatis infections in humans, and likely occur as a conse-
quence of the continuous stimulation of immune sensors such
as TLR2 or inflammasomes. Therefore, the prevention of persis-
tent C. trachomatis infections could help to substantially reduce
medical complications associated with genital C. trachomatis in-
fections. Currently, it is not understood how C. trachomatis is able
to establish long-lasting infections in a subset of patients. How-
ever, as hypothesized previously (Caldwell et al. 2003; Nelson
et al. 2005; Coers, Starnbach and Howard 2009; Aiyar et al. 2014),
the unique adaptation of genital C. trachomatis strains to the hu-
man IDO-driven immune response could be playing an impor-
tant part in the establishment of chronicC. trachomatis infections
within the environment of the female genital tract.

In order to cause persistent infections, a microbe such as
Chlamydia must be able to prevent clearance by the adaptive
branch of the immune system. Two simple models may explain
how C. trachomatis can survive the adaptive immune response.
In the first model, bacterial replication and the clearance of C.
trachomatis by the adaptive immune response occur at similar
rates, thus creating a stalemate. In the second model, C. tra-
chomatis exists in two subpopulations: a replicating form that is
most abundant during the acute phase of the infection but sus-
ceptible to the adaptive immune response and a non-replicating
form (‘persister’) that is either immunologically invisible or re-
sistant to the adaptive immune response. According to the latter
model, activation of the adaptive immune responsewould result
in the removal of the more abundant, replicating forms of C. tra-
chomatis. The drastic reduction in bacterial burden would be a
contributing factor to the contraction of the adaptive immune
response. Once host immunity wanes, non-replicating persister
cells could revert to the replicating form and expand until an
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increase in microbial numbers triggers a renewed immune re-
sponse. In support of thismodel, so called ‘dormant’, ‘quiescent’
or ‘persistent’ bacterial subpopulations have been described for
several pathogenic bacterial species that cause chronic infec-
tions including C. trachomatis (Lewis 2010; Wyrick 2010).

The existence of a persistent form of C. trachomatis has been
extensively demonstrated in tissue culture model, but there is
as yet no in vivo model that recapitulates the epidemiology and
clinical data of C. trachomatis infections. However, key aspects of
persistence can be replicated in human tissue culture cells. Cul-
tured human epithelial cells can be infected with EBs, which dif-
ferentiate into larger, metabolically active and replicating RBs.
After several rounds of replication inside the inclusion, RBs dif-
ferentiate back into EBs, which are then released from the spent
host cell and able to infect neighboring cells. This developmental
cycle is disruptedwhen C. trachomatis is exposed to environmen-
tal stresses like IDO-induced tryptophan starvation. In response
to tryptophan starvation, the natural tryptophan auxotroph C.
trachomatis transforms from an active, replicating, state into a
persistent form (Wyrick 2010). Growth of these organisms slows
dramatically, yet they endure as persister cells until tryptophan
becomes available again

Chlamydia trachomatis persister cells can survive in the pres-
ence of limiting amounts of tryptophan. Severe tryptophan
starvation, however, is ultimately bactericidal to C. trachomatis
(Leonhardt et al. 2007). Therefore, in adaptation to the human
IDO response, genital strains of C. trachomatis express a tryp-
tophan synthase that can use exogenous indole for the syn-
thesis of tryptophan (Caldwell et al. 2003). The ability of C. tra-
chomatis to salvage exogenous indole may provide C. trachomatis
with a lifeline to endure IDO-mediated tryptophan starvation in
vivo. Because neither human cells nor C. trachomatis produces in-
dole, the genital microbiota is the only possible source of indole
in vivo. However, the most abundant member of the genital mi-
crobiota, Lactobacillus, is not an indole producer. Therefore, when
the population of Lactobacillus collapses, as it does during BV,
indole-producing bacteria including Prevotella species, Bacteri-
odes species and Escherichia coli have an opportunity to expand
in numbers (Onderdonk, Delaney and Fichorova 2016), possibly
leading to increased vaginal indole levels. In support of this hy-
pothesis, positive correlations between BV and rates of C. tra-
chomatis infections have been reported (Wiesenfeld et al. 2003;
Yoshimura et al. 2009). Differences in the vaginal microbiome—
either inherent to the individual or induced by BV—may also
help explain why some women are at greater risk to develop
persistent infections than others. To further substantiate or re-
fute the hypothesis that C. trachomatis co-opts the human cell-
autonomous IDO response to establish persistent infections, fu-
ture studies need to examine how genital indole concentrations
and vaginal microbiome dynamics correlate with C. trachomatis
infections in human patients. Further, the development of ex-
perimental animal models to examine the relationship between
IDO, the genital microbiome and the course of C. trachomatis in-
fections would provide a major advance in our ability to dissect
and ultimately understand C. trachomatis induced diseases of the
genital tract.

CONCLUSIONS AND FUTURE DIRECTIONS

Progress in understanding chronic Chlamydia trachomatis infec-
tion has been severely hampered by the lack of small animal
models that recapitulate disease as it manifests itself in hu-
mans. Unlike humans, laboratorymice rapidly clear experimen-

tally induced genital infectionswithC. trachomatis and donot de-
velop significant disease phenotypes (Perry et al. 1999). If it were
possible to model elements of human C. trachomatis pathogene-
sis in mice—with a mouse model of chronic human infection—
it would accelerate the study of this disease and the develop-
ment of therapies to combat it. Our understanding of the im-
mune mechanisms that prevent the establishment of chronic
C. trachomatis infections in mice has advanced to a point where
we can try to apply this knowledge to create a mouse model of
chronic genital infection with C. trachomatis. As a first step to-
wards this goal, mice need to be stripped of the murine IFNγ -
induced IRG response that is absent from humans but rapidly
clears C. trachomatis from mice, as already described (Coers et al.
2011). As a second step, an inducible human IDO response needs
to be inserted into epithelial cells of the murine genital tract,
so that IDO-mediated induction of C. trachomatis aberrant forms
can be achieved in vivo. This engineered mouse would provide
a tool to begin to address the questions of whether and how
the expression of IDO in genital epithelial cells and the es-
tablishment of chronic infections leads to the development of
infection-associated pathologies, hinders the development of an
adaptive, sterilizing immune response to C. trachomatis or alters
the immune response to other pathogens or self-antigens. Us-
ing gnotobiotic mouse technology and controlled association of
mice with definedmicrobial communities would further test the
idea that the composition of themicrobiota of the genital tract is
a critical factor in modulating the course of an infection with C.
trachomatis. This concept is based on the previous observations
that C. trachomatis can survive IDO-mediated tryptophan starva-
tion in the presence of indole and that the only possible source
of indole are other microbes.

The interplay between the human IDO response and the
indole-scavenging pathway employed by C. trachomatis per-
sister cells exemplifies the importance of cell-autonomous
immunity and microbial adaptations to these cell-intrinsic host
defense pathways in defining the outcome of C. trachomatis in-
fections. We can expect that many equally important interac-
tions between C. trachomatis and the cell-autonomous defense
system of its human host must exist, many of which may still
be unknown. For example, a recent report identified perforin-2
as a novel effector molecule that provides cell-autonomous im-
munity to C. trachomatis infections in macrophages (Fields et al.
2013). Perforin-2 contains a membrane attack complex/perforin
domain also found in complement protein C9 and has pore-
forming properties (McCormack et al. 2015). Whether and how
perforin-2 inserts bactericidal pores into Chlamydia is unknown,
but it seems likely that C. trachomatis would have evolved
counter-immune strategies to circumvent such a powerful host
defense system. The unexplored role of ubiquitin systems in
host defense against C. trachomatis infections provides another
example of a poorly characterized relationship between C. tra-
chomatis and cell-autonomous immunity. We recently showed
that murine cells could label inclusions with ubiquitin and fur-
ther demonstrated that the rodent-adapted pathogen C. muri-
darum blocks inclusion ubiquitination in mouse cells (Haldar
et al. 2015). Whether a functionally orthologous ubiquitina-
tion pathway directed at Chlamydia exists in human cells and
whether C. trachomatis can evade ubiquitination of its inclu-
sion in human cells remain to be explored. Investigating the
‘battle over ubiquitin’ between C. trachoamatis and its human
host is timely, as the ubiquitination of PVs has been linked
to antigen presentation and CD8 + T-cell expansion (Lee et al.
2015). Addressing these types of questions will dramatically
advance our understanding of cell-autonomous immunity to
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C. trachomatis,will reveal novel bacterial virulence strategies and
will open up avenues towards the development of innovative
treatment strategies and vaccine designs.
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