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Abstract: The global incidence of sexually transmitted infections (STIs) remains high, with the World
Health Organization (WHO) estimating that over 1 million people acquire STIs daily. STIs can
lead to infertility, pregnancy complications, and cancers. Co-infections with multiple pathogens are
prevalent among individuals with an STI and can lead to heightened infectivity and more severe
clinical manifestations. Chlamydia trachomatis (CT) is the most reported bacterial STI worldwide in
both men and women, and several studies have demonstrated co-infection of CT with viral and other
bacterial STIs. CT is a gram-negative bacterium with a unique biphasic developmental cycle including
infectious extracellular elementary bodies (EBs) and metabolically active intracellular reticulate bodies
(RBs). The intracellular form of this organism, RBs, has evolved mechanisms to persist for long
periods within host epithelial cells in a viable but non-cultivable state. The co-infections of CT with
the most frequently reported sexually transmitted viruses: human immunodeficiency virus (HIV),
human papillomavirus (HPV), and herpes simplex virus (HSV) have been investigated through
in vitro and in vivo studies. These research studies have made significant strides in unraveling the
intricate interactions between CT, these viral STIs, and their eukaryotic host. In this review, we
present an overview of the epidemiology of these co-infections, while specifically delineating the
underlying mechanisms by which CT influences the transmission and infection dynamics of HIV
and HSV. Furthermore, we explore the intricate relationship between CT and HPV infection, with a
particular emphasis on the heightened risk of cervical cancer. By consolidating the current body of
knowledge, we provide valuable insights into the complex dynamics and implications of co-infection
involving CT and sexually transmitted viruses.

Keywords: sexually transmitted infection; Chlamydia trachomatis; human immunodeficiency virus;
human papillomavirus; herpes simplex virus; co-infection

1. Introduction

Sexually transmitted infections (STIs) result in serious reproductive and sexual health
sequelae, including infertility, pregnancy complications, and the development of
cancers [1,2]. In 2018, the direct medical costs of new STI cases in the United States of
America (USA) alone amounted to approximately $16 billion [3]. A high proportion of
patients with STIs are co-infected with multiple pathogens [4–8]. Sexually transmitted co-
infections are common because the pathogens share transmission routes and the majority of
infections are asymptomatic, which results in patients not seeking treatment [8,9]. High-risk
sexual behavior including having sex with multiple partners, inconsistent condom use,
and belonging to specific sexual networks such as men who have sex with men (MSM)
are associated with increased risk of co-infection with multiple pathogens [10–13]. Other
factors associated with co-infection include younger age, having a history of previous STIs,
and low educational status [14–16].
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The simultaneous presence of sexually transmitted pathogens in co-infections can
result in heightened infectivity, exacerbated symptoms, increased odds of pathogen trans-
mission, and reduced effectiveness of treatment and prevention interventions [8,9,17–19].
Previous findings indicate that the concordance of sexually transmitted pathogens within
sexual partnerships is poor, and the limited concordance of infection is exacerbated by the
presence of a single infection in one person and co-infection with multiple pathogens in the
other [20–24].

Globally, Chlamydia trachomatis (CT) is the most reported bacterial STI [25–28]. CT is
an obligate intracellular bacterium that infects epithelial cells at mucosal surfaces [29–32].
The ability of CT to infect the urogenital and rectal tracts in the absence of significant
local or systemic symptoms allows the pathogen to go untreated for extended periods [33].
Previous studies have demonstrated the ability of CT to facilitate the infection of sexually
transmitted viruses [34–39]. For instance, CT enhances human immunodeficiency virus
(HIV) infection by increasing the expression of HIV-1 primary and co-receptors on epithelial
cells, which decreases epithelial integrity and enhances cell-associated virus migration
across the epithelial barrier. CT also enhances the accumulation of CD4+ T cells that express
the HIV co-receptors CXCR4 and CCR5 at the site of infection [38–41]. Among different
sexually transmitted viruses, co-infections of HIV, human papillomavirus (HPV), and
herpes simplex virus (HSV) with CT have repeatedly been reported [42–48], and several
in vitro and in vivo studies have attempted to unveil the interaction of these viral STIs with
CT and their eukaryotic host [18,39,49–53].

The aim of this review is to examine the available data on the mechanisms through
which CT influences the transmission and infection of HIV and HSV, and in the case of
HPV infection, the risk of cervical cancer. We begin with a concise introduction to CT
biology and pathogenesis, followed by a summary of each co-infection. Each section will
provide (i) a brief overview of the infection and immunopathology associated with the
respective virus, (ii) the epidemiology of the co-infections, (iii) the interaction of CT and
sexually transmitted viruses with each other and with their host, and (iv) a conclusion. We
do not discuss the impact of CT infection on the vaginal microbiome, which in itself may
be associated with bacterial vaginosis facilitating secondary STIs [36,54–57]. Instead, we
focus on the direct interaction of CT with viral STIs. While co-infections of CT with other
sexually transmitted bacteria, such as Neisseria gonorrhoeae (NG) and Mycoplasma genitalium,
are common [58–61], addressing them lies beyond the scope of this review.

2. Chlamydia trachomatis Biology and Pathogenesis

There are distinct CT genovars that target specific anatomical sites of the human body.
CT genovars A-C infect the eyes, resulting in a debilitating disease known as trachoma [62],
CT genovars D-K, on the other hand, target the urogenital tract and have the potential to
cause pelvic inflammatory disease (PID), tubal factor infertility, and ectopic pregnancy [25,63].
Lastly, CT genovars L1-L3 specifically cause lymphogranuloma venereum (LGV), which is
an ulcerative disease that affects the anogenital area [64].

CT has a biphasic developmental cycle [29]. The extracellular elementary body (EB)
is the infectious form and is characterized as being metabolically inert [65]. Upon host
cell contact, the EBs bind to heparan sulfate proteoglycans on epithelial cells, followed by
interaction with a variety of cell surface receptors such as the mannose receptor, mannose-
6-phosphate receptor, epidermal growth factor receptor, fibroblast growth factor receptor,
platelet-derived growth factor receptor, ephrin receptor A2, protein disulfide isomerase, and
β1 integrin [65,66]. CT attachment to the host cell is followed by an active actin remodeling
process that facilitates entry of the microorganism into the cytoplasm [66,67]. Following
entry, within a parasitophorous vacuole termed the inclusion, the EBs transform into
the noninfectious replicative form of the organism called the reticulate body (RB) [68,69].
RBs hijack cellular machinery to utilize nutrients within the host cytoplasm and promote
bacterial replication by binary fission [65]. RBs’ differentiation back into EBs coincides with
a decreasing pool of nutrients and adenosine triphosphate [65]. Finally, EBs exit the cell
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through host cell lysis or extrusion of the cytoplasmic inclusion [70]. Under unfavorable
growth conditions characterized by the presence of antibiotic or host immune responses, a
state of persistence within the inclusion begins in which CT remains viable but atypical,
with an enlarged, aberrant form and quiescent metabolism [65,66]. In this persistent form,
CT substantially upregulates the synthesis and release of its chaperonins (Hsp60s) known
as GroEL from the host cells [71–73]. GroEL acts as a virulence factor that promotes the
survival of the bacterium by modulating the host immune responses and suppressing the
activation of pro-inflammatory responses, inhibiting apoptosis, and assisting in nutrient
acquisition and utilization. Additionally, GroEL triggers immune responses in the host,
contributing to the pathogenicity of the infection [71,72].

Upon infection, a local pro-inflammatory response to CT infection initiated by host
epithelial cells recruits immune cells such as macrophages, neutrophils, dendritic cells
(DCs), natural killer (NK) cells, T cells, and B cells to the site of infection [65,66,74]. Immune
cells secrete pro-inflammatory cytokines and chemokines and stimulate a chronic inflam-
matory environment through the release of reactive oxygen species (ROS) and degradative
enzymes including defensins, elastase, collagenase, cathepsins, and lysozyme [75]. CT de-
ploys different mechanisms to evade the host immune responses, including the CT-directed
production of multiple proteases, the inhibition of major histocompatibility complex (MHC)
expression by induction of beta interferon (IFN-β), and the inhibition of apoptosis in CT-
infected cells [65]. Among different CT proteases, the chlamydial protease-like activity
factor (CPAF) is important for the development of CT [65,76–79]. There are studies showing
that CPAF can directly suppress the release of pro-inflammatory cytokines, such as CXCL10,
and degrade innate immune effectors such as the nuclear factor-kappa B (NF-κB) as well
as other transcription factors that initiate the production of multiple pro-inflammatory
mediators [65,80,81]. CPAF degrades the transcription factors RFX5 and USF-1, resulting in
the inhibition of the expression of MHC class I and II molecules [65,82]. Moreover, released
CPAF from the infected host epithelial cells cleaves formyl peptide receptor 2 (FPR2), which
is a natural activator of polymorphic nuclear leukocytes (PMNs) located on the surface
of neutrophils [83,84]. As a consequence, affected neutrophils are paralyzed and fail to
respond to activation by different stimuli, highlighting CPAF-mediated inactivation of
PMNs as a crucial event in asymptomatic CT infection [83,84]. Therefore, it is possible
to envision how an organism that manipulates the local immune responses might also
suppress or alter the host response to other pathogens that are present at the same time
and increase the likelihood of secondary pathogen infection [38].

3. Co-Infection of Chlamydia trachomatis and Human Immunodeficiency Virus
3.1. Infection and Immunopathology of Human Immunodeficiency Virus

HIV-1 and HIV-2 belong to the Retroviridae family and are classified as single-stranded
RNA viruses (63). Globally, HIV-1 is responsible for the majority of HIV infections [85,86].
According to WHO, 630,000 out of 39 million people who were living with HIV globally by
the end of 2022 died from HIV-related causes [87]. The infection is a dynamic process with
different rates of disease progression, and clinically it causes progressive impairment of
immune function [88,89].

The first contact sites between HIV and the host are mucosal epithelia, which
play a critical role in determining the success of establishing a systemic infection [90].
Schust et al. [38] reported that epithelial cells are the first cells encountered by luminal
HIV in the endocervix and, therefore, play a central role in viral transmission. The inter-
nalization of the virus into epithelial cells occurs by multiple entry pathways, including
clathrin-, caveolin/lipid raft-associated endocytosis, and micropinocytosis [90]. HIV en-
ters lymphocytes and monocytes through cognate recognition of the viral glycoprotein
gp120 with the cell surface CD4 molecule [90,91]. After binding to CD4, HIV also interacts
with specific co-receptors on the cell surface [90,91]. The co-receptors most commonly
involved are CCR5 (C-C chemokine receptor type 5) and CXCR4 (C-X-C chemokine re-
ceptor type 4) [90,92,93]. There are three common combinations of co-receptor usage
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and cellular tropism: (i) CCR5-utilizing T-cell-tropic (T-tropic) HIV, which accounts for
transmitted/founder viruses and most circulating viruses, (ii) CXCR4-utilizing T-tropic
HIV, arising in approximately 50% of late-stage HIV patients, and (iii) macrophage-tropic
(M-tropic) HIV that principally uses CCR5 co-receptors, and arises in some individuals late
in infection and in T-cell-depleted environments such as in advanced HIV-1 disease [92,93].
The interaction of these proteins induces the binding of the viral gp41 to heparan sulfate on
the host plasma membrane [94,95]. This triggers the fusion of the viral envelope and the
release of the capsid into the cytoplasm [94,95].

HIV infection induces a profound immune dysfunction, with abnormalities in cel-
lular and humoral immune responses, including (i) CD4 lymphopenia, (ii) neutropenia,
(iii) decreased NK cell-mediated cytotoxicity, (iv) decreased phagocytosis, chemotaxis,
intracellular killing, and cytokine expression in monocytes, (v) decreased B cell number,
and (vi) loss of specific antibody response [90,91]. Several studies have shown that the host
and virus jointly determine disease progression after the infection, in which early events in
the acquisition, replication, and transmission of the viral particles and the activation level
of innate immunity are critical [39,91]. Without treatment, HIV-1-positive individuals often
die of acquired immune deficiency syndrome (AIDS) several years after infection [89].

3.2. Epidemiology of Chlamydia trachomatis and Human Immunodeficiency Virus Co-Infections

Among HIV-positive cases, a notable portion (7%) are infected with CT [96]. Stud-
ies have reported a higher sensitivity to HIV infection in CT-positive individuals com-
pared with non-infected controls [97,98]. Out of 46 patients diagnosed with HIV-STI co-
infection in India, CT was the most prevalent STI affecting 20 (43.5%) patients [99]. Among
234 HIV patients diagnosed with HIV in Georgia, the seroprevalence of CT was 23.93% [42].
A study in rural Tanzania showed that improving the availability of effective treatment
of CT and other bacterial STIs reduced the incidence of HIV infection by about 40% [100].
Moreover, CT-infected individuals have been shown to be more likely to have higher
levels of HIV and genital shedding of the virus, and subsequently higher chances of
HIV transmission, than those infected with HIV alone [101–103]. Increased risk of HIV
infection is particularly prominent among men compared with those without rectal CT
infection [104–107]. Bernstein et al. [105] showed that in MSM with a history of rectal NG
or CT infections, the risk of HIV acquisition increased by eightfold compared with those
without a history of CT or NG infection [105]. A study in Washington State, USA, involving
6577 HIV-negative MSM unveiled that the incidence of HIV infection among those with
rectal CT was 1.6 per 100 person-years, whereas the estimated incidence among all MSM in
the state was 0.4 [104]. Several studies have shown that treatment of CT is associated with
significant reductions of HIV-1 RNA copies in genital secretions [98,102,106,108]. Median
HIV-1 RNA copies in cervical secretions and seminal fluid were markedly diminished upon
successful resolution of bacterial infections among women with cervicovaginal NG or CT
in Côte d’Ivoire and Kenya, as well as men with gonorrheal or chlamydial urethritis in the
United Kingdom [103,108,109].

3.3. Interaction of Chlamydia trachomatis with Human Immunodeficiency Virus in Co-Infections

In general, higher odds of HIV transmission among CT-infected individuals can be
explained by a higher viral load due to a greater number of HIV-infected immune cells
in genital secretions induced by CT-related inflammatory responses. Prior studies have
demonstrated that an existing CT infection in the cervical epithelium provides additional
targets for the virus by recruiting immune cells to the site of infection [34,110–112]. Active
infection of the endocervix with CT results in a local accumulation of CD4+ T cells that
express the HIV co-receptors [113]. Schust et al. [38] showed that CT infection led to more
than a log-fold increase in the number of CD4+ cells collected from the endocervix, of
which the majority expressed CXCR4 and/or CCR5. Moreover, after CT infection, antigen-
presenting cells (APCs), such as macrophages, are recruited to the site of infection [89].
Macrophages are one of the major cellular reservoirs for latent HIV-1 infection and con-
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tribute to early-stage virus transmission and dissemination throughout the host [114]. A
study involving MSM with asymptomatic CT and NG infection reported increased sys-
temic immune activation, a cofactor for increased susceptibility to HIV-1 infection, due to a
higher frequency of CD8+ T cells co-expressing activation markers (HLA-DR and CD38),
an exhaustion marker (PD-1), and senescence markers (CD57 and CD28) [115].

Prior studies have shown that the columnar epithelium of the endocervix in women is
a primary site of infection for CT and a permissive site for HIV entry [39,96,102]. Infection
with CT may decrease epithelial integrity and transepithelial resistance, and increase
paracellular permeability [38,40,41]. This could facilitate paracellular migration of HIV,
allowing direct contact with infiltrating immune cells [39]. Buckner et al. [39], using
endocervical epithelial cells, showed that CT infection enhanced cell-associated virus
migration across the epithelial barrier.

Finally, mechanisms initiated by epithelial cells could directly be involved in the
enhancement of HIV replication in target cells [38,90,113]. Cohen et al. [116] showed that
HIV-1 RNA concentration in the seminal plasma of men with urethritis was eight times
higher than those without urethritis, despite similar CD4 T-cell counts. A further in vitro
study using epithelial cells showed CT infection increases cell surface expression of HIV-1
primary and co-receptors [38]. Compared with un-infected epithelial cells, those infected
with CT significantly increased the cell surface expression of galactosylceramide, an HIV-1
alternative primary receptor, and the most commonly studied HIV-1 co-receptors CXCR4
and CCR5 [38,39,90]. CT infection enhanced HIV-1 binding to epithelial cells and, subse-
quently, increased virus levels in co-cultures of HIV-exposed epithelial cells and susceptible
CD4+ lymphocytes [39]. Basolateral supernatants from CT-infected epithelial cells en-
hanced HIV infection in exposed peripheral blood mononuclear cells (PBMCs) and CD4+,
CCR5+ cells [39]. Buckner et al. [39] suggested that IL-1α, or an unidentified factor, or a
combination of factors present in the basolateral supernatants from CT-infected epithelial
cells, may be acting upon target cells to facilitate HIV entry and/or replication. Ex vivo
infection of HIV in PBMCs from healthy donors and those infected with CT showed signifi-
cantly higher viral levels in those with CT infection [117,118]. Similarly, CT stimulation of
PBMCs isolated from healthy donors showed enhanced susceptibility to HIV-1 [118]. Stim-
ulating CD4 T cells with CT led to viral release and the upregulation of CCL3L1/CCL3L3,
a paralog of CCL3, harboring more HIV-1 copies in CD4 T cells, while causing inhibition of
HIV-1 through interaction with the CCR5 co-receptor on the cell membrane [118]. Notably,
the expression threshold of CCL3L1 needed to cause significant inhibition of the CCR5
co-receptor on the cell surface could not be achieved by CT stimulation of the cells [118].

Figure 1 depicts the interaction of CT with HIV during the course of a co-infection in
the endocervix.

3.4. Conclusions

These findings suggest that CT infection of endocervical epithelial cells could facilitate
HIV access to underlying susceptible cell types, the establishment of a founder virus
population, and, ultimately, a higher probability of acquisition and transmission of the virus.
Although the efficiency of the sexual transmission of HIV is poor, perhaps as infrequently
as 1 in every 1000 episodes of sexual intercourse, STIs such as CT can increase the efficiency
of HIV transmission by increasing both the infectiousness of and the susceptibility to HIV
infection [110]. Further studies are needed to unveil the cellular and molecular mechanisms
by which CT and HIV interact with each other and their eukaryotic host during the early
and later stages of the infection.
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Figure 1. Interplay of Chlamydia trachomatis and host immune responses, and its impact on human im-
munodeficiency virus infection in the endocervix. The columnar epithelium of the endocervix in women 
is a primary site of infection for Chlamydia trachomatis (CT) and a permissive site for human immunode-
ficiency virus (HIV) entry. Infection of CT in the columnar epithelial cells of the cervix induces pro-in-
flammatory responses that can lead to an influx of macrophages and neutrophils and the formation of 
lymphoid follicles in the submucosa. These lymphoid follicles contain B cells and T cells. CT infection in 
endocervical epithelial cells could facilitate HIV infection by (i) decreasing epithelial integrity and tran-
sepithelial resistance and enhancing paracellular permeability by providing direct contact with underly-
ing infiltrating immune cells, (ii) providing additional targets for the virus by recruiting immune cells 
such as CD4+ T cells and macrophages to the site of infection, (iii) increasing cell surface expression of 
HIV-1 alternative primary receptor, galactosylceramide, and co-receptors, CXCR4 and CCR5 on CT-in-
fected epithelial cells, (iv) secretion of cytokines/unidentified factors that may be acting directly upon 
CD4+ cells to facilitate HIV entry and/or replication. Created with BioRender.com. 

3.4. Conclusions 
These findings suggest that CT infection of endocervical epithelial cells could facili-

tate HIV access to underlying susceptible cell types, the establishment of a founder virus 
population, and, ultimately, a higher probability of acquisition and transmission of the 
virus. Although the efficiency of the sexual transmission of HIV is poor, perhaps as infre-
quently as 1 in every 1000 episodes of sexual intercourse, STIs such as CT can increase the 
efficiency of HIV transmission by increasing both the infectiousness of and the suscepti-
bility to HIV infection [110]. Further studies are needed to unveil the cellular and molec-
ular mechanisms by which CT and HIV interact with each other and their eukaryotic host 
during the early and later stages of the infection. 

4. Co-Infection of Chlamydia trachomatis and Human Papillomavirus 
4.1. Infection and Immunopathology of Human Papillomavirus 

Papillomaviruses are non-enveloped, double-stranded DNA viruses from the family 
Papillomaviridae [119]. Low-risk HPV genotypes, such as HPV 6 and 11, are primarily 
associated with benign genital warts. These genotypes have low oncogenic potential [120]. 

Figure 1. Interplay of Chlamydia trachomatis and host immune responses, and its impact on human
immunodeficiency virus infection in the endocervix. The columnar epithelium of the endocervix
in women is a primary site of infection for Chlamydia trachomatis (CT) and a permissive site for
human immunodeficiency virus (HIV) entry. Infection of CT in the columnar epithelial cells of
the cervix induces pro-inflammatory responses that can lead to an influx of macrophages and neu-
trophils and the formation of lymphoid follicles in the submucosa. These lymphoid follicles contain
B cells and T cells. CT infection in endocervical epithelial cells could facilitate HIV infection by
(i) decreasing epithelial integrity and transepithelial resistance and enhancing paracellular permeabil-
ity by providing direct contact with underlying infiltrating immune cells, (ii) providing additional
targets for the virus by recruiting immune cells such as CD4+ T cells and macrophages to the site
of infection, (iii) increasing cell surface expression of HIV-1 alternative primary receptor, galacto-
sylceramide, and co-receptors, CXCR4 and CCR5 on CT-infected epithelial cells, (iv) secretion of
cytokines/unidentified factors that may be acting directly upon CD4+ cells to facilitate HIV entry
and/or replication. Created with BioRender.com.

4. Co-Infection of Chlamydia trachomatis and Human Papillomavirus
4.1. Infection and Immunopathology of Human Papillomavirus

Papillomaviruses are non-enveloped, double-stranded DNA viruses from the family
Papillomaviridae [119]. Low-risk HPV genotypes, such as HPV 6 and 11, are primarily
associated with benign genital warts. These genotypes have low oncogenic potential [120].
On the other hand, high-risk HPV genotypes, particularly HPV 16 and 18, are strongly
linked to the development of cervical, anogenital, and oropharyngeal cancers [120]. HPV
is the most common STI in the world [1]. High-risk HPV infections are common globally,
with a higher prevalence in sexually active individuals [120].

HPVs are transmitted primarily by direct physical contact and are capable of infecting
the skin and mucosa [121]. The virus entry into undifferentiated epithelial cells depends
on molecular interactions involving the viral particles and host receptors [120]. Structural
studies on L1, the ~55 kDa major capsid protein of HPV, revealed that the presence of four
heparan-sulfate proteoglycan-specific binding sites on the host eukaryotic cells is required
for productive infection of papillomaviruses [120]. After endocytosis, the virus is trans-
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ported within the small vesicles to the nucleus [120,122], and a series of interactions and
structural changes of the vesicles allow decapsidation and the release of the viral genome
near the nuclear membrane [120]. Finally, the viral genome enters the host cell nucleus to
initiate replication [120,122]. For a productive life cycle, HPVs are dependent on squamous
epithelial cell differentiation [122]. Papillomaviruses guarantee their multiplication and
persistence by infecting undifferentiated basal cells [120–122].

HPV employs a different set of immune evasion mechanisms to that of HIV to over-
come host immune responses and establish persistent infection [123–125]. Passively, HPV
evades the immune system by its normal life cycle being located completely outside the
epithelial basement membrane, not eliciting any danger signals [124]. Moreover, during
early infection, HPV modulates viral gene expression to remain at a low-level, resulting
in a minimal presentation of viral antigens [123,124,126]. This phenomenon is thought
to favor immune tolerance rather than an effector T cell response that could effectively
clear the disease [126]. Active immune evasion of HPV is mediated intracellularly by
perturbing DNA methylation mechanisms to alter gene expression and disturbed protein
functions, and extracellularly by interfering with immune cell networks from APCs to
effector T cells [124,125]. Steinbach and Reimer [124] suggested that suppressed IFNγ and
cGAS-STING responses inhibit the induction of an antiviral state. Later immune evasion
mechanisms, such as downregulation of Toll-like receptors (TLRs), adhesion molecules on
the infected host cell, and decreased chemokine production by the infected keratinocytes
lead to reduced attraction of professional APCs and further cause a delay in triggering
anti-HPV immune responses [123,124].

4.2. Epidemiology of Chlamydia trachomatis and Human Papillomavirus Co-Infections

Studies have reported an association between CT infection or history of CT infection
with an increased risk of HPV infection in both men and women [37,46,127–134]. The
risk factors for CT and HPV infections overlap, including becoming sexually active at a
young age, an increased number of lifetime sexual partners both in females and their male
partners, and non-condom contraception use [135–139]. Consequently, it is plausible to
expect that people infected at some point with CT will have a higher prevalence of HPV
compared to those without a history of CT infection. A study by Verteramo et al. [130]
showed a significant correlation between the presence of HPV-DNA and concurrent genital
infection with CT (p < 0.001) in cervical samples. Among HPV-positive patients co-infected
with CT, a substantial proportion (67.56%) was infected with the high-risk HPV geno-
types [130]. A study on Chinese women indicated a higher prevalence of high-risk HPV
genotypes (22%) than low-risk HPV genotypes (2.5%) in those infected with CT [128].
Chronic, asymptomatic infection of the urogenital tract with CT could increase the odds of
a persistent infection of HPV, which might be related to cervical hypertrophy and induction
of squamous metaplasia, indicating a possible CT/HPV synergic effect on the etiology of
cervical cancer [36]. Studies in Brazil and Mongolia reported that co-infection of HPV and
CT may increase the risk for high-grade squamous intraepithelial lesions [47,140]. Another
study by Escarcega-Tame et al. [48] suggested that CT/HPV co-infection is associated with
cervical intraepithelial neoplasia and a higher risk of cervical cancer. Previous studies
suggest that CT co-infection may be partly associated with infection of high-risk HPV
genotypes [128,130,141], concurrent infection with multiple HPV types [37,128,140], and
persistent infection of papillomaviruses [35,141].

4.3. Interaction of Chlamydia trachomatis with Human Papillomavirus in Co-Infections

Chronic inflammatory responses to CT infection may increase susceptibility to HPV
infection. The inflammatory micro-environment caused by CT infection such as the re-
lease of ROS and molecules with degradative characteristics may impact HPV infection by
(i) facilitating HPV cell entry, replication, and virus integration through enhancing cellular
DNA breaks [37] and (ii) inducing damage to the epithelium and functioning as an entry-
way for the viral particles to the basal epithelium layer [35,36]. Lugo et al. [142] reported a
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predominance of pro-inflammatory cytokines in exfoliated cervical cells in CT-infected pa-
tients compared to healthy individuals emphasizing that the local inflammatory processes
caused by CT may induce damage to the epithelium and clear the way for entry of HPV,
viral persistence, and subsequent neoplastic progression. Moreover, CT has been shown to
alter the characteristics of epithelial cells, which may result in increasing the viral load and
facilitating the persistence of HPV [35,36,141,143]. CT can lead to epithelial transformation
known as metaplasia by infecting immature endocervical cells [35]. Metaplastic epithelia
are the preferred tissues by HPVs for infection [35]. CT infection may promote stemness
and a preneoplastic molecular phenotype, and as a result, enhance the persistence of HPV
by upregulating inflammatory responses such as IL-17 and NF-κB and mitogen-activated
protein kinase (MAPK), and downregulating oxidative phosphorylation, RNA regula-
tion, and RNA processing [18,50]. Figure 2 summarizes these findings, depicting how CT
interacts with HPV during the course of a co-infection in ectocervix.
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Figure 2. Interplay of Chlamydia trachomatis and host immune responses, and its impact on human 
papillomavirus infection in ectocervix and oncogenic transformation. Chlamydia trachomatis (CT) in-
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strategies. (i) In the endocervix, infection of immature endocervical cells with CT leads to epithelial 
transformation (metaplasia). Metaplastic tissues are preferred by HPV for infection. (ii) In the 

Figure 2. Interplay of Chlamydia trachomatis and host immune responses, and its impact on human
papillomavirus infection in ectocervix and oncogenic transformation. Chlamydia trachomatis (CT)
infection may increase susceptibility to human papillomavirus (HPV) infection through different
strategies. (i) In the endocervix, infection of immature endocervical cells with CT leads to epithelial
transformation (metaplasia). Metaplastic tissues are preferred by HPV for infection. (ii) In the
ectocervix, CT infection in the squamous epithelium may lead to the release of reactive oxygen species
(ROS), inflammatory cytokines, and molecules with degradative characteristics. ROS induces cellular
DNA breaks that facilitate the integration of viral DNA. (iii) Chronic inflammation resulting from CT
infection induces inflammatory responses that impair the epithelial integrity of the ectocervix and
facilitates entry of HPV, therefore functioning as an entryway for the virions to the basal epithelium
layer. (iv) Inflammatory cytokines released from CT-infected epithelial cells may influence HPV cell
entry, replication, and enhance viral persistence. Created with BioRender.com.

CT infection can disrupt the clearance of HPV infection by diminishing the immune
response involved in the infection [143]. Indeed, chronic cervical inflammation related to
CT infection inhibits cell-mediated immunity and its anti-apoptotic effect may influence
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the persistence and progression of the HPV infection [133,141,143]. CT may also stimulate
HPV persistence by the functional decrease in APCs [36]. Lu et al. [50] reported that CT
infection impairs the clearance of HPV by inducing downregulation of surface activation
markers, impairment of the immune cytotoxicity of CD4+ and CD8+ T cells, and inhibition
of cell-mediated immunity through modulation of the cervical immune response toward a
T-helper 2 cell response.

CT/HPV co-infection and the potential synergistic role of these infections in cervi-
cal carcinogenesis were highlighted previously [35,46,47,129,140,144,145]. CT GroEL, a
marker of CT persistence has been associated with an increased risk of cervical cancer [143].
CT GroEL may interfere with host apoptosis and senescence pathways, leading to the
active proliferation of damaged cells infected by high-risk HPV types [143]. Moreover,
higher expression of Matrix metalloproteinases (MMP)-9 and lower expression of RECK,
and MMP-9/RECK imbalance were reported during high-risk HPV and CT infections,
respectively [146,147]. MMPs are important enzymes in the tumor microenvironment and
are associated with the progression of cervical intraepithelial neoplasia toward squamous
cell carcinoma [146]. Lower expression of RECK, which has an inhibitory/regulatory effect
on MMPs, is strongly associated with high-grade cervical lesions [146]. In an in vitro model
of CT infection in ectocervical stem cells that were genetically manipulated to introduce
E6E7 oncogenes and mimic HPV16 integration, HPV16 E6E7 interfered with CT develop-
ment and induced persistence [18]. HPV E6 and E7 proteins degrade P53, a vital regulator of
cell division and apoptosis, while also inhibiting the pRB protein, which controls cell-cycle
progression, thereby facilitating the proliferation of the infected cell [148]. Remarkably, CT
hindered HPV-induced mechanisms that maintain cellular and genome integrity, including
mismatch repair (MMR) in the stem cells [18]. CT inhibited the DNA MMR pathway
distinctly at the transcriptional and post-translational levels [18]. CT could disable MMR
gene expression by proteasomal degradation of transcriptional factor E2F1 [18]. Previous
studies indicated that CT causes centrosome amplification and multinucleation of the host
cells [149,150] and that the effects of CT/HPV co-infection on the centrosome amplification
were additive [150]. Multinucleation and centrosome amplification are considered hall-
marks of cancer cells [150,151]. Knowlton et al. [152] reported that infection of mice with
Chlamydia muridarum (CM) results in cellular proliferation, centrosome, and mitotic spindle
defects promoting genomic instability. This supports the hypothesis that CT infection
may prime the cervix for progression to neoplasia or exacerbate neoplastic lesions already
present [152].

4.4. Conclusions

The evidence indicates that CT infection enhances the risk of HPV infection and per-
sistence [46,50,147,153], and could be deleterious to cellular and genomic stability [18,50].
HPV and CT are both commonly asymptomatic and can evolve into a persistent infection
which, added to co-infections, may be important co-factors for oncogenic transforma-
tion [154]. This highlights the importance of routine screening for HPV and CT infections
in lowering the risk of cervical intraepithelial lesions and malignancies [36,128,130,133].
Our current knowledge is mainly limited to CT/HPV co-infection in the female genital
tract, while a high prevalence of CT and HPV infections in anorectal and throat samples
has been reported [12,154,155]. Therefore, further studies are needed to understand the
contributing role of CT/HPV co-infection in anorectal and oropharyngeal malignancies.

5. Co-infections of Chlamydia trachomatis and Herpes Simplex Virus
5.1. Infection and Immunopathology of Herpes Simplex Virus

HSV is a double-stranded DNA virus from the family Herpesviridae that infects
epithelial cells and neurons [145]. HSV-1 is transmitted by oral-to-oral contact and causes
oral herpes, while HSV-2 is transmitted sexually and causes genital herpes. However,
both viruses are capable of infecting and causing lesions at either of these sites [156–158].
Approximately, 3.7 billion individuals, which accounts for 67% of the global population
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under the age of 50 are believed to be infected with HSV-1. Additionally, an estimated
491 million people aged 15–49 (13%) worldwide have HSV-2 infection [158]. The importance
of HSV as a sexually transmitted pathogen became evident as the risk of HIV acquisition
was found to be at least three times higher in those with HSV-2 infection compared with
un-infected individuals [159].

HSV transmission occurs through direct exposure of mucous membranes or abraded
skin to the lesions or mucosal secretions of an individual with an active primary or recurrent
infection [157]. The binding of HSV to host cell surface receptors and promoting entry
into host cells requires viral glycoproteins (gB, gC, gD, gH, and gL), along with cellular
receptors, such as nectin-1, nectin-2, herpes virus entry mediator (HVEM), or 3-O-sulfated
HS (3-OS HS) [156,160]. Primary infection of HSV is characterized by viral replication at the
site of inoculation, followed by retrograde axonal transport of the virus to corresponding
sensory ganglia where infection may later reactivate or remain asymptomatic [157,161].
Recurrent HSV occurs in approximately 60% of those infected with HSV-1 and 90% with
HSV-2 [159,160].

HSV has evolved several strategies to evade the innate and adaptive immune re-
sponses. Strategies employed to modulate the innate immune responses are directed at
several antiviral host defenses, particularly cytokines such as IFN-α/β, the complement sys-
tem, NK cell function, DC function, and antigen-dependent responses [162,163]. Strategies
to modulate the adaptive immune responses are directed at humoral immune responses
and T-cell responses [162]. These are crucial for effective virus propagation and establishing
an environment for virus replication and latency [162,163]. White et al. [164] hypothesized
that herpesvirus latency may impact resistance to secondary infections and the outcome
of the secondary infections in humans. The explanation for this hypothesis relies on the
premise of a mutually beneficial symbiotic relationship with the host that fosters protection
against secondary infections. The acquisition of multiple herpesviruses during early life is
associated with increased resistance to secondary infections, a phenomenon that is thought
to be mediated by latency-driven immune responses [164].

5.2. Epidemiology of Chlamydia trachomatis and Herpes Simplex Virus Co-Infections

The majority of reports on CT/HSV co-infections are from those with urogenital sequelae;
however, there are rare reports of the co-infection in oral and ocular samples [45,165–170].
Most of the epidemiological studies on CT/HSV co-infection rely on serological data [171],
making it difficult to determine whether or not both pathogens were present simultaneously
in the genital tract at any given time. Several studies described a high prevalence of CT and
HSV seropositivity among men and women [172–175]. In a group of 35 patients with cervical
dysplasia or cervical carcinoma, IgA antibodies to HSV were detected in the cervical secretions
of 10 (28%), from which nine had IgA antibodies to CT [172]. An examination of 88 students
from tertiary institutions revealed that 9.1% of the participants had IgG antibodies present
for both CT and HSV [175]. Vetter et al. [170] suggested that seropositive women for CT and
HSV-2 may experience more severe outcomes, such as endometritis and salpingitis, than those
infected with CT or HSV-2 alone. A higher incidence of spontaneous abortions was found in
women co-infected with CT and HSV-2 than those infected with CT or HSV-2 alone [176].

5.3. Interaction of Chlamydia trachomatis with Herpes Simplex Virus in Co-Infections

There are diverse observations of the impact of CT on HSV progeny during co-
infection. An in vitro model of CT/HSV-2 co-infection in HeLa cells suggested that pre-
infection of HeLa cells with CT increases HSV-2 replication by up to 40% [177]. In contrast,
Deka et al. [19] suggested that CT co-infection in HeLa cells does not significantly affect
HSV-2 replication. In an in vivo study, female BALB/c mice vaginally pre-infected with
CM, three or nine days prior to HSV-2 infection, conferred significant protection from
HSV-2-induced neurologic disease and significantly reduced viral recovery compared with
control animals infected only with HSV-2 [171]. This super-infection scenario benefited
the host when mice were pre-infected with CM either prior to, simultaneously with, or
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shortly after the challenge with HSV-2 [171]. The protective effect was lost when chlamydial
shedding from the genital tract ceased, either naturally or due to antibiotic treatment [171].
Interestingly, replacing live CM with UV-irradiated, replication-incompetent CM, failed
to elicit protection from HSV-2-induced mortality [171]. These observations could be
partly explained by the role of CM in eliciting protection from subsequent HSV-2 challenge
through activation of TLR-2, enhancing IFN-β secretion, and CPAF-dependent degradation
of nectin-1—the primary co-receptor for HSV-2 in the genital tract [171]. It has been shown
that TLR2 plays an important role in controlling HSV-2 infection and IFN-β is a strong
inhibitor of HSV-2 infection [178–180].

Interestingly, co-infection of CT and HSV leads CT into a viable but non-cultivable state,
which is the hallmark of persistence [19,181]. Previously, it has been shown that CT/HSV
co-infection enhances the accumulation of CT GroEL [19], which is a marker of chlamydial
persistence. A study using HeLa and HEC-1B cells revealed that during CT genovar E and
HSV-1/2 co-infection, the attachment and/or entry of the viral particles to the host cells is
enough to transmit a signal triggering CT persistence [51]. Notably, using cycloheximide,
an inhibitor of eukaryotic protein synthesis in culture or UV-inactivated HSV led to CT
persistence, suggesting that productive viral replication is not required for the induction
of chlamydial persistence and that early events during HSV-2 infection are sufficient for
CT persistence [51]. Exposure of CT-infected cells to a soluble recombinant HSV-2 gD:
Fc fusion protein decreased the production of infectious EBs to a degree similar to that
observed in co-infected cultures with HSV, which indicates that contact between the HSV-2
gD protein and the host cell surface is sufficient to induce chlamydial persistence [181].
Musarrat et al. [182] and Hall et al. [183] reported that the interaction of HSV gD with the
host cell receptor, nectin-1, triggers the release of intracellular calcium stores at the plasma
membrane [182,183]. The interplay between calcium and ROS signaling pathways leads
to changes in ROS accumulation in the eukaryotic cells [183]. Therefore, HSV attachment
to the host cell may induce a transient oxidative stress condition that ultimately causes
chlamydial persistence [183]. A study by Prusty et al. [52] on CT genovar L2 and human
herpesvirus-6 (HHV-6) co-infected cells suggested that HHV6 infection modulates cellular
glutathione reductase (GSR) activity leading to increased oxidative stress and decreased
levels of reduced glutathione (GSH). A decrease in the level of GSH and concomitant
elevation of nicotinamide adenine dinucleotide phosphate (NADPH) levels in cells only
infected with the virus suggest that HHV6 infection interferes with GSR activity and thus
causes an imbalance in the detoxification of ROS, resulting in CT persistence [52]. Similar
findings were observed for CT/HSV1 co-infection [52].

5.4. Conclusions

Given that both CT and HSV can cause long-term asymptomatic infections and in-
fluence the immune responses of the host [19], we assume a high prevalence of CT/HSV
co-infection in sexually active individuals. However, the current understanding of the epi-
demiology relies heavily on serological data, necessitating further investigations utilizing
molecular diagnostic techniques to elucidate the occurrence of CT/HSV co-infection in
diverse populations. The difficulty with serology is that (i) the serological test does not
directly measure the disease itself or its underlying cause but rather assesses the patient’s
immune system [184], and (ii) some immunocompromised patients will not mount an
adequate antibody response to infection [185]. There is conflicting evidence regarding the
impact of CT on HSV infection in laboratory settings. Nevertheless, the only in vivo study
currently available speculates that the (i) activation of TLR-2 and secretion of IFN-β result
from an early CM infection, and (ii) the chlamydial protease, CPAF, can degrade the HSV
co-receptor on the host cell, playing roles in reduced viral recovery. The mechanism by
which HSV causes CT persistence can be explained based on the interaction of HSV gD pro-
tein with the nectin-1 receptor on the host cells leading to an impaired ROS detoxification
mechanism. Further studies using transcriptomics could help to achieve a better profile of
the interplay between CT, HSV, and their eukaryotic host cells.
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6. Concluding Remarks

CT infection of urogenital and rectal epithelial cells can facilitate viral infection through
multiple mechanisms, including (i) damaging the mucus membrane and decreasing epithe-
lial integrity that opens a route for infection, (ii) direct interaction with the viruses’ host
cells, and (iii) modulating the host immune responses. Future studies, including using
techniques such as transcriptomics, could lead to a better understanding of the interaction
of the pathogens with each other and their eukaryotic host during co-infections. Further-
more, there is a pressing need for in vitro and in vivo studies to elucidate the role of CT
co-infection in the acquisition, pathogenesis, viral load, transmission, disease progression,
and severity of sexually transmitted viral infections. Such investigations will contribute to
a clearer understanding of the clinical implications of CT co-infections with viral STIs.

At the epidemiological level, we highlight the substantial gaps in our knowledge
of the prevalence of co-infections of CT with viral STIs among different populations and
factors associated with the prevalence of these co-infections. It is crucial to conduct further
studies employing molecular techniques to generate robust epidemiological evidence that
can enhance our understanding of the clinical significance of these co-infections.

Overall, advancing our understanding of the interactions between CT and viral STIs in
co-infections is vital for informing preventive strategies, developing targeted interventions,
and improving clinical management in order to mitigate the burden of these infections on
global public health.
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