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Abstract (English)

Chlamydia trachomatis (Ct) is a pathogen causing urogenital infection in both men and
women and is sexually transmitted. Moreover, it can cause infection of different mucosal
regions like the eyes, pharynx and rectum. With a global incidence of around 130 million, it
is the most common bacterial sexually transmitted infection (STI). Even though more than
70% of infections remain asymptomatic, they can cause long-term problems like pelvic
inflammatory disease, congenital infection during birth and infertility in both men and
women. The natural immune response against Ct is insufficient to protect from subsequent
infection and vaccines are not available in the clinics so far. Therefore, the aims of this
thesis were the following: i) development of novel prophylactic concepts to prevent Ct
infection, and ii) identification of mechanisms of early immune response once an Ct infection
occurred to address why humans do not develop protective T cells. With a semi-automated
screen, a library of 2,000 compounds was assessed, pinpointing pentamidine to effectively
protect epithelial cells in vitro and mice from Ct infection. Clinically approved as an
antiprotozoal drug in humans, we showed that repurposing it as prophylaxis locally applied
to the genital tract prevents productive infection in mice. Additionally, it inhibits proliferation
of Neisseria gonorrhoeae, another common sexually transmitted bacterium. This suggests
that pentamidine could be pursued as prophylactic agent against bacterial STIs and we will

continue developing a suitable formulation for the anogenital region.

To tackle the question on Ct immune reactions early after infection, we established an ex
vivo infection model of human cervix uteri explants and assessed antigen presenting cells
being involved in Ct uptake and which functional consequences on the induction of an
immune response this might have. We could show that CD11c*CD14" dendritic cells (DCs)
are the most effective subset to take up Ct. Moreover, we observed that DCs which acquire
Ct inclusions become immobile despite upregulation of migration marker CCR7. Based on
our observations, we propose that reduced mobility of DCs is caused by hijacking of the
actin cytoskeleton by the pathogen thereby impairing DC functions. Notably, Ct-exposed
DCs can still prime naive CD4* T cells in a co-culture model towards a Th1 and Th17
phenotype, suggesting that the ineffective immune response is due to the inability of the

DCs to reach naive T cells in the lymph node.

In summary, two important areas of chlamydia research have been addressed in this thesis

and could revolutionize our understanding of pathophysiology and treatment of STls.



Abstract (German)

Chlamydia trachomatis (Ct) ist ein sexuell (bertragbarer Erreger, der
Schleimhautinfektionen des Urogenitaltrakts sowie der Augen, des Rachens und des
Rektums verursachen kann. Mit weltweit rund 130 Millionen Fallen pro Jahr sind
Chlamydien die haufigste Ursache fiir bakterielle sexuell Ubertragbare Infektionen. Obwohl
Ct-Infektionen in mehr als 70% der Falle asymptomatisch bleiben, kdnnen sie sowohl bei
Mannern als auch bei Frauen langfristige Probleme wie Unfruchtbarkeit,
Beckenentziindungen oder Infektionen von Neugeborenen vor oder wahrend der Geburt
verursachen. Die natlrliche Immunreaktion gegen Ct ist meist unzureichend, um vor einer
Reinfektion zu schitzen und Impfungen sind bisher nicht zugelassen. Die Ziele dieser
Dissertation sind daher einerseits, neue prophylaktische Konzepte zur Vermeidung einer
Ct-Infektion zu entwickeln und andererseits, Mechanismen der friihen Ct-Immunantwort zu
charakterisieren, um herauszufinden, warum die meisten Menschen keine schiitzenden T-

Zellen aufbauen.

Mit einem halbautomatischen Screen wurden 2.000 chemische Verbindungen in der
Zellkultur auf ihre Wirksamkeit gegen Ct untersucht. Wir konnten Pentamidin identifizieren,
das beim Menschen bereits als Antiprotozoikum eingesetzt wird. Es verhindert eine Ct-
Infektion nicht nur in der Zellkultur, sondern auch in vivo bei lokaler Anwendung im
Genitaltrakt im Mausmodell. Dartber hinaus hemmt Pentamidin auch in vitro das
Wachstum von Neisseria gonorrhoeae, einem weiteren haufigen sexuell Ubertragbaren
Erreger. Dies deutet darauf hin, dass Pentamidin als prophylaktisches Medikament mit
breiterer Wirksamkeit gegen bakterielle Geschlechtskrankheiten eingesetzt werden kdnnte.
Wir planen daher die Weiterentwicklung einer geeigneten Medikamentenformulierung fur

Anwendung im humanen Anogenitalbereich.

Um die Frage der ungentigenden Immunreaktionen gegen Ct zu klaren haben wir ein ex
vivo Infektionsmodell mit menschlichen Gebarmutterhalsproben etabliert. Das ermoglicht
uns, zu untersuchen, welche antigenprasentierenden Zellen an der Ct-Aufnahme beteiligt
sind. Wir konnten zeigen, dass CD11¢*CD14" dendritische Zellen (DCs) am effektivsten
bei der Antigenaufnahme sind. AuRerdem wurden DCs, die gro3en Mengen an Chlamydien
aufnahmen, trotz Hochregulation des Migrationsmarkers CCR7, bewegungsunfahig. Wir
vermuten, dass dies daran liegen kénnte, dass Ct das Aktin-Zytoskeletts fur seine Zwecke
instrumentalisiert, wodurch normale DC-Funktionen wie die Motilitat beeintrachtigt werden.
Im Ko-Kultur-Modell mit naive CD4* T-Zellen konnten Ct-stimulierte DCs dennoch Th1 und
Th17 Helferzellen pragen, was darauf hindeutet, dass keine Probleme bei der T-

Zellstimulierung per se vorliegen, sondern DCs aufgrund der eingeschrankten Zellmotilitat

vi



daran gehindert werden, die T-Zellen im Lymphknoten zu erreichen und dadurch eine

Immunantwort gegen Ct hervorzurufen.

Zusammenfassend lasst sich sagen, dass in dieser Dissertation zwei wichtige Bereiche der
Chlamydienforschung behandelt werden, was in der Folge dazu beitragen kénnte, unser
Verstandnis Uber die pathophysiologischen Prozesse sowie die Behandlung von

Geschlechtskrankheiten zu reformieren (1).
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1. Introduction

1.1 The genital mucosa

The genital mucosa is the barrier between the reproductive tract and the surrounding world
to protect it against damage and pathogens. In the male reproductive tract (MRT), the penis
encloses the urethra which connects the glans penis with the urinary bladder and the
reproductive system including testis, epididymis, ductus deference and prostate. While the
glans penis and the outer foreskin are lined with keratinized stratified squamous epithelium,
the inner foreskin and the urethra are comprised of nonkeratinized stratified squamous and
columnar epithelial cells, respectively (2,3). As keratinization protects the underlying tissue
from infections, the entry ports for sexually transmitted pathogens are mainly the inner
foreskin and the urethra which argues for circumcision as prevention against human
deficiency virus (HIV) in endemic areas (2). The female reproductive tract (FRT) can be
divided into two parts: the lower FRT with vagina and ectocervix and the upper FRT with
endocervix, uterus, fallopian tubes and ovaries. In the lower FRT, the vulva lined with skin
transits into mucosal tissue at the vagina which consists of multilayered stratified squamous
epithelium and additionally lines the ectocervix. The upper FRT is built up with single

columnar epithelium in the endocervix and uterus (4,5).

1.1.1 Barrier functions

As a barrier tissue, the epithelium in the reproductive tract has several mechanisms to
protect the host against pathogens. Firstly, the physical barrier due to anatomical design of
the FRT with the cervix as a gate keeper only allows passage of e.g. sperm or menstrual
blood at certain time points, while inhibiting ascending bacteria as a basic defense
mechanism (4,5). In the MRT, the structure of the glans penis covered by the foreskin and
keratinization offer a fist layer of protection (2). Secondly, mucus is overlaying the
epithelium in both the female and male genital tract to lubricate the reproductive tract,
thereby preventing physical stress as well as inhibiting attachment of pathogens to the
epithelial cells while providing optimal conditions for sperm cells to facilitate fertilization. In
the FRT, goblet cells produce mucus consisting of different glycoproteins named mucins
depending on the location and menstrual phase. In males, mucus is produced by glands of
Littre in the urethra. Additional components like immunoglobulins, complement, cytokines
and antimicrobial peptides secreted into the mucus are another layer of protection (3,6).
Thirdly, in the FRT the acidic milieu in the vagina with a pH of around 4.5 prevents the
proliferation of pathogens but favors the growth of beneficial Lactobacilli forming the

microbiome (5). Colonization with different Lactobacilli species is dependent on ethnicity,



reproductive age and hormonal changes as well as lifestyle factors. Lactic acid produced

by the bacteria protects from vaginal dysbiosis and STls (7,8).

1.1.2 The menstrual cycle in the female reproductive tract

The FRT undergoes various changes during the lifetime of a women: on the one hand,
developmental changes occur between puberty, fertile age and menopause. On the other
hand, the menstrual cycle as well as pregnancy have major impact on the structure and
function of different organs in the FRT (4,5). After menstruation, which marks the beginning
of a cycle, a new follicle is maturing and estrogen is the dominating hormone, associated
with proliferation of the endometrium. Ovulation initiates the luteal phase of the cycle and
induces the production of progesterone, thereby preparing the endometrium for potential
nidation of the fertilized oocyte. In case this does not occur, levels of both sexual hormones
decrease and the cycle restarts (9). The menstrual cycle under the regime of sex hormones
does not only influence the growth of the epithelium in the uterus but also impacts immune
cell composition and the consistency of the secreted mucus, thereby modulating the

susceptibility to genital infection (4,5).

1.1.3 The immune system in the reproductive tract

Despite several levels of protection against infection of the reproductive tract by anatomical
and chemical mechanisms, the immune system plays a major role in the defense of
pathogens. The main players in tissue immunology are on the one hand myeloid cells,
acting as sentinels patrolling the tissue and phagocytosing various antigens they encounter
in their tissue environment, and on the other hand lymphoid cells with B and T cells
comprising the largest part which are responsible for an adaptive immune response and
memory formation. In the FRT, the most important myeloid cell types are macrophages and
dendritic cells (DCs) being professional antigen-presenting cells (APCs) (10). Langerhans
cells (LCs), a tissue-resident macrophage subset specific for epithelium, are efficient APCs
due to their DC-like features and therefore play an important role for the protection against
pathogens in the lower FRT (11). After antigen uptake, APCs migrate to the lymph nodes
and display antigens via their major histocompatibility complex (MHC) molecules to naive
T cells. T cells are the most abundant lymphoid cells in the FRT (10) and they come in two
principal subsets: Cytotoxic T cells and helper T cells. Cytotoxic T cells, characterized by
their expression of CD8 and lytic molecules, recognize antigens presented to them via
MHC-I molecules and are responsible for killing of cells infected by viruses or intracellular
bacteria as well as tumor cells (12). T helper cells, also known as CD4" T cells, are
responsible for production of cytokines and thereby stimulate certain immune cells and

activate B cells (12). A specific subset of CD4" T cells are regulatory T cells (Tregs)
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characterized by expression of the transcription factor FoxP3. Their physiological role is to
suppress other immune cells to maintain tolerance against harmless antigens and dampen

immune responses to prevent tissue damage during infection or autoimmunity (13,14).

In the FRT, the ratio of CD4* to CD8" T cells is equally balanced which is in stark contrast
to the blood of healthy individuals, where there are around twice as many CD4* than CD8*
cells (10,15). B cells are relatively sparse in the FRT, accounting for only 0.4% - 5% of
immune cells depending on location within the FRT (10,16). Nevertheless, IgA and IgG
antibodies are detected throughout the FRT and play a role in protection against infection
(4,5,17). Other immune cell subsets in the FRT include innate lymphoid cells (ILCs), natural
killer cells (NK cells) and innate-like lymphocytes like yd T cells and mucosal-associated
invariant T (MAIT) cells (4). Of those, NK cells are the most abundant and most studied
subset (10). They play important roles in antiviral inmune response in herpes simplex virus
(HSV) infection or human papilloma virus (HPV) infection by exerting their cytotoxic function
independently of APCs (4,5). Additionally, a specific uterine NK cell population is highly
abundant in the endometrium during certain phases of the menstrual cycle and essential to

facilitate implantation of the embryo and decidualization during pregnancy (18).

In the MRT, the testis is an immune privileged region sealed by the blood-testis barriers
resulting in a lack of immune cells in the epithelium and seminiferous tubules to protect
spermatogenesis while macrophages, mast cells and especially Tregs are present in the
interstitial space to maintain immune homeostasis (19,20). LCs are populating the
epithelium of the foreskin but are absent from the urethral mucosa. In this area of the MRT,
macrophages are the predominant APC subset (2,3,20). T cells are highly abundant in all
penile regions with a balanced ratio of CD4/CD8" T cells (21). T cells are described to be
mainly effector memory T cells and the integrin CD103 is mostly expressed by CD8" T cells
resident in the urethral epithelium (3). B cells, NK cells and NKT cells comprise each around
3% of immune cells in the penile area (21). Most B cells exhibit a memory phenotype and
plasma B cells produce mainly IgG and IgA which are secreted to the seminal plasma
(21,22). The male reproductive immune system is still not well explored due to limited
access to material and focus on the female reproductive tract when studying fertility issues
in the past, therefore the immune responses to pathogens in the MRT still needs to be

elucidated.

1.1.4 Immunity and tolerance in the female reproductive tract

Depending on the menstrual cycle and the location within the FRT, different immune cell
subsets can have various functions in promoting immunity and tolerance and we are only

starting to understand the roles of rare immune cell populations in this complex
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compartment. More detailed information on antigen uptake by APCs, interaction with T cells
and implications for memory formation in homeostasis and infection in barrier tissues like
the FRT is covered in a recent review written by the author of this thesis and can be found

in the appendix (14).

DCs in the FRT are important to induce systemic adaptive immune responses including IgG
production as well as a local response with B cells producing secretory IgA and tissue-
resident T cells for achieving a long-lasting cellular mucosal protection against infection
(4,14,23). However, they also play an opposing role by inducing tolerance in order to reduce
the risk of immunopathology in homeostatic conditions. This dual function of DC is
especially important in the FRT mucosa, as the immune system needs to distinguish
between pathogens causing sexually-transmitted infections (STIs) and antigens expressed
by the fetus and placenta during pregnancy to promote tolerance (14,24—-26). To date it is
not well established how immune cells of the genital mucosa distinguish between harmful
and harmless antigens and which signals need to be induced for a balance of these
opposite functions of the immune system. The next section will focus on STls, how the
immune system copes with certain STls as well as preventive strategies to circumvent an

actual infection.
1.2 Sexually transmitted infections

1.2.1 Epidemiology of sexually transmitted infections

STls burden humanity since time immemorial and are already observed by the ancient
Greek physician Hippocrates. Today, there are either preventive or curable treatments
available for most STls. Still, STls are a major global threat and cause deaths and massive
costs to the health care systems. STls are primarily caused by viral and bacterial agents,
but also parasites use this route of infection. In the year 2020, the deadliest viral sexually
transmitted diseases with worldwide infection rates of 1.5 million each are human
immunodeficiency virus (HIV) and hepatitis B virus (27). Other viral STls of concern are
herpes simplex viruses (HSV) and human papilloma viruses (HPV). Even though there are
effective vaccines available against hepatitis B virus and HPV (28), still many patients are
affected and eventually die from long-term consequences like liver cirrhosis, liver cancer or
cervical cancer (27). For HIV, pre — and postexposure prophylaxis drug regimens effectively
prevent infection in individuals at risk (28). Drug interventions are available for hepatitis B
and HIV that allow infected patients to live a normal life. However, disease is not curable
(27). Being infected with a viral STl is also a risk factor for affected persons becoming

susceptible to acquiring an additional STI or transmitting it to sexual partners. Moreover,



the risk to develop cervical cancers upon HPV infection is 6-fold increased in HIV-infected
women compared to HIV-negative individuals (29). After the 2022 global outbreak of Mpox
virus infections, which are mainly transmitted by sexual contact, Mpox lines up with viral
STls as another disease of concern (30). For Mpox, vaccines are available and show
protection in preliminary studies, however, long-term data from bigger cohorts are still
lacking (28).

Bacterial STIs with Chlamydia trachomatis (Ct), Neisseria gonorrhea (Ng) and Treponema
pallidum (syphilis) and parasitic STls with Trichomonas vaginalis are considered curable
with antibiotics. They are very common with 128 million, 82 million, 7 million and 156 million
reported acute infections worldwide per year, respectively (27). The problem, as with all
STls, is that they often are asymptomatic and remain therefore undetected and untreated.
Apart from syphilis, which can cause serious systemic health problems and
neurodegeneration in later stages as well as congenital syphilis during pregnancy, bacterial
STls usually come with local symptoms like genital discharge or urethritis but are not life-
threatening in adults. In pregnant women, STIs can induce preterm births and be
transmitted to the babies during birth which can cause serious eye or lung infections.
Moreover, STls can cause infertility in both men and women or induce complications in

women like ectopic pregnancies even if no symptoms occurred (31).

1.2.2 Chlamydia trachomatis

The infection with Chlamydia trachomatis (Ct) is the most prevalent sexually transmitted
bacterial disease with increasing infection rates every year (32). In addition to urogenital
infection, Ct can also cause infection of the rectal and pharyngeal mucosa as well as the
eye, depending on the serovar. The serovars can be discriminated by their major outer
membrane protein (MOMP) which has a unique DNA sequence detectable by PCR.
Serovars A - C are associated with ocular infections and trachoma formation, while serovars
D - K cause predominately urogenital infections. Serovars L1 - L3 are mainly transmitted
via the anogenital route and are responsible for lymphogranuloma venereum, which is
characterized by dissemination of the bacteria via the lymph vessels (33). In Austria,

serovar E is the most common serovar for urogenital infections (34).

As strictly intracellular bacteria, Ct infects mainly epithelial cells lining mucosal tissues and
hijacks the host cell machinery to perform their replication. The infectious, metabolically
inactive form of Ct, the so-called elementary bodies (EBs) can attach to host cells by several
mechanisms. Firstly, they can bind to glycosaminoglycans (GAGs) like heparan sulfate on
the cell surface of host cells (35,36). Then there are host cell receptors described like

platelet-derived growth factor receptor (PDGFR), cystic fibrosis transmembrane

5



conductance regulator (CFTR), fibroblast growth factor receptors (FGFR) or integrin beta-
1 (ITGB1) which interact with bacterial surface factors like lipopolysaccharide (LPS), CT017
or polymorphic membrane proteins (Pmps) (37—40). For instance, ITGB1 is even actively
upregulated by the Ct-encoded molecule Ctad1 which functions as adhesin and invasin
binding to 1 integrin, thereby promoting clustering of 31 integrin on the surface of epithelial
cells to increase Ct entry (38). Upregulation of 31 integrin on fallopian tube epithelium cells
in Ct infected women predisposes the embryo to stick to the fallopian tube contributing to

ectopic pregnancy (41).

Within epithelial cells, Ct undergo two phases of their life cycle: the infectious EBs transform
into reticulate bodies (RBs), which are the replicative form (42). After completing the life
cycle, RBs transform back into EBs which exit the epithelial cell either via lysis of the host
cells or via extrusion, which means that the intact inclusion surrounded by the plasma
membrane exits the host cell without inducing cell death (43). Ct infection is dependent on
the host cells, as they utilize both the actin cytoskeleton and microtubules for endocytosis
and transportation of the inclusion (43). Even though Ct has the machinery for intact
glycolysis and fatty acid metabolism, the bacteria manipulate the host metabolisms to
obtain nutrients like amino acids, glucose-6-phosphate, iron and lipids like sphingolipids
and cholesterol as well as energy in form of ATP from the host cell (44). Additionally, Ct
circumvents being disposed by the host by producing anti-apoptotic proteins (44) to prevent
host cell death and by inhibiting lysosome fusion (45). Under stress conditions, which can
be caused e.g. by nutrient deprivation, antibiotic treatment or an immune response, Ct
terminates replication but persists in so-called aberrant bodies instead of conversion of RBs
to EBs. They can endure in this form and restart their proliferation once the stressor is

removed (42,44). A graphic overview of the Ct life cycle is depicted in Figure 1.
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Figure 1. Overview of Chlamydia trachomatis life cycle. Ct EBs attach to the surface of host cells and are
internalized utilizing host cell machinery. 2h after infection, EBs converse to RBs within the endosomes and
start replication in the chlamydia inclusion. 40-48h after infection, RBs develop into EBs and are released to
infect the next host cell. Upon stress, Ct can enter a persistent form and stay dormant until they are reactivated
and continue replication. EB, elementary body. RB, reticulate body. Adapted from Gitsels et. al, 2019 (43) with
biorender.com.

1.2.3 Infection models of Chlamydia

There are other chlamydia strains which share features with Ct, some of them pathogenic
to humans like C. pneumoniae infecting the respiratory tract, while others are adapted to
various animal species like C. suis in pigs, C. psittaci in birds, C. pecorum in ruminants or
C. abortus in sheep (46). Additionally, to being a thread to life stock, some strains are
reported to cause zoonosis in persons working in close contact with infected animals (47).
C. muridarium infecting mice is often used as a laboratory model to study chlamydia
infection, as it causes a similar phenotype as in humans infected with Ct, including
ascending infection in some female animals or hydrosalpinx (48). Additionally, the human
Ct strain can also be used in mouse, but hormonal treatment to normalize estrous cycle is
necessary as mice are only permissive to Ct in certain phases of estrous cycle. In this
transcervical infection model, mice usually resolve infection spontaneously within two
weeks (49). In mice infected vaginally, it is detectable for some days, but no efficient
colonization occurs (49). Currently available in vivo and in vitro models to study Ct infection
are summarized in a review by the author of this thesis and can be viewed in the appendix
(50).



1.2.4 Immune response to Chlamydia

The target cells of Ct are primarily epithelial cells lining the genital mucosal tissues. In
males, the primary site of infection is the columnar urethral epithelia (51), while in women
the cervix and urethra can be infected with better growth rates in the columnar epithelium
of the endocervix (52). Epithelial cells are not only the first cells to encounter Ct, but they
are also the initiators of a pro-inflammatory response. Primary ectocervical epithelial cells
as well as epithelial cell lines release pro-inflammatory cytokines like IL-6, IL-8 or TNF-a
upon Ct infection (53). IL-6 has both beneficial and adverse roles in Ct infection: it is
important to kickstart a Th1 response with interferon-gamma (IFN-y) production but is also
described to be involved in chronic inflammation and pathology after Ct infection (54). In
female patients with Ct infection, there is a significant increase in IL-6 levels in exfoliated
cervical cell samples compared to healthy controls (55). IL-8 is known to attract neutrophils,
which can be harmful in Ct infection as they are a main driver of pathology in Ct infection
(56,57). Neutrophils were also shown to be paralyzed by Ct, thereby being unable to pursue
their normal function like formation of neutrophil extracellular traps and enabling the
bacteria to survive within the neutrophils (58). TNF-a is another cytokine with opposing
roles in Ct immunopathology. On the one hand, it is described to inhibit the cell metabolism
and induce apoptosis in the host cells, thereby withdrawing the foundation for Ct replication
(54). On the other hand, TNF-a is not essential for chlamydia clearance in mouse models
(59) and absence of it even decreases the immunopathological damage in mouse fallopian
tubes (60). In addition to the above discussed cytokines, epithelial cells are a source of IL-
12 which is essential for Ct clearance and induction of adaptive immunity (53). IL-12 is also

produced by DCs and leads to Th1 T helper cell differentiation.

In early vaccination trials it was observed that vaccinated individuals had exacerbated
infections upon challenge with the pathogen (61). In a mouse model of Ct infection, these
clinical observations were replicated and revealed that this is mediated by the differential
antigen uptake by two distinct subsets of DC (62). When immunizing mice with UV-
inactivated Ct (UV-Ct), the antigens are taken up mainly by CD103" DC, which do not
produce IL-12 but IL-10. Subsequently, regulatory T cells (Tregs), inducing a tolerogenic
immune response are activated. On the other hand, mucosal exposure to live Ct induces
bacteria uptake by CD103" DC, IL-12 upregulation and presentation to CD4" T cells which
produce IFN-y and therefore an immunogenic response (62). The release of IFN-y by Th1
cells is one of the best studies mechanisms of anti-Ct immune response in mice (63). Mice
which are deficient for IFN-y or IFN-y receptor show an increased bacterial load and cannot
clear the infection efficiently (49,64,65), indicating that the DC — IFN-y-producing T cell axis

is essential for anti-chlamydial immune response. A CD4* T cell response is sufficient to
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promote immunity in mice (49). CD8" T cells are also induced and activated upon Ct
infection in mice, but absence of CD8" T cells does not modulate the immune protection
(62), even though they can be an additional source of IFN-y (63). Essential for a long-lived
protective response against subsequent infection is the formation of tissue resident memory
T cells (Trm) (62).

Human monocyte-derived DCs (moDCs) mature upon Ct-L2 infection, but also bystander
cells upregulate HLA-DR, CD83 and produce IL-12 (66). Chlamydia can survive inside
myeloid cells like moDCs and macrophages (66—69) and some report that Ct replicates
within myeloid cells (70). However, it is still under debate if Ct can hijack immune cells like
macrophages to be transported to and even infect cells at distant locations (67). In human
cervical Ct infection, myeloid DC are recruited to the endocervix and upregulate the co-
stimulatory molecules CD80, CD83 and CD86 (71). Moreover, both neutrophils and
especially T cells are recruited to the endocervix of infected individuals and numbers
decrease again one month after antibiotic treatment (72). Both CD4* and CD8" T cells
derived from peripheral blood mononuclear cell (PBMC) of infected patients stimulated with
Ct EBs produce mainly IL-4 during acute phase of infection, whereas an IFN-y response is
only detected one month after infection (73). Additionally, CD4" T cells expressing the
transcription factor GATA3 accumulate in the endometrium of infected women (73).
Together, these findings suggest that the immediate anti-Ct immune response in humans
is skewed to a Th2 response, an IFN-y response develops later but apparently does not
sufficiently protect from subsequent infection. Also, another study shows that Ct-specific
IFN-y-producing T cells are mainly induced at follow-up visits 3 and 6 months after initiation
of treatment and are generally much lower in patients which present with reinfection (74).
IFN-y induces indoleamine 2,3-dioxygenase (IDO1), which is in turn an essential player in
Ct clearance as it starves the bacteria from the amino acid tryptophan but can also cause
persistent growth due to stress induced by nutrient deprivation (75). IDO1 levels increase
in vaginal swabs from Ct infected patients and are highest after antibiotic treatment and in
patients with repeated infections (76). Ct specific CD8" cell frequencies are low in patients
with ascending infection, whereas CD4" T cell frequencies are reduced in patients which
were infected at follow-up (77). This indicates that CD4" and CD8* T cells may play different
roles in human Ct immunity: CD8" cells prevent ascending of Ct while CD4" cells protect
from re-infection. A summary of the most important immune mechanisms in Ct infection can

be found in Figure 2.

Ct has an arsenal of mechanisms by which it can modulate the function of host cells in their
own interest to evade recognition and clearance by the immune system. Firstly, it inhibits

apoptosis of host epithelial cells to stay below the radar of the immune system which would
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detect inflammation and infection. Then, the pathogen can alter the immune compartment
like cytokines to prevent formation of a protective immune response but induce low grad
chronic inflammation. Thirdly, if stress conditions occur, the pathogen can persist in both
epithelial cells and immune cells, reported e.g. in macrophages, and can lead to re-
infections from other body niches or dissemination to distant organs. Therefore, ideally Ct

infections should be prevented before they are established in the host.
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Figure 2. Overview of anti-Ct immune response. Created with biorender.com.
1.2.5 Prevention and treatment

Even though infections with Ct are easily treatable with antibiotics like doxycycline (doxy),
the major problem is that they remain asymptomatic in more than 70% of cases and
therefore untreated (78). This is not only critical as undiagnosed people transmit the
disease to their sexual partners, but despite no symptoms, low grade chronic infection is
associated with several severe adverse effects. Most prominently it can ascend from the
vagina to the upper FRT, where it can cause pelvic inflammatory disease (PID) and
subsequently female infertility by scarring of the tubes (79). Infections with Ct are the most
common cause for non-inherent infertility (80,81) and thereby generating enormous costs
for the health care systems. Ct infections can also ascend in males potentially causing
epididymitis (82). In both males and females, Ct infection can cause urethritis. Current
prevention strategies include use of condoms, regular testing and treatment in case of
infection as well as doxycycline post-exposure prophylaxis (doxy-PEP) in patients with high-

risk behavior. To date, there is no vaccine on the market to protect against bacterial STls,
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but phase | trials with the vaccine candidate CTH522 showed promising results and will
possibly advance to a phase Il study (83,84).

1.3 Aims of this thesis

As efficient preventive measures or vaccines against bacterial STls and especially Ct are
not yet available, this doctoral thesis aims to identify novel approaches to inhibit chlamydia
growth or prevent infection in the first place. To do so, we focused on the one hand on the
chlamydia replication in epithelial cells to find novel targets of chlamydia life cycle. On the
other hand, we aimed to investigate the function of immune cells and especially antigen-
presenting cells in the female reproductive tract upon early genital Ct infection. More

precisely, the following three aims will be addressed within the framework of this thesis:
¢ Aim 1: Identification of novel compounds reducing infectivity of Ct in epithelial cells
e Aim 2: Development of a preventive strategy to reduce Ct infection rates

¢ Aim 3: Assessment of early anti-chlamydial immune responses in human by

phenotyping antigen-presenting cells to support vaccine development strategies
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Figure 3. Graphical summary of the 3 aims of this doctoral thesis.
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2. Results

2.1 Prologue

Even though many host mechanisms are already known by which Ct enter host cells and
hijack the host cell metabolism for their own purposes, none of them is targeted to actually
prevent infection. We decided to screen a library of compounds to potentially identify more
potent inhibitors of Ct replication. As our results appeared promising, we kick-started the
project of applying these compounds for prophylactic usage against Ct infection. Eventually,
we identified pentamidine as a potent drug to inhibit Ct growth in vitro and in vivo and would
be an interesting candidate for drug repurposing. The author of this thesis contributed to
the following publication by developing the methodology for screening compounds in a
semiautomated matter together with a team at the chemical screening facility of CeMM.
The mouse model of Ct infection as well as read-out of mouse experiments was also
established in the lab by the author of this thesis. Additionally, she spearheaded and
performed in vitro experiments to identify the mechanism of action of pentamidine in Ct
infection and established cultures of Neisseria gonorrhea and Lactobacilli in the lab. With
input of the project team, she drafted the manuscript and even filed a patent application

together with MedUni Wien for the prophylactic treatment with pentamidine.

2.2 PDF of first paper - Combination of compound screening with an
animal model identifies pentamidine to prevent Chlamydia trachomatis

infection

12



Cell Reports

Medicine

Combination of compound screening with an animal
model identifies pentamidine to prevent Chlamydia

trachomatis infection

Graphical abstract
By f gk fea 7
JT gy & /f
/
J"I Muelabalic
J."alhlufaller:l hiost
Compound h
larary
l Chlamipdia
= trachomats
Oy @8
et cets
L
s O iy
Pentamidine: &
| Mouse mogel of chiarydia infection |
Highlights
= A compound screen identifies 28 non-antibiotics inhibiting
Chlamydia frachomatis
# Pentamidine inhibits chlamydia replication indirectly via the
host cells
= Systemic and intrauterine pentamidine treatment decreases
chlamydia burden in mice
= Pentamidine is a promising candidate for prophylaxis against
bacterial STls
- Knapp et al., 2024, Cell Reports Madicine 5, 101643
s July 16, 2024 & 2024 The ). Published by Elsevier Inc.

hitps:fdoi.orgf 0.1016/.xcrm. 2024101643

Authors

Katja Knapp, Romana Klasinc,
Anna Koren, ..., Stefan Kubicek,

Hannes Stockinger, Georg Stary

Correspondence
georg.stary@meduniwien.ac.at

In brief

As the numbers of sexually transmitted
infections are rising, innovative
prophylactic measures are needed.
Knapp et al. performed a medium-
throughput compound screen to identify
new drugs inhibiting Chlamydia
trachomatis growth in cell lines. The top
hits were tested in a Chlamydia
trachomatis mouse model for their ability
to prevent infection.

¢? CellPress

13



Cell Reports Medicine

¢ CelPress

OPEMN ACCESS

66h{binaﬁon of compound screening with an animal
model identifies pentamidine to prevent
Chlamydia trachomatis infection

Kafja Knapp,'*® Romana Klasinc,** Anna Koren,” M

a Siller,” Ruth Din -Hovorka,' Mathias Drach,’

Juan Sanchez,® David Chromy," Marlene Kranawetter,* Christoph Grimm,* Andreas Bergthaler,** Stefan Kubicek,®

Hannes Stockinger,” and Georg Stary25°

TDepartment of Dermatology, Medical University of Vienna, Vienna 1090, Austia
2CaMM Research Center for Molecular Medicine of the Austrian Academy of Sdiences, Vienna 1090, Austria
3|nstitute for Hygiens and Applied Immunology, Center for Pathophysiology, Infecticlogy and immunology, Medical University of Vienna,

Vienna 1090, Austria

“Dapartment of Obstetrics and Gynecology, Medical University of Vienna, Vienna 1080, Austria

EThese authors contributed aqually
SLead contact

*Cormespondence; georg.stary@meduniwien.ac.at
httpesiidedong/ 10,1016 xem. 2004101643

SUMMARY

Chlamydia trachomatis (Ct) is the most common cause for bacterial sexually transmitted infections (STls)
worldwide with a tremendous impact on public health. With the aim to unravel novel targets of the chlamydia
life cycle, we screen a compound library and identify 28 agents to significantly reduce Ct growth. The known
anti-infective agent pentamidine—one of the top candidates of the screen—shows anti-chlamydia activity in
low concentrations by changing the metabolism of host cells impairing chlamydia growth. Furthemmore, it
effectively decreases the Ct burden upon local or systemic application in mice. Pentamidine also inhibits
the growth of Neisseria gonorrhea (Ngj, which is a common co-infection of Ct. The conducted compound
screen is powerful in exploring antimicrobial compounds against Ct in a medium-throughput format.
Following thorough in witro and in vivo assessments, pentamidine emerges as a promising agent for topical
prophylaxis or treatment against Ct and possibly other bacterial STls.

INTRODUCTION

Therisk of death or serious health restraints from infectious dis-
eases has decreased in developed countries based on the avai-
ability of efficient antimicrobial measures, including prophylaxis
and treatment. -~ However, many sexually transmitted infections
{STis) are curmently increasing in North America and Europe,®
espacially amongindividuals engaging in high-risk sex practices,
including unprotected sex with multiple partners.” This trend was
even intensified by the COVID-19 pandemic due to mducad
screening and access to health care facilities.*”’

The most common bacterial STis are Chiamydia trachomatis
(CH infections with an estimated prevalence of amund 4% in
the Americas and around 2% in Europe with highest infection
rates in the population batween 15 and 24 years.” There are
different Ct serovars characterized by their major outer mem-
brane proteins: serovars A-C primarily cause ocular infection,
while serovars D-K preferentially infect the urogenital tract,
and serovars L1-13 can lead to lymphogranuloma venersum,'?
Ct is an intracsllular pathogen utilizing the host cell machinery
forreplication.' ' Brisfly, Gt elementary bodies (EBs) caninteract
with various surface receptors on epithelial cells, which facilitate

Cell Madicine 5, 101
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the uptake of the pathogen.'' Using cell cytoskeletal proteins,
EBs forn an inclusion within the endocylic vacuoles where
they replicate in the form of reticulate bodies (RBs) utilizing nurtri-
ents provided by the host cell. After finishing their replication cy-
cle, ABs transform back into EBs and leave the cellby cell lysis or
axtrusion.'"'* Since the Ct developmental cycle is strictly
dependent on the host cell, treatment approaches do not need
to solely rely on antibictics inhibiting, e.g., bacterial protein syn-
thesis but may also consider alternative mechanisms by inter-
fering with cell eniry or modulating host cell structures. ' Altema-
tive strategies involve, among others, inhibiting type Il secretion
systems of Ct, blocking chlamydial attachment by destroying
the bacterial membrane or binding certain membrane structures,
and enhancing host cel defense mechanisms by cytokines
or blocking of metabolic processes utiized by Chiamydia
spp.'*™ Even though human chlamydial infections are well
ireatable with antibiotics, there am studies reporting tetracycline
resistance by the presence of a Tet(C)-island in the genome in
the species-specific strain Chiamydlia suis infecting pigs.'* '
Another STl of concern with high rates of antibiotic resistance
is Neisseria gonorrhea {Ng). A large portion of clinical Mg isclates
are resistant to early developed antibiotics like penicillin,

16, 2024 @ 2024 The Authon(s). Published by Elsevier Inc. 1
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sulfonamides, and tetracyclines, and additional resistance to
extended-spectrum cephalosporing and macrolides, which are
currently recommended for reatment, is on the rise.'"'” More-
ovar, co-infections of Nig with various STis are common,'® as
there exists an increased susceptibility of already infected indi-
viduals to other STis.”"*“ A significant problem with both Ct
and Mg infections is posed by the high rates of asymptomatic
cases that can still cause severe long-term sequelas in females
like pelvic inflammatory diseasa resulting in infertility or ectopic
mmcy‘m

Preventive measurements include screening programs for indi-
viduals at high risk. Nevertheless, screening is expensive for the
health care systern, and a cost-effectivenass assessment is often
notavailable. ™" The ulimate goal would be to develop a vaccine
as preventive measure, which was not successful so far despite
60 years of research with only one vaccine candidate cumrently be-
ing in a clinical trial.***” Other preventive strategies involve pre-
and postexposure prophylads (PrEP/PEP) with doxycyciine
{dooey) in patient groups with high-risk behavior for the acquisition
of chiamydial infections and syphilis that are frequently using hu-
man immunodeficiency virus (HIVHPEP. " However, the
concem of antimicrobial resistance of Mg and also other sexually
fransmitted pathogens as well as commeansals graatly limits the
dooey-PEP. Ina recent study from Luetkemeyer et al., the develop-
ment of resistance in Ng and Siaphylococcus aureus isolates was
increased in the doxy-PEP group.™ Therefore, alternatives to
doxy to prevent and treat STis are of growing importance.

In this project, we report a systematic screen for molecules
that reduce Ct growth in wvitro. We identified pentamidine as a
candidate compound that was also effective in reducing Ct
burden (by topical or systemic treatment) in an in vivo mouse
model of genital Ct infection. In addifion, we demonstrated that
already low concentrations modulate the host metabolism and
inhibit the growth of Ct and Ng, making it an ideal agent for
PrEP or PEP of 5Tls.

RESULTS

ldantification of reagants inhibiting chlamydia growth in
a madium-throughput compound screan

To identify novel classes of pharmacological agents inhibiting
chiamydia growth, we chose a library of ~2,200 compounds,
which include approved drugs and well-dascribed experimental
molecules. As Ci-infected cells are not dividing, we defined the
optimal ratio of 2,000 Hela cells per 384-well infected with Ci-
L2-GFP at a mulfipficity of infection (MOI) of 2.5 (Figures 1A
and 1B). To datermine the number of nuclel and inclusions in
each condition, we fixed the cells with 4% paraformaldehyde/
1% methanol, which allowed for the detection of the endoge-
nous GFP signal of Ct inclusions and nuclear staining with
DAPI and cell staining with Evans Hue for Hela cells (Figure 1C).
A dacrease in the number of cell nuclei per field of view to less
than 100 was considered as cytotoxic effect of a given com-
pound and excluded from analysis (Figure 10). To test the effi-
ciency of the screening compounds to reduce Ct growth, we
set the cutoff to 50% in relation to the negative control (DMSQ)
{percentage of control, POC < 50} and the posiiive control (azi-
thromycin 50 nM) (Figure 1E). In the initial screening approach,

2 Cel Reports Medicine 5, 101643, July 16, 2024
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we identified 88 compounds having the potential to control chia-
mydia infecfion. We only identified 26 compounds that are
known antibiotics. These compounds wene excluded from sub-
sequent analysis as the aim was to identify novel inhibitors.
The screen revealed the following main substance classes as
effective: (1) anfineoplastics, (2) antivirals, and (3) psychoactive
drugs (Figure 1F; Table 51). In a validation experiment, dose re-
sponses of the remaining 62 reagents in 3-fold dilutions revealed
28 reagents that showed a reduction of chiamydia growth by
more than 40% (POC < 60) in two or more concentrations (Fig-
ure 2A; Table 52). These 28 compounds were further evaluated
in various conditions to select the most effective candidates
for chlamydia inhibition.

Validation reveals candidate drugs being effective
against differant genital chlamydia serovars

Ct-1.2 causing lymphogranuloma venersum is mors invasive and
grows faster in vitro than genital serovars Ct-E and Ct-F.*' Thems-
fore, we investigated if the compounds validated from the primarny
screen are reactive against different genital Ct serovars in various
concentrations (Flgure 2A; Table 53) The most effident com-
pounds identified are avapritinib, CAY10571, CAY 10574, dolute-
gravir, EKI-T85, matergoline, methotrexate, pentamidine, and pix-
antrone. Most drug candidates showed a similar trend in all three
Ct serovars (Figure 2B). By using the CellTiter-Glo, we demon-
strated that compounds used in the validation screen are well
tolerated by the cells as viability was above 90% for all com-
pounds (Figure 51). In addifion to the axperimental layout with
the compound treatment before Ct infection (Figure 1A), we as-
sessed the effectivity of drugs if added 1 h after infection (Fig-
ure 52; Table 54). This time point of infection was chosen to iden-
tify drugs that have an affect during early chiamydia life cycle. We
obsarved a slight decrease for dolutegravir and pentamidine if
compounds are added after infection (Figure S2). This suggests
that those compounds might play a role during early events in
chiamydia replication or might take some time until they are fully
active within the cels. We selected pentamidine, dolutegravir,
and metergoline to test in a mouse model for genital chiamydia
infection as (1) thess compounds significantly block Ct growth
in various conditions, {2) their targets in the chlamydia ife cycle
have not yet been described, and (3) they are approved drugs
that allow for easier translation to patients (Figure 2C)

Pentamidine is effective in a mouse model for genital
chlamydia infection

To investigate if the compounds inhibiting Ct growth in Hela
cellsalso work in wivo during female genital tract infection, we as-
tablished a mouse model of Gt infection for prophylactic com-
pound treatment. Mice received drug doses every 24 h starting
1 day before infection, resembling continuous schemata for
pre-exposure prophylaxis.® At the peak of chiamydia burden
4 days after genital Ct infection, ™ uteri were harvested to quan-
fify chiamydia burden (Figure 3A). Mice receiving a combination
of systemic and local treatment with doxy or pentamidine had a
significantly lower chlamydia burden compared with DMS0-
treated mice (Figure 3B). Treatment with either dohrtegravir or
metergoline did not protect mice from chlamydia replication
within their uteri (Figure 38).
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Figura 1. Medium-throughput screen reveals compounds inhibiting chlamydia growth

A} Schematic of the experimental setup of the medkem-throughput screen. Hels cells ware ceaded in 384-wedl piatea confaining 10 pM of compounda.

G- containing media were added after 6 h on top. Plates were incubated for 40 h
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Next, we explored the effect of local application of pentami-  tothe systemic pentamidine treatment whera all mice presented
dine in the mouse model for genital Ct infection starting 1 day  with bradykinesia, we did not cbserve these therapy-related
prior infection. Local pentamidine treatment significantly re-  adverse events in mice with the local treatment regime. Histo-
duces the chiamydia burden in mice (Figure 3C). In comparison  pathological assessment of uteri of locally freated mice revealed
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Figure 2. Validation experimants revaeal inhibition of Ct growth across various serovars
{A) Bch fic of e d sets used inthis study and the sequential screening steps appliad 1o obtain a selection of a final set of 3 drgs for in weo ex-

periments.
B} Dose-reaponse curves for the 30 da jining after the valldafion condltions. 3-old dilutions in technical duplicates starting from 135 pM for Cr

serovams E, F, and L2 were assessed. POC, percentage of DMS0O-eated control
() Repreaantative im of indicated de in13.5 pM concentrafion (PerkinElmer Operetta high-content sutomated condocal mé 20 long
fledd WD); acale bars, 100 pm.

similar grading of inflammation between pentamidine-treated aninteresting compound for prophylaxis against Ct infection in a
and -untreated Ci-infected mice (Figure 3D). Addifionally, three  mouse model, having potential as alocal microbicide preventing
mice received only cne local dose of pentamidine to assess pa-  human Ct infection.

thology (Figure 30) and absomption (Figure 3E) of pentamidine

upon franscervical drug inoculation. Singular drug doses do  Lack of effectivenass of dolutegravir against Ct

not cause any pathological changes in the uterus, liver, orkidney  infection in paople with HIV

of these mice, and the highest drug levels could be detected For dolutegravir, we analyzed a cohort of people living with HIV
within the uterus (Figure 3E). Thenefore, pantamidine represents  recelving dolutegravir as part of their antiretroviral therapy.
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Figure 3. Pentamidine prevents Ct infection in vivo
A} Schematic of setup of animal Created with BioR endear.
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{B) Bacterial burden In mouse uter at the and of experiment in different groups under sysiemic pls local treatme nt mock-treated mica (G}, pentamid ine Pent),

doxy, dolutegravir DTG, or metergoline (Metergl-treated mice. Bacterial burden is Indicated as pg Cf DNA per pg host DNA. One-way ANOVA and Tukey's
multiple

o 4o fired it

[rs
I

comparisons teats were perf:
replicates + 80

treatment growps [p < 0005, **p = 0U01). Data are presented aa the mean of biolo gical

{C} Bacterial burden In moune uterl after local Pent or mock (C) treaiment was analyzed by unpaied t test (“p < 0L01):. Data are precented as the mean of

biobogical replicaten + S0,

{D} Histo pathological grading of uterl. Liter from mice recelving 5x local treatment and Cf iInfection {same mice as shawn in C, i = T-10) and mice treated once
kocally {n = 3) were stained with HAE and sssessed by a pathologist 24 hafter last reatment.
{E) Pentamidine ahsorpition 24 h afier 13 local restment in diferent organs fmolimg) and ssnm fg/pd).

Individuals recelving dolutegravir are as likely to acquire a Gt
infeciion as patients without dolutegravir intake (Figure S3)
Therefore, our results suggest thatin the mouse model for genital
chiamydia infection and in humans, dolutegravir does not reach
inhibitory levels in tissue to prevent Ct infection,

Pentamidine impairs Cf rapidly and parmananthy
Themode of action for pentamidine in protozoan infection is not
well described. Pentamidine is reported as an inhibitor of (12
DNA, ANA, or protein biosynthesis™ and topoisom S
{2} polyamine synthesis,™ (3) folate metabolism,*™** and (4)
membrana integrity. ™ To lsam if pentamidine has a direct sffact
on Ct or an indirect effect by inhikiting host cell metabolic pro-
caesses, we first tested if pentamidine acts directly on Ct before
they enter host cells rather than acting indirectly via affecting
the host cell metabolism. Upon treatmant of Ct with different
concentrations of pentamidine 30 min or 2 h before adding Ct
to the untreated cells, we did not observe a Ct growth reduction
in HeLa cells (Figure 4J). Next, we investigated if pentamidine in-
terferes with Gt uptake or with later steps during replication. 2 h
after infection, the number of bacterial particles taken up in both
conditions was comparable (Figures 44, 4B, and 4E). After 24 h,
however, Ct inclusions only occur in control cells, whereas single
Ctparticles are present in pentamidine-treated cells(Figures 4A-
4E). To determine if Ct particles taken up in pentamidine-treated
cells ane showing hallmarks of bacterial growth, we used N-[7-(4-
Nitrobenzo-2-oxa-1,3-diazole)]-6-aminocaproy-D-erythro-

sphingosine (C6-NBD-ceramids) labeling. Upon uptake in the
cells, C6-NBD-ceramide is modified to sphingomyelin at the
Golgi apparatus, resulting in the transfer and retention of sphin-
gomyelin in Ct inclusions upon bacteral growth.™*' We
performed confocal imaging of infected cedls treated with C6-
MNBD-ceramide to assess the recruitment of C6-NBD-sphingo-
myelin to the inclusions. C6-NBD-sphingomyelin accumulates.
inthe Golgl apparatus, and our findings demonstrate a dear co-
localization of CB-NBD-sphingomyelin with CiHipopolysaccha-
ride (LPS}-positive vesicles and inclusions in both controls and
pentamidine-treated samples. Motably, in the pentamidine-
treated cells, there was a halt in the development of the inciu-
slons (Figura 54). This suggests that the uptake and early steps
inthe Ct life cycle are not impaired by pentamidine, but only later
stages, including bacterial meplication, are affected by
pentamiding.

To elaborate on the function of pentamidine in Ct infection, we
investigated the kinetics of clearance of chlamydia upon in vitro
treatment. Therefore, Hela cells were pre-treated with com-
pounds in a similar setup as in our initial screen. Next, com-
pounds were washed out 24 or 48 h after infection, respectively
(Figures 4P-41). While Ci persists and still profiferates in azithro-
mycin-and doxy-treated samplesifwashoutoccurs already 24 h
after infection, Ct growth is significantly impaired after the 24 h
washout in pentamidine-treated samples (Figures 4F, 43, and
4l). A comparable effect to pentamidine is achieved for azithro-
mycin and doxy if they ane present for atleast 48 h (Figure 4H).
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Figure 4. Pentamidine acts mome rapidly against chlamydia than antibiotics by an indirect effect via host cells

D) Hel a cells pre-treated with 1 pM Pentfor § h were infecied with Ci-L2 (no GFP) at MO! 100, Cf upiake was quantified atter washing 2 with PBS to remove
unbound Ct, PFA fixation and antiho dy staining for Cr-LPS in 10 FOV per condition {0fymps [X53, LUCPanFL N, 40x). Significant differences were teated by
unpadred t tests fp < 0L05, ““p < (L0001} Data sre preasnted aa the mean of 10 FOV + 8D. (A} Repreaentative images of chismydia uptake and inchsion
formation 2 and 24 h after Infection. Scale bars, 20 um; Ct-LPS fgrean), Evana blus fred), DAPI (bhue). (B} Ratioof chiamydia particles faize = 10-500px% and nuclel
per FOV 2 h after infection. (0} Ratio of chiamydia particles faize = 10-500 pxd and nuclsl per FOV 24 h after infection. (D) Ratio of chiamydia inclusions
{elze > 2)000 pc) and nuclel per FOV 24 h after infection.

{E} Cruantification of Ct uptake with gRCR. Hela cells waretreated with 1 or 5 pM Pent and infected with Ct-1.2 (no GFP, MO 100). Hela cedls wera harveated 2 or
24 h afier infecton and ratics of Cr DNAMoat DNA were determined v = 3 independent experiments).

) e lum containing 10 nd azithromycin (AZT), 100 nid dooty, and 1 p or 5 pM Pent was replaced every 24 h supplemented with feahly prepared com-
pounds or just medium Significant differences were tested by two-way ANOVA with to Sidéi’s multiple compariaons test ip < 0.05, **p < 0.01).

fhegend continued on next page)
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This suggests that pentamidine permanently inhibits Ct growth
at an early time peint and that it does not only suppress bacterial
translation, as it ocours in the presence of macrolides and
tetracyclines.

In summary, we show that Ct is taken up into pentamidine-
treated cells and early steps of inclusion formation occur. How-
ever, replication of Ct is significantly impaired, and after washout
of pentamidine, the inhibitory effect persists.

Impairment of Ct growth by modulation of host cell
metabolism

As we did not observe direct disruption of Ct by pentamidine, we
assassed other mechanisms of pentamidine inhibiting Ct growth
indirectly via host cells. Solute carriers (SLCs) might be essential
for Ct growth by providing necessary factors of the bacterial life
cycle. The reduced folate carrier SLC19A1 was shown to be
transporting antimetabolites like methotrexate and pantami-
dine.”” Treatment of SLC19A1~'~ cells with methotrexate re-
sulted in a loss of anti-chiamydia effects, whemas treatment
with pentamidine led to a similar reduction of Ct growth as
observed in Renilla~'~ control cels (Figure S6). We therefore
condude that pentamidine and the antifolate methotrexate
hava differant modes of action in their activity against Ct.

Wa tested the possibility that the host metabolism might be
influenced by pentamidine in a way that prevents further Ct
growth in infected cells. We performed Seahorse analysis, using
the mitotic stress test kits on Hela cells treated with pentamidine
and infected with Ct. When assessing the oxygen consumption
rate, we noticed that pentamidine-treated cells have reduced
basal respiration and that their spare capacity for mitochondrial
respiration is reduced (Figure 4K). Interestingly, infected control
cells perform more oxidative phosphorylation at basaline. This
difference is not observed in pentamidine-treated samples.
Similarly, pentamidine-treated cells perform less glycolysis as
shown by the extracelldar acidification rate and increased
glycolysis in infected control cells, indicating that Ct proliferation
is reflected by high enengy demand by the host cells (Figure 4L1).
This affect of reduced metabolic activity in pentamidine-treated
cells is dose dependent, while doxy-freated cells show similar
basal respiration as control cells (Figure 4M). These data illus-
trate that, by reducing the basal metabolism in host cells via
pentamidine, growth of Ct within the host cells is inhibited. We
naxt investigated if the metabolic effect of pentamidine results
in reduced viability and proliferation of the host cells. By perform-
ing lactate dehydrogenase (LDH) assays and fluorescence-acti-
vated cell sorting-based viabiity assays (7-Aminoactinomycin
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(7-AAD) staining and CellTrace Violet staining), we observed
that Hela cell viability and proliferation is not affected by pent-
amidine (Figures S5A~S5C). As Hela cells am robust cells, we
addifionally assessed the viahility of primary cenvical epithelial
cells upon pentamidine treatment, which validated our observa-
tions from Hela cells in this more physiclogically relevant cell
type (Figums S50 and S5E). These data show that the inhibitory
affect on bacterial replication observed in pentamidine-treated
cells is probably due to metabolic changes within the host calls.
However, the drug doses used in our study do not impact the
viability and proliferation of Hela cells and primary cervical
epithelial cells as host cells of Ct.

Pentamidine inhibits the growth of Ng, while
commensals of the physiclogic vaginal flora retain
replication capacity

As Ct and Ng infections often coincide, PrEP or PEP sirategies
are usually designed to be effective against Gt and Mg infec-
tion.*~" We therefore assessed the antimicrobial potential of
pentamidine against Mg as it was reported to have some inhibi-
tory effect on other gram-negative bacteria such as £ cof.™ By
treating liquid cuttures of Ng with pentamidine, we identified the
minimal inhibitory concentration batween 3.12 and 6.25 pM
(Figures 5A and 5B). By spreading the iquid cultures after 24 h
of pentamidine treatment on untreated plates, we detemmined
that the minimal inhibitory concentration comesponded to the
minimal bactericidal concentration, as regrowth of Mg was ab-
sent (Figure 5C).

Vaginal dysbiosis is a common side efiect of antibiotic treat-
ment.” As prophylactic treatment of STis should not permanenthy
affect the urogenital microblome, we next assessed the effect of
pentamidine on L actobaclus acidophius asa reprasentative spe-
cies of the female vaginal flora. We observed reduced growth of
the bacteria in the presence of pentamidine; however, the drug
did not have a bactericidal effect on L. acidophiiss in any concen-
tration tested as bactera grew back after withdrawal of the drug
(Figures 5Dand 5E). Our data indicate that the bactericidal pent-
amidine concentrations do nothave alasting detrimental affecton
the human femnale genital tract microbiome.

In summary, we successfully applied a medium-throughput
screen to Ct infection and validated the most promising com-
pounds ina mouse model for genital Ct infection. Pentamidine
ememed as the lead candidate demonstrating efficacy against
Ct in vivo and inhibiting Ng growth in viiro, all while preserving
L. acidophilus, a key component of the natural vaginal flora.
Furthermore, when applied topicaly in the Ct mouse model,

Representative images of washout experiments 72 h after infection (Chympus D(53, CGPlan N, 10x}. Scale bara, 100 pm. {3} Hela cells treated wih indicated
compounds, analyele 48 h afier infection §b = 4 independent experiments, 10 FOV per experiment were anaheed, Olympus 353, LGAch N, 20x ). (H} Hela cells
treated with indicated de, analyaiz T2 h after infection f» = 3 independent experiments, 10 FOV per experiment were enahzed, Ohmpus D053, LCAch N,
20}, [y Quantification of Ct burdan with gPCR. Hel a cella were harvested 48 h after infecfionand rafios of Cr DNAMost DNA were determined §n = 4 independant
experiments). ()} Ct pretreated with pentamidine before infection. Hel a cells ware infacted with pre-treated Ct (for 30 min or 2 by indicated pentamidine con-
centration during Cif-pretreatment} or Hel a calls were pre-treated with pentamidine 6 h before infection final concentration of 10 or 1 pM concentration).
Cuantification of inclusions par FOV {Dlympus 1453, LOAch N, 20%} nomalized to inchsions in unfrested control samples f1 = 2 independent expariments,
expressed as mean of 10 FOV per experiment).

-0} Seshome analyals uing the mitotic stresa teatbdt, performed on &, 000 Hal a cells treated with compound s (Cir = DMS0, 3-fold diution s of Pant starting at
13.5 pM or 100 il dostyl andfor Ct-L2-GFP (WMO! 2.5) for 48 h. Data are pooled replicates froms two independant nne o = 1418}, mean + 80 inormalized to cell
numiber}. (K} Ootyg en consumption rate (OCR}Hn pmolimin. (L) Extracelhtar acidification rate ECAR) in mPH/min. () Basal respiration of all treatment conditions:
[
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Figure 5 Pentamidine inhibits Ng growth in vitro but does not stop the growth of Laciobacili
A Ligquid 24 h culbwes of N in the presence of 2-fold cerlal dilutions of Pent (ctarting at 50 pbd).
B} Cuantification of growth of Ng in Pent-treated culhures in comparison to DMS0 control cuthres. Date are presented as the meana of 3 independent ax-

periments.

{C} Represantative image of Nig bacterial amears derived fom Pent-treated 24 hiliquid culwes
D) Cuantification of growth of L acidophiius in Pent-treated culhres in comparison to control cultturea. Data are presented as the means of 4 indepand ent

experiments.
{E} Representathe image of L acidophiius bacterisl emeans derhed from Pent-treated 24 h liquid cuthwes.

pentamidine successfully preventad Ct infection. However, its
mode of action appears to be mediated through the host cells,
because direct incubation with pentamidine does not affect CL
Instead, pentamidine modifies the metabolic activity within the
host cells. In comparison to azithromycin and doxy, the effect
of pentamidine is rapid and long lasting, making it anideal candi-
date as topical agent against bacterial STis in a therapeutic or
aven prophylactic setting.

DISCUSSION

In this study, we utilized a madium-throughput discovery screen
1o evaluate the potential of approximatedy 2,200 compounds in
inhibiting the intracellular growth of Ct. As a result, we success-
fully identified and validated 28 non-anfibiotic compounds that
demonstrated the ability to meduce Ct inclusion formation.
Motably, we found that pentamidine, when topically or systemi-
cally applied, effectively prevented Ct infection in vivo.

In their global health sector strategy on STis, the World
Health Organization aims to reduce the global cases of bacte-
rial STis from 374 million in 2020 to below 150 milion until
20:30. The main pillars will focus on prevention, screening pro-
grams for pricrity populations, and innovative approaches to
treatment and vaccines."* Considering the absence of avail-
able vaccines against any of the most common bacterial
STls, namely Ct, Ng, and Mycoplasma genitafum, coupled
with the escalating antibiotic resistance observed among

8 Call Raports Medicine 5, 101643, July 16, 2024

thess pathogens, it is crucial fo investigate novel strategles
for STI prevention.

In a similar setup as described in this study, Mojica et al.
tested 339 Australian natural products with an mChemy-ex-
pressing Ct strain.*® They identified mainly tetrahydroanthra-
guinone and thiaplakorione compounds as hits, which had
been classified as antiparasitic agents against malaria or try-
pancsomes.’” We tested our top candidates—pentamidine,
dolutegravir, and metergoline—for their efficacy in a mouse
model of female genital tract Ct infection. Pentamidine was
the only compound of the three drugs that significantly reduced
Ct burden in the mice comparable to antibiotic treatment upon
systemic and local freatment. In comparison to the antibacterial
activity of metergoline against the infracelular bacterium Sa-
moneiia typhimurium in a murine Saimonelia infection model, "
wa did not see a Gt growth reduction upon metergoline applica-
tion in wivo. For the intraperitoneal application, we used the
same dosage, but the frequency of application was every
24 h, in contrast to the mouse model for Saimonefa infections
where application followed a 12 h interval. Explanations for
the absence of effect in our mouse model could be that (1)
the agent was notsufficiently concentrated in the female genital
epithelium, (2) the dose is not high enough for Ct inhibifion
in vivo, or (3) more dosages would be required due to the
half-iife of metergoline. Dolutegravir was the most effective
drug against Ct in vitro but did not show an effect in the mouse
maodel for Ct infection. Even though the usual application route
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is oral, we chose systemic treatment by injection and deter-
mined the optimal/maximal dosage based on previous litera-
ture using either oral application”” or injection with dolutegravir
equivalents.™ Dol was shown to modify the folate
metabolism, which might be its potential mode of action during
Ct infection,***" similarly to methotrexate.”' Dolutegravir leads
to the downregulation of SLC19A1 in placental cells, thereby
reducing tha uptake of both methotrexate and folic acid.™
Only 5%-7 % of plasma concentration of dolutegravir reaches
the cervical tissue, which could be one reason for the lack ofac-
tivity against Ct, as only very low concentrations are needed for
its activity against HIV.***° Follow-up experments could
assess if long-acting dolutegravir derivatives can reach a
dosage sufficient for chlamydia growth inhibition in vivo, 44
Recantly, the dolutegravir derivative 7-methoxy-4-methyl-6,8-
dioxo-MN~{3-(1-(2-(frifluoromethyliphenyl)-1H-1,2,3-triazol-4-yl)
phenyl)-3,4,6,8,12,1 2a-hexahydro-2H-pyrido{1',2':4,5]pyra-
zino[2,1-bj{1 3loxazine-3-carboxamide (DTHP) was shown to
inhikit cancer cell growth in a murine xenograft model after
infraperitoneal application.™ Recognizing the importance of
refining the delivery method as well as the dosage for in vivo
appilication, our research specifically emphasized pentamidine
as a promising prophylactic agent against Ct.

The concept of PrEP and PEP proved efficient against STI
such as HIV.** Recent findings suggest doxy prophylaxis as
PEP against bacterial STIs in certain individuals at high risk for
ST acquisition.™ ™ A potential caveat with doxy prophylaxis
is the development of antibiotic resistance of the pathogens
and also commensals. In C. swis, which is related to the hu-
man-adapted pathogen Ct, tetracycline resistance is common.
C. suwiz can also infectother hosts than pigs, as infectionis docu-
mentad in humans working in life stock faciities, ™ whare se-
lective pressure occurs due to the enommous use of antibiotics,™
In co-infected individuals with C. suis and Ct, horizontal ransfer
of the tet(C) gene might ccour, which was demonsirated in vitro
between C. suis and other chlamydia strains.”*“! For Mg, anti-
biotic resistance is very common and aven multidrug-resistant
sfrains are frequently cbserved in some countries. Doxy-PEP
raduced Mg cases depending on the resistance frequancy in
the respective study area,”**

We propose pentamidine identified in this studyas a promising
alternative agent for ST1 prophylaxis. In a PrEP setting in mice
in vivo, pentamidine reduced the chiamydial burden similarly to
doxy. We observed inhibition of Mg growth in the presence of
»6.25 pM pentamidine. However, minimum inhibitory concentra-
tion (MIC) breakpoints and phammacokinetic or phamacody-
namic models for pentamidine and Mg ame not established so
far. Pentamidine is reported to have antibacterial properties by
targeting the bacterial membrane.*>™ Gram-negative bacteria
can become more susceptible o antibiotics by disrupting their
membrane and making it permeable for other drugs.®®% This
synergistic effect of combining pentamidine with antibictics
was shown for Acinetobacter baumnannii in a mouse model,* a
finding that could be translated to multidrug-resistant bacteria
strains, thereby increasing the treatment options and delaying
the development of resistance.”*® With regard to potential
side effects associated with pentamidine, ongoing advances
are being made in the development of pentamidine analogs
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that exhibit improved performance in disrupting bacterial mem-
branes while being less cytotoxic to the host organism, thereby
increasing their potential as adjuvants for antimicrobial thera-
ples.”""“* |t remains to be investigated if these analogs are also
effective against Ct as the mechanism of action is probably
more complex than just disrupting the membrane of the
pathogen.

In the clinics, pentamidineis already used as prophylax s against
pneumocystis pneumaonia with either systemic or topical (inhala-
tion) application once every 3—4 weeks. During systemic treat-
ment, pentamidine can have side effects like ventricular
anthythmia, hypotension, nephrotoxicity, or hepatic dysfunction,™
During local application by inhalation with a nebulizer, it can cause
cough, chest pain, difficulty breathing, or skin rash.” Neverthe-
less, also doxy can cause symptoms like headache, nausea, vom-
iting, diarrhea, skin rash, or bacterial vaginitis. In the mouse model
for genital Gt infection, weobsarved bradykinesiaand dizziness af-
ter systemic treatment with pantamidine, while mice treated only
locally did not present with obvious adverse avents. iy vitro, pent-
amidine has an immediate and long-asfing effect, as Ctinclusions
do not grow back as observed for the bacteriostatic compounds
azithrormycin and doxy if treatment is stopped after 24 h. Thus,
the bactericidal compound pentamidine might facilitate a long-
lasting effect or even better clearance in vivo, which would make
the appliication more convenient and less error-prone than daily
intake as required for doxy-PrEP or intake after every risk contact
as recommended for doxy-PEP. This anhanced effectivensss may
be atiributed to the ability of pentamidine to enhance the fitness of
host cells. Through the utilization of various incubation strategies,
encompassing both Ct alone and in combination with host cells,
weobserved that pentamidine may not directly affect Ct butrather
bolsters the resilience of host cellsin combatting this pathogen by
reducing the metabolic activityin host cells to a level that doas not
kill the host but significan thy impairs the pathogen. This mechanism
holds promise in reducing both the mutation pressure exerted on
Ct and the development of resistance.

Pentamidine was shown to be effective in a mouse model of
Leishmania infection after topical application on the skin as a
cream formulation.”' It remains to ba testad if pentamidine is
suitable for being applied locally to the cervixin form of an aint-
ment, as we dissolved it in 0.9% saline solution and applied it
directly into the murine cervix before Ct infection. Previous pub-
lications describe the development of vaginal micrcbicides like
salicylidene acylhydrazides restricting iron in Ct and Ng infection
or the LPS-binding molecule alkyipotyamine DS-96 blocking Ct
attachment.”*"* Approved for other clinical applications, long-
term clinical axperience is an advantage for our approach to
pentamidine treatment. Histopathological assessment revealed
that single local treatments do not cause any imitation or organ
toxicity in the female reproductive tract. The effect on the
local microbiome was assessed by susceptibility testing of
L. acidophilus, a commensal of the female genital tract, whichre-
vealed to survive Ct and MNg-bactericidal pentamidine dosages.
In addition, there is evidence for synergistic effects of pantami-
dine in combination with antibictics, which could contribute
substantially to reducing total antibiofic load and increase the
variability of different antibiotic classes that can be usad o treat
certain pathogens.
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In conclusion, weidentified 28 highly effective compounds from
diverse substance classes that demonstrated significant efficacy
against Ct in vitro. Some of these compounds belong to classes
that were previously shown to be associated with pathways
involved in chiamydia replication. Furthermore, our study provides
the first evidence of pentamidine’s efficacy ina mouse model of Ct
infection. Based on these findings, we propose that pantamidine
holds potential as an altemative topically or systemically applied
agent for prophylactic strategies (PrEP and PEP) not orly against
Ct but also against other bacterial STis, such as Mg, without
disrupting the genital flora. Given the substantial increase in Ng
antibiotic resistance, pentamidine could serve as an adjuvant in
combination with antibiotics, offering a backup plan for muiti-
drug-resistant strains of Ng and other bacteria like Mycoplasma
genitalium. Fulure endeavors should focus on developing a
formulation of pentamidine or one of its analogs suitable for local
application in humans or as a low-dosage systemic antibiotic
adjuvant. One emphasis will be the development of a pentamidine
derivative that exhibits bactericidal properties while minimizing
severe side effects linked to the original compound. Additicnally,
itis crucial o investigate whetherlower concentrations of the drug
remain effective. Itisimperative to investigate the inhibitory effect
of pentamidine on other STis basides Ct in vivo and explore the
development of resistance to pantamidine.

Limitations of the study

We provide a proof of concept for the use of pentamidine as a
locally active prophylactic agent against Ct infection. However,
the precise mode of action remains unclear, even though exten-
sive in wvitrp infection experiments revealed that pentamidine
most likely acts via metabolic alterations in host cells, thereby
limiting the proliferation capacity of bacteria. It remains to be
elucidated if long-term treatment and related metabolic alter-
afions lead to toxic side effects in epithelial tissue. Another chal-
lange with pentamidine to prevent STis is the effect on the local
microbiome, which needs to be carefully assessed with other
species than L. acidophius and with in wvo studies. The next
step will be the translation of topical drug application in humans.
While pentamidine application is reasonably feasible with creams
and suppositories at the penis and anal region, respectively,
topical preventative considerations for the female lower genital
tractand especially the cervix are more challenging. Possible op-
fions include vaginal application by cream, suppository, orsprays
that might allow dissemination of pentamidine to the cervic.
Developing pentamidine dervatives that are suitable for easy
systemic distribution or innovative topical administration are op-
fions for future studies in the context of topical pentamidine pro-
phylaxis. Pentamidine as alead compound could help to identify
pentamidine analogs or structurally related compounds using
structure-activity relationship studies for similarly active com-
pounds with fewer side effects.on hest cells and the microbiome.

STAR+METHODS

Detalled methods are provided in the online vension of this paper and includa
tie followding:

& KEY REBOURCES TABLE
® REBOURCE AVAILABILITY

10 Cell Reports Madicine 5, 101643, July 16, 2024

Cell Reports Medicine

0 Lead contact
0 Materials svallabilty
o Data and code avallahility
& EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Bacterial atraine and coll culhsre
o Mica
= METHOD DETAILS
o Medium-throughput compound screaning
o Compounds forin wiro teats

teating
o Chiamydia incidenca in HWV cohort recehdng DTG
» QUANTIRCATION AND STATISTICAL AMALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information be found online at hitps:idol ong/ 1001016,
o A 101643

ACKNOWLEDGMENTS

‘We thank all members of fhe Stary laboratory for discussions and feedback
and espacially A E. Agullar Gonzélez for preparation of reagents and A. Kopf
for her with the focal mi We are grateful to GU
Superti-Furga for sclentific input and RESOLUTE for providing the HCT116
cell linea. We thank M. Haller and A Stary from fhe Outpatients Centre for
tive Diagnosis of W I in kogical Dis: Pizambulatn rium Schife-
sdgassa, Vienna, for sharing the Nig siraine with us. We are graieful to B Will-
Inger and B. Selitzch fromthe Department of Laboratory Medicine of the Med-
licall University of Viennafor providing the L acidophiis strain. This project was.
supporied by the Austrian Sclence Fund (PWF, P31484) and the Medical Sci-

antific Fund of fhe Mayor of the City of Vienna 21 201). Graphical images: wera
created with BloRender (3.5, owna a license for publishing ).

AUTHOR CONTRIBUTIONS

KK planned and conducted fhe experimenis, analyred the data, and drafted
tie figures and manuscript. RLK. planned and cond ucted the esperiments and
analyzed the data. AK. conducted scresning experiments and analyzed the
data. M.&. ducted and analzed the Seah experiments. RD.-H. con-
ducted e experiments. MD. parioomed the histopathological grading. JS.
performed the masa DuC: collected and analyzed
patient data of the dolrtegravir cohort. MK and GG recrulied patients to
ohisin primary material and planned experiments AB, 8K HS. and G8
provided te and revised the ript. H8. and G.8. aupavised the
project

DECLARATION OF INTERESTS

KK, RK, AK 8 K, HS., and G 8 are inventors on a patent application entl-
tled * Pentamid ine in the treatment of ganiital infections and for STIs" [EU appll-
cation number EP 24 177 T06.0)filed by the Medical Univeraity of Vienna that
redates tothe use of pentamidine against genital infeciona.

Recelved: Auguat 13, 2023

Revisad: March 22, 2004

Accapted: June 14, 2024
Published: July 8, 2024

REFERENCES

1. Roaer, M., Ritchie, H., and Spooner, F. (2021). Burden of Dissass. hitpa:/
ourworld indata org/burden-of-disease.

23



Cell Beports Medicine

2 ol Beheraoul, C., Mokdad, AH., Dwyer-Lindgren, L, Bartozzi-Villa, A,
Siubbs, RW., Morozoff, C., Shinude, 8., Naghavi, M., and Muray, C.AL.
{2018). Trends and Patterns of Differences in Infectios Disease Mortality
Among US Counties, 19580-2014. JAMA 319, 1248 1280, hitps:/idolorg/
10,1001 fama. 20182089,

3. World Haalth Organtzetion 2021). Global Progreas Raport on HV, Vikal
Hepafitis and Sexually Tranamitted Infectiona, 2021 Fiipa e wiho.
int/jpuibilic atio na/i ey O SO0 0T T

4. Centers for Dizease Control and Prevention @024}, Sexually Tranamitted
Disease Survellianee W22 hittpshwww_cde.gov/atdatatiatics).

5 Bosetf, D, Mugglin, G, Calmy, A, Cavasainl, M., StGcide, M., Braun, D,
Notter, | Haemy, D, Hampal, B, Kovarl, H_, et al. (2022) Risk Factons and
Incidence of Sexuslly Tranamitted Infecfiona in the Swiss HIV Cohort
Siudy. Open Forum infect. Dis. 8, olacS82. hitp=dol.org/ 100 1083 ofld/
ofacs 2

6. Wright, 8.8, Krelaal, KM, Hitt, J.C., Pagaoa, MLA, Weinstock, H.8., and
Thorpe, PG 2022). impact of the COMD-19 Pandamic on Canters for
Disease Control and Prevention-Funded Sexually Tranamitted Disease
Programa. Sex Tranam. Dis. 49, BE1-EB3. httpsy/dol org/ 10 1097/00L0.
(o RN 1 S

7. Pagaoa, M., Grey, J., Tomone, E., Kreloal, K, Stenger, ML, and Wein-
stock, H. (2021). Trends in Nationally Notifiable Sexually Transmitted
Dissase Case Reports during the LS COVID-18 Pandemic, January to
Deceamber 200 Sex. Tranam. Dis. 48, TO8-804. hitpa:/'dolorg/10
OO Oy, OO0 D0 T S0,

8 Hual P, LLF, ChuT, Lh.D. Li, J., and Zhang, F. @030}, Prevalence of
genital Cr trach nithe al p A meta-
analysia. E«ﬂ Infect. Dis. 20, 589 hiipa:/doLorg/ 1001 18621 2879-000-
Q5307w

8. Newman, L, Rowley, J_, Hoom, 5.\, Wileaooriya, NS, Unemao, M., Low,
H., Stevens, G, Gottieb, 8., Kilarle, J_, and Termnmenman, M. (2015). Global
Estimatea of the Prevalence and incidence of Fowr Curshle Sexually
Tranemitted Infectiona in 2012 Based on Syatematic Review and Global
Reporiing. PLoB One 10, 1-17. hitpa/Vdolorg/ 1001371/ cumal pore.
0143304,

10. Stevens, MLP., Twin, J, Farley, C.H., Donovan, B, Tan, 8.E, Yu, J,
Garland, 80, and Tatwizi, SN 2010). Development and evaluation of
an ompA quantitative real-fme PCR ssaayfor Chiamydia trachomatis se-
rovar determination. J. Glin. Microblol. 45, 2060-2065. hitpa://dolorg’10
1128/ CM. 0230605,

11. Gisels, A, Sanders, N, Vanrompay, D., Dandekar, T, and Ball, 8.6
2019). Chiamydial Infection From Cutside to Inslde. Front. Microbiol 10,
2320 hitpayidolong10. 3388 frmich 2019, 02334,

12. Witkin, 8.5., Minis, E_, Athanasiou, A, Letzer, J,u'uiLHnm,l.hlﬂll‘m.
Chiamydia trachamatis: the Persistent Path Clin. Va
24, eN3-1T. hitips:/ido LorgM0LT 1280l 00031 7.

13 m&wmam1mmmmm
ol of chi dial inf: in animals: Current cth end iesues.
Fromt. hlnﬂnl. 10, 113118 htipa:/'d olorg 10338 imich 2019.00113.

14. Hou, G, Jin, ¥, Wu, H,, LL, P, Liu, L, Zheng, K., and Wang, C. 2022).
Altermnative stralegks for Chiamydia treatment: Promising non-antibiotic
approaches Front. Microblol 13, 887662 hifpa:didolorg /10.33546¢
fmich M002 SATEES

15. Dugan, J, Rockey, DD Jones, L, and Andersen, A A 2004). Tetracy-
cline reaistance in Chiamyd ia suls mediated by genomic islands inserted
inin the chisnmydial w-like gene. Antimicrob. Agents Chemother. 48,
30805005 . htipa/VdoLong/ 1001128/ AAC 48 100 3089 3005 2004,

16, Unemo, M, and Shafer, WM. 2101 4). Antimicrobial reaistance in Nelsseria

gonoerhoese in e 21st Centry: Paat evolution, and future. Clin. Micro-
hicl. Rev. 27, S8T-613 hittps://dol.org/ 101 1 28/CMR.O0010-14.

¢ CelPress

OPEMN ACCESS

8 retrospective observational study Lencet. Microbe 2, ef627T-of36
httpa:dolorg/ 10, 101 &/S2868-52 41021 0017 1-3

18 Athas, CL, Tumer, KME, Marcer, CH, Auguste, P, Roberts, T.E,
Bell, G, Herzng, 8A , Cassall, JA, Edmunds, WA, White, P.)., et al.
(01 4). Effectiveneas and co st-effeciivensss of trad itional and new partner
notificafion technologies for curahle sewuslly wanamitted infections:
Observational study, syetemstic reviews and mathematical modediing.
Health Technol Asseas. 18, 1-88. hitpa://dol org/ 10U 1O 1 8030,

19. Leonard, CA., Schoborg, RV, Low, N, Unemo, M., and Borel, N. (2019).

Pahogeni: intsrplay Betwaen Chismyglla irachomatis and Nelseria gon-

that in pement and Control Eforts— More Ques-

tions than Answers? Curr. Glin. Microbiol Rep. 6, 182-181. htips://dol.
org/10. 1007 /2 40588- 016-00125-4.

20 8u, X, La, W, Thu, X, LI 8, Wang, B., Madico, G, Yang, Z, Chalsson,
G.E, Mclaughlin, RE, Gandra, 8, &t 5l (3029} Neisseria gonomhosas
Infaction in Women increases With Rising Gonococcal Burdens in Part-
ners Chismydia Colindection in Women Increases Gono coccal Burden.
uJ. Infect Dis. 236 2192-2M03 hitpa:dol org/ 10 1083 infdiz/jlacd B8,

21. Daviea, B, Tumer, KMLE., Fralund, M., Ward, H., May, M.T., Rasmussen,
&, Benfisld, T., and Weath, H_; Danish Chlamydia Study Group (2016).
Riek of reprod uctive complications following chismydia testing: a populs-
tion-based retrospective cohort study in Denmark. Lancet Infect. Dia. 16,
10571 DB4. hitp=:/idolong/ 100 1016/51473-3090 (16300825,

22 Low, N, Hocking, U8, and van Bergan, . (2021). Tha changing landacape
of trol efvategles Lancet 308, 1386-1388 htipa/idolorg/
IOTGI&‘S{)[MHE&IW X

23. US Presentive Services Task Force (2021). Screaning for Chiamydia and
Gonomhea: US Preventive Servicea Task Force Recommendation State-
ment JAMA 326, 848858 hitpasidolong/10. 1001 /jama 202114081

24. Phillips, 3, Quigley, BL, and Timms, P. (2018 Seventy years of
Chiamydia vaccine research - Limiiations of fe past and directions for
the futwre. Front. Microblol 70, T hiipa:fdolorg/ 1 033858 8mich 2019,
00070,

25 Abraham, 8., Jusl H B, Bang, P, Chesaaman, HM., Dohn, R.B., Cole, T,
Krisfiansen, MP., Korsholm, K.8,, Lewis, D., Olsen, AW, et al (2019}
Safety and Immunogenicity of the chlamydia vaccine candidate CTHS22
aduvanted withh CAFO1 Bposomes or aluminkem hydroxde: a first-in-
human, rand omised, double-hiind, placebo-controlled, phase 1 trial Lan-
cat infect Dia 19, 10011100 hitpey/dol org/ 100 1016514 73-300H(15)
30278-8.

26 Luis, M dela M., Zhong, G., and Bruniam, RLG. (3017} Updats on Chila-
mydia trachomatia Vaccinology. Clin. Veccine Immunol. 24, 1-25.

27. dela Msza, LM., Darvile, TL., and Pal, 8. (2021} Chiamydia frachomatis

ines for genital infect where are we and how far ks there to go?
Bxpat Rev. Vaccines 20, 421-435. hitpasdolorg/ 10 1080/ 14760584,
20211 805817,

28 Malina, J M, Chameau, |, Chidiac, G, Plslowy, G, Cus, E, Delaigems, G,
Capltant, (-, Rojas-Castro, ., Fonsart, ., Bercot, B, ot al 2018} Poat-
expoawre rophyiexis with dogeycline to prevent sexually tranamitied
Iinfection = in men wio have sex wih men: an open-label randomized sub-
gtudy of the ANRS IPERGAY trial. Lancet infect Dis. 18, 308-317. htipa:/f
dol.org /MO 101 6/5 14 T3- 3006 1 730T25-9,

29, Bolan, RK., Beymer, MR, Welss, RE, Fyn, R.P., Lethowitz, A A, and
Klaumer, LD, 20r15). Doxycycline Frophylmds to Reduce Incident Syphils
among HIVinfected Men who heve Sex with Men who Confinue to Engage
In High Risk Sexc A Randomized, Condrolled Pilot Study. Sex. Tranem. Dis.
42, 88108 httpay/dol org/10. 1007/0L0. 0000GM0000000218. Daxycy-
cline.

30. Lustkemeyer, A F_, Donnell, D., Dombrowskd, J.C., Cohen, 8., Grabow, G,
Brown, C.E, Malinekd, C., Perkina, R, Nasaer, M., Lopez, i, et al (2003)

17. Unemao, ML, Lahrs, MM, Escher, M., Eremin, 8., Cole, MLJ., P,
Ndowa, F., Martin, L, Dillon, J AR, Galas, M., et al. 2021). WHO global
enfimicrobisl resistance surveiliancs for Nelsseria gonorrho eae 201718

e Doxycycline to Prevent Backeral Ssamlly Transmitied
ifections. M. Engl J. Med. 385, 12061306, htipa/deiory/i0. 1058/
NE.IMoa221 1934,

Cell Reports Medicine 5, 101643, July 16, 2024 11

24




¢? CellPress

OPEN ACCESS

31. Farls, R, Andersan, S.E, McCullough, A, Gowronc, F, Kingethutz, A,
and Weber, M. (201%). Chilamydia trachomatis Serovars Drive Differen-
tial Produciion of Proinflammatony Cytokines: and Chemokdnes Depending
on the Type of Call Infected. Front. Cell. Infect. Microbiol 9, 3040, hitps:!
doilong/10.3380 cimb 2019 003040,

32, Gondek, D.C, Olhve, AJ,, and Georg Stary, MUN.S. 2012). CDd+ T cells
ane neceasary and sufficlent to confer proiection against C. trachomatis
Iinfection in the murne upper genital tract J. mmunol. 23, 1-7. hittpa)
dod.org 104048 immmunod. 1103032

33 Sum, T, and Zhang, Y. (2008). Pentamidine binds o tANA through
non-specific hydrophobic Interactions and Inhibit incacylation and
translation. Nuclelc Acids Rea. 38, 1654—1864. hitpa:/dolong/10. 1003/
nar/gkm1 180,

34 Singh, G, and Day, 8. 2007). Induction of apoptosis-lke cell death by
pentamidine and doxnmbicin through differential inhibfion of topols ormer-
aze U in arenite-resiatant L donovand. Acta Trop. 103, 172-1 85, hitpa:/
dolorgf10. 1016/ actatrop bca 2007 08004,

25 Shapir, T.A, and Enghund, P.T. {1980). Seleciive claavage of kinetoplast
DNA minicircles promaoted by antitnyg al drugs. Proc. Natl Acad.
Scl USA 87, 050-054. hitpa:/idol.org/ 10107 3/pnas. 873 950,

36. Bassalin, M., Badet-Denlact, M-A, Lawrenca, F., and Robart-Gero, M.
(19687). Effects of Pentamidine on Folamine Level and Bicaynihesks in
Wikd-Type, Pentamidine-Treaked, and Pentamidine Resistant | slahmank
Exp. Parasiiol. 85, 274282 hitpa:dolong/ 10 1006/expr. 1996413 1.

37. Girardl, E, Céaar-razquin, A, Lindinger, 8, Papalnstas, i, Konecks, J_,
Hemmerich, [, Kickinger, 8_, Karinig, F_, Girtl, B_, Kiavins, I, at sl £000)_
A widespread rola for SLC tranemembrane franaporiers in resistance to
cytotmde drugs. Nat. Chem. Biol 18, 468478 hitpa://dolorg/ 10,1008/
a4 1580- 030-0dA3-3.

38 Waalkea, T.P., and Matul, DR, (1976} Pharmacoloqic aspacts of pent-
amidine. MNatl. Gancer Inst. Monogr. 43, 171-177.

30. Stokes, J M., Macnalr, C R, Iiyas, B, French, 8, Cité, J P, Bouwman, C.,
Farha, MLA, Sieron, A.CL, Whitfield, C., Coombea, BK., and Brown, ED.
{2017} Pentamidine senaltizea Gram-negatie pathogens to antihiotica
and overcomes acquired colistin resistance Nat Microbiol 2, 17028,
hittps://dol. org/1 01038 nrmicrob ol 2017 28,

40, Mital, J, Miler, N.J., Dorward, DW.,, Dooley, CA., and Hadkstadt, T.
(2013). Role for G 3 Incheslon k Proteina in inchsk
Membrane Struciire and Blogenssia. PLoS One 8, e83426. hilpa:idol.
org/ 1001 371 joumnal. pore. O0E3436.

1. Hackatadt, T, Sddmore, MLA_, and Rockey, DD (1985). Lipld metsbolizm
in Chismydia trachomatis-infected cells Directed trafficking of Golgi-
derived sphingolipida to the chismydial inchsion. Proc. Metl. Acad Scl
USA 92, 48774801, hitpa/dolong 101073 pras 52114877,

42 Bichowshy-Slomnitzki, L. (1948). The effect of aromatic dismidinea on
bacierial growth; the mechaniam of action. J. Bacteriol. 55, 27-31.

43 Coudray, M.8, and Madhivanan, P. 2020). Bacterial vaginosis —A briaf
synopels of the Meratwe. Ewr. J Obstet. Gynecol Reprod. Biol 245,
143148 hitpa://dol.org/ 10,1016/ ejogrb 2019, 12,035,

44, World Heallh Organization (2023} Global health sector eirategles on,
reapectively, HIV, viral hepafitie and sesuslly tranamitted infections for
the perod 2022-2030. hitps s, whointtieama/globat-hiv-hep atitia-
and-stis- programmes/atrategiea/globat-health-sector- sirategiea.

45. Mofica, 8.A, Brikason, ALL, Davis, RA., Bahnan, W., Elofsson, M., and
Gy, A. 2018). Red F t trachomatis to Live
Cell Imaging and Soreening for Anthhacteral Agents. Front. Microblol. 8,
J151. hitpa/idolorg/ 10,3380/ imich. 2018.03151.

df. Ellis, M., Teal, G, Johnson, JW._, French, 5., Ehenawy, W., Porwallllc,
8., Andrews- H., McClalland, M., Magolan, J, Coombes, B K.,
and Brown, ED. 2018). A macrophage-beaed acreen dentifies antibacte-
rial q ictive for intraceliular Saimonalia Typhimuriem. Nat.
Commam. 10, 187 hitpa:/fdol orgy 10100824 1467- 01 5-081 50

12 Cell Reports Medicine 5, 101643, July 16, 2024

47. Heredia, A, H o, 5., Zapata, UG, Le, NML.,
Han, Y., Foulke, J8., Davis, C:, Bryant, J., Redfleld, ALR., and Wainberg,
MA. (2017} Monotherapy with efther dokulegravir or raltegravir falls to
durably suppress HI viraemia in humanized mice. J. Anfimicrob_ Chemo-
ther. 72, 257025 T3, hitpa:Vdolorg/1 0. 1083 jacidko 195,

48 Silman, B_, Bade, AN, Dash, P.K, Bhargavan, B., Kocher, T., Mathees,
8, 8u H, K gne, G0, P |, LY., Gorantls 8., et al @018)
Creation of a long-aciing nanoformulated doktegravir. Nat. Commun. 8,
443 ntipa/dodong/10. 1038/41 467 -01 8- O3RAS-x

49, Gimore, J.C, Hoque, MLT, Dai, W., Mohan, H_, Dunk, C:, Serghidas, L,
and Bendayan, R @023 interaction bet ol ol rir and folate
fransporiers and receptor in human and rodent plecenis. EBloled icine
75, 108TT. hittps: dol ong10. 1016/, elblom. 202110377 1.

50. Catwera, RM., Souder, LP., Stesla, J W., Yeo, L., Tukeman, G, Gorelick,
DA, and Finnell, R H. 2020}, The ant: dam of folate ptor by dolu-
fegravic Developmentsl tosdelty reduction by supplamental folic ackd.
ADS 34, 162163 httpssidoiong 10 106700 OOOMOOONON00EA0T

51. Fan, H, Bunham, RLC:, and McClarty, G (19082 Acquisition and synthe-
gis of folates by obligate intraceliular bacteris of the genus Chiamydia
JL Glin. Inveat 90, 1805—1811. https:Vidodorg/ 100 11 72000H 1 6055

52 Taha, H., Das, A, and Daa, 8. (2015). Clinlcal effectveneas of d olutegravi
In the freatment of HWAIDS. Infect. Drug Reslst B, 330-352 hitpasidol
org/10.2147IDR. 56 8366,

53 Adams, J.L, Patterson, KB., Prince, HMLA, Sykea, G, Gresner, BN,
Cumond, J B, and Kaahuha, ADM. 2013} Single and Multiple Doas
Pharmacokdnetica of Dolutegrair in fhe Genital Tract of HIV Negative
Women Anthir. Ther. 18, 1005-1013. hitpa://idoLorg 103851 AMPEEES.
Sngle.

54. Koverova, M., Benhebbour, B8R, M RA., Skinner, B,
Baker, CE, Sykea, G, Molln, KR, Kashuba, A DM, Garcialerma,
JLG, et al 2018 Uitra-long-aciing removabls drug delvery syatem for
HW treatment and pr Mat. Co 9, 4156 hitps://dol.org’
10.1038/241467-018-0649 0-w.

55 Wang W) Mao, LF Lal H1 A Wang, YW, Jiang, 7B, LI, W., Husng,
JML e, Y ¥, O Liu, P et al (3090) Dokhegravie derhative inhibits
profiferation and ind optoaks of non-amall call ung cancer calls via
calcim signaling pathway. Ph L Res 1681, 105128, hitpa:/dol. org/
101018/ phre. 2030105 1249,

58. Krakower, D.8., Jain, 8, and Mayer, K.H. 2015). Antiretrovirals forPrimary
HIV Prevention: The Curent Status of Pre- and Poat-Exposure Prophy-
tads. Cur. HWV AIDS Rep 12, 127138 hitp=:/fdolong /10,1053 gastro.
201608 014. Cagh'.

57. De Puyaseleyr, L, De Puysseleyr, K., Braeck L,Momd, S8A., Cox, E,
and Vanrompay, D. 2017). Assesament of Chiamydia suls infection in Pig
Farmemn. Transchound. Emerg. Dis. 64, 826833 hitpa:/doLorg 1001111/
thed 12446

58 Da Puy o, K, De Puy yr, L, Dhondt, H., Geens, T., Braedkman,
L, Momé, 8A , Cox, E, and Vanrompay, D. 2014). Evaluation of the
presence and zoonotic raamission of Chismydia suis ina ply slaughter-
homa BMC Infect Dis 14, S60-566 hitpas/'/dolong/ 10,1188/ 12870-
O14-0580-x.

58. Wanninger, 8., Donati, M., Di Franceaco, A, Hisalg, M., Hofimann, K.,
Seth-Bmith, HME_, Martl, H_, and Borel, M. (2018). Selective pressure
promotes tetracycline reaistence of Chiamydia suls in fattening piga.
PLoS One 171, e80T, hitps://dol org!1 0. 137 1/joumal pore 0168817 .

60. Martl, H., Kim, H_, Joseph, 8.J., Dojir, 8., Read, T.0., and Dean, D. 2017).
TetiCy Gena Tranater batween Chmydia sws Sirains Occurs by Homolo-
pgome Recombinafion after Co-infectione Implicationa for Spread of
Tetracycline-Resistence among Chismyoiiscess. Front. Microbiol. 8,
156, htpa:dolong'10.3388 mich 2017001560

1. Suchbnd, R, Sandoz, KM, Jetiey, BM., Stamm, W.E, and Rockey,
C.0. (003, Horizontad Tranader of Tetracyclne Rediatance among Chia-
mydia spp. In \Vitro, ob. Aganle Chemother. 53, 46044611
hitpa:/fdolong /1001 1280480 0047706

e
8,

d I_8n 3

25



Cell Reports Medicine

62 Wanyg, B, Pachalysppan, B, Gruber, D, Schmidt, MG, Zhang, Y., and
Woater, P.M. (2018). Antbacterial Diaminea Targeting Bacterial Mem-
branea 59, 3140-3151. hitpa:/dolong/10. 102 1/aca. nedchem Sh0 1912,
Antbacierial.

63. Hemera-Espejo, 8., Cebrao-Cangueiro, T., Labvador-Hemrera, G, Pa-
chin, J., Pachénbdfiez, ME, and Aharez Marin, R 2020). In vitro
adivity of pantamidine alone and in combination with antiblotica againat
muticng clinicsl wginosa siraine. Antibiotica
0, BAS. hitpay/id ol ong/ 10,3300/ antihioticad1 20885

B4, Cebwarn-Cangueiro, T, ﬁhﬂ'az—hhh, R., Labrador-Hemrera, G, Smani,
Y., Cordero-Matia, E, Pachén, [, and Pachdnihéfer, ME 2018
I witro Activity of Pentamidine Alone and in Combination With Rifamgpicin,
and Doripenan Against Clinical Straine of Carbapenemase-Producing
and'or Enterobacteriacene. Front. Cell infect. Microblol. 8, 363, hitps://
dol.ong/1 0. 3380 cimb. 2018 00363 .

65 Yu, Y., Zhao, H., Lin,J., LL, Z, Tiam, G, Yang, Y.¥., Yuan, P., and Ding, X_
(0 Repurpoeing Non-Anfibiotic Druegs Awanofin and Pentamidine in
Combinafion o Combat Multidng -Realistant Bacteria
Int. J. Antimicrob. Agents 59, 108582 htipay/dolorg/ 10,1016/ §antimi-
can 2002 106582

B8 W, G, Xia, L, Huang, W, X, Y, Gu, ¥, Liu, G, JL L, LLW, W, Y., Zhou,
K., and Fang, X 202 0). Pentamidine senaitizes FDA-approved non-antibl-
otics for the inhibition of multidnsg-resistant Gram-negathe pathogena.
Bwr. J Cln. Microblol Infect Dis. 39, 17711770 hitpedolorg10.
10N o - Ce - (3 T -0

7. Machalk, C.R, Farha, MA | Semano-Wu, MH_, Les, KK, Hubbard, B,
Cité, J P, Carfras, LA, Tu, MM, Gaulin, J1_, Hunt, DK, st al 2022
Preclinical Development of Pentamidine Analogs [dentifles a Potent and
Hontoxic Anthhilotic Aduwvant. AGS infect. Dis. 8, 78877, hitpasdol
org/ 100 1021/acsinfecdis. 1cO0482.

B8 Made) L D.,"" (T J.,W 2 L F‘.,Wlilll K—“ .
M., and Knmzewska, H. £2014). In vitro screening of pantamidine analogs
againat bacterial and fungal atraine. Bloorg. Med. Chem. Lett. 24, 2018
2023 hitpay/dolong'10.1016/ bmel 201404075,

60 Waaseling, C: ML), Blingeriand, C.)_, Versar, 8, Lok, 8., and Martin, N.L
(021}, Struchwe — Acthity Studies with Bis-Amidines That Potentiate
Gram- Poaiiive Speci fi ¢ Antiblotica againat Gram-Negative Pathogens.
ACS Infect Dis. 7, 33143335 hitpasidolong/ 1001021/ acsinfecdls.
1clides.

T Haflz, 8, and Kyriakopoulos, G (2023). Pentamidine (StatPears Pub-
ahiing)).

T1. Mufioz, B Y., Mantilla, J.C., and Escobar, P. @019} Therapeutic response
and mafety of the topical, ssquental use of anfiseptic, keratolytic, and
pentamidine creama (3-PACK) on keishmania jviannia) bracilensis-in-

¢ CelPress

OPEMN ACCESS

fected mice. Mem. Inst Oswaldo Oz 174, e 180535, hitpsdol org/ 100
1 SA0ANT4- 0 Taln S535

T2. Chu, H,, Slepenkin, A, Elofsson, M., Keyser, P, de la Maza, L M., and Pe-
terson, EM. 2010} Candidate vaginal microbicides with acvity againat
Chismydia trachomatis and Nelsseria gonormhoese. Int. J. Antimiorob.
Agents 36, 145-150_ httpajdol org/10. 1016/, jantimicag 201003 018,

73 Quaka, L, and Hefty, P.5. 2014). Lipopolyeaccharide-Binding Allyipoly-
amineDS-86 Inhiblits Chlemydls trechomatls Infecfion by Blocking Attach-
ment and Entry. Antimicrob. Agents Chamaother. 58, 32453254 hitpa: /Y
dol org /0.1 1 28AAC 0030007,

74. Wang, Y., Kahane, 8, Cutcliie, LT, Skilton, RLJ, Lambdan, P_R, and
Clarke, | N. (2011). Development of a Tranaformation Syatem for Chie-
mydia trechomadz: Restoration of Glycogen Blosynthesis by Acquisition
of a Plasmid Shuttle Vecior. PLoS Pathog. 7, el002258. hitp=:/idoLorg/
100137 1 fjousmal. preat. 1003258,

T5. Scidmore, MLA. (2005). Culthation and Laboratory Maintenance of Chia-
mydia trachomatis. Cuer. Protoc. Microbiol 17, Unit 1941 hitpa:fdol.
ongy | 0L 10080 1 T 20258 me 1 1al aidi.

TE. Faris, R., and Weber, MM. 2018). Propagation and Purification of Chie-
myolla frechomatis Serovar L2 Tranaformants and Mutents. Blo. Protoc.
9, 3450 hitpa:/fdol org/10.21 760 bioprotoc 3450

T7. Klasinc, R., Relter, M., Digruber, A, Tachulenk, W., Walter, |, Kirschner,
A, Spittler, A, and Stockinger, H. 2021). A Novel Flow Cytometric
Approach for the Quandfication and Quality Control of Chiamydia tracho-
matis Preparafions. Pathogens 10, 1617, httpsy/dolorg/10. 3300/ path-
ogera 10121617,

78 Ragland, 5 A, and Griss, A K. 2018). Protocols in Intermogats the Inferac-
tions Batween Neleseria gonorhoeas and Human Keutrophils.
Methods: Mol Blol 1987, 318345, hitpaidol ong'10. 1007978 1 -4930-
GaE0 19,

70. Zhang, J-H., Chung, T., and Oldenburg, IR (1030). A Simpie Statistical
Poramater for Use in Evalustion and Velidation of High
Screening Assays. J. Blomol Screen 4, 67-T3 hitips/dolong 101177/
T OB 1 e D0 B

80. Warl, M.B., Nakamorl, M., Matthys, C.M., Thomion, CA., and Benghnd,
JA 200%). Pentamidine the apiicing defects dnted with
myotonic dystrophy. Proc. Mall Acad Sl USA 108, 1855118558
hittpaaid olorgt 0L 107 pras 060 3234 106,

&1. Stary, G, Oive, A, Radovic-moreno, A.F., Gondel, D, Aharez, 0., Basto,

PA., Parmo, M., Whanac, V.0, Tager, AM., Shi, J., et al (2015). Amucosal

dna again trach tin twen waves of protective

memory T cells. Sclence 348, asafd05 hitpa'dolorg/ 1001126/ aclence.
aaafin A

Cell Reports Medicine 5, 101643, July 16, 2024 13

26




¢ CellPress Cell Reports Medicine
OPEN ACCESS Article

STAR+*METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Gt LPS FITG, clone B410F Invitrogen Gat # MA1-7338; RRIC: AB_1016792
Ct LPS, cdlone 512F Invitrogen Cat # MAS-16287; RAID: AB_2537804
Goat anti-mousa lgG AFEE0 Invitrogen Cat # A-21058; RRID: AB_3535724
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CTL2P-pGFP:pSW2 Chiamydia Bigbank CT401
Gt sarovars L2 DSMZ-Gemman Collection of DSM 19102

Microonganisms and Cell

Guitturs GmEH
Ct serovars E DSMZ-Geman Collsction of DSM 19131

Microonganisms and Call

Guiture GmBH
Ct sorovars F DSMEZ-Genman Collection of DSM 18410

Microorganisms and Cell

Guiture GmBH
Meisseria gononhea ATCC ATCC 48226
Lactabacilus acidaphilus ATGC ATCC 4356
Biclogical samples
Healthy adult carvical tissue Medical University of Vienna A
Chamicals, peptides, and recombinant proteins
Azithramycin Synovo hA
CB-NBD Ceramide Focus Biomolecules/Biotrend Cat# 10-5486-1mg
Dy ycling Vibravends Pfizer A
Dalutegravic MedChemExpress Cat# HY-13238
Cyclohexdmide Sigma. Cat# 01810
Gastrografin Bayer Cat# BOITEII0
Meadroxyprogesterons acetate TCA Cat# M1964
Metergdline Sigma Cat# M3BE8-500MG
Penicillin Sigma Calt# P3032-1MU
Pentamidine issthionate ‘Thermo Fisher Sciantific Cat# 451860010
Critical commarncial assays
CallTraca Viokt ‘Thermo Fisher Sciantific Cat# 34557
T-AAD BD Cat# 559925
LDH-Cytox ™ Assay Kt Biolegend Cati¥ 426401
QlAamp DNA mini kit Ciagen Cat# 51306
PhaBoidin AFS84 Invitrogen Cat# A12381
Lunad® Universal Probe gPCR Mew England Biolabs Cati M3004X
Master Mix
Seahorse XF Cell Mito Stress Test Agilent Cat# 103015-100
Experimantal models: Cell inss
Hela cells ATCC ATCC® CCL-2™'; RRID:CVCL,_0030
McCoy cells ATCC ATOO® CAL-1886™; RAID:CVCL, 3742
HCT116-5LC19A1-KO-04 RESOLUTE GEDOS40-L1; RRID:GVCL_D4IH
HCT1 16-Renilia-KO-c1 RESOLUTE CED4CG-T

(Continuad on next pags)

&1 Cell Reports Medicine 5, 101643, July 16, 2024

27



Cell Reports Medicine & CellPress

OPEN ACCESS

Continuwed

REAGENT or RESOURCE SOURCE IDEMTIFIER

Experimantal modsais: Organisms/strains
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R §-TTA CAA CCG TAG AGC GTT CAT CAG A-3*
Probe: 5'-{6-FAM]-TCG TCA GACTTC CGET
CCATTG CGA-[TAMRAL-

Rodent GAPDHVIG Applisd Bicsystems Gat# 4308213

Human GAPDH VIC ‘Thermo Fisher Sdientific Cat# 4448489
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FlowdJo Version 10.8.1 RowJdo httpsy www. fiowio.com/!
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en'support’'downloads!

PPrism Version 8 & 8 GraphPad Software hitps: www. graphpad. com/ scientific-
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BicRender BicRender hitpsy /www. biorendar.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resourcas and reagents should be directad to and will be fulfilled by the lead contact, Geom
Stary (geon.stary@meduniwien.ac. at).

Materials availability
This study did not generate new unique reagents.

Data and code availability
# All data reported in this paper will be shared by the lead contact upon request.
@ This paper does not report original code.
& Any additional information required toreanalyza the data reportedin this paper is availlable from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and cell culture

Ct serovar CTL2P-pGFPpSW2 (refered Ct-L2-GFP) was purchased from the Chiamydia Biobank (University of Southampton). ™ Ct
semvars L2 (DSM 19102), E (DSM 19131) and F(DSM 19410) were purchasad from the DSMZ-German Collection of Microorganisms.
and Cell Gulture GmBH. Serovar Ct-L2-GFP was propagated in McCoy cell monolayers in DMEM supplemented with 10% FBS
(Biowest, Nuaille, France), 1x non-essential amino acids (MEM NEAA 100X, Gibco, Thermo Fisher Sclentific) in the presence of
10 Umi~" penicilin (Sigma, St. Louis, LUSA) to select for GFP expressing bacteria. Strains L2, E and F were propagated in Hela cells
and 1 g mL—" cycloheximide (Sigma, Budington, USA) was added to the medium as described previously. All strains were purified
using gastrografin (Bayer, Germany) gradient centrifugation and titers wers determined as described previously.”® ™ Purifisd stocks
were stored in sucrose-phosphate-glutamate buffer at —80°C and thawed immediately before use (220 mM sucrose, 8.6 miM
Na?HPO4, 3.8 mM KH2PO4 and 5 mM L-ghutamic acid).

Hela cells (ATCC CCL-2) and McCoy cells (ATCC CRL-1696) were maintained in DMEM with 10% FBS. During infection, al cells
were cultured in DMEM with 10% FBS (supplemented with 10 U mi~* penicillin if Gt-L2-GFP was used). Hela cells were authent-
cated using highly polymorphic short tandem repeat loci (STRs).

CRISPR/Cas9 knock out fines of HCT116 cells transduced with sgRINA targeting either SLC19A1 (CE0540-U) or Renillaluciferase
{CED4GG-T) cDNA were obtained from RESOLUTE™ and cultured in RPMI containing 10% FBS. During infection, all cells were
cultured in DMEM with 10% FBS (supplementad with 10 U mi~! peniciliin).

Primary cervical epithelial cells were derived from hysterectomy samples from premenopausal healthy donors which were
recruited at the University Hospital, Medical University of Vienna, Austria after obtaining appropriate fully informed written
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consent. Cervical biopsies were digested ovemight at 4°C with dispase Il (2U mI~"). Epithelial layer is scraped off with tweezers
and cultivated in Keratinocyte Growth Medium-2 (Lonza) and CnT-lsoBoost until the first split (CnT-S0-50, CELLNTEC). The
study was approved by the local ethics committes, Medical University of Vienna (ECS 1503/2020).

For experiments with Nelssaria gonorraa, the fully antiblotics susceptible strain ATCC 49226 was used. Ng were culturad on
homemade agar plates with gonococcal base medium supplemented with Kellogg's supplement | and IL.™ For experiments with
Lactobaciius acidophilus, the ATCC 4356 strain was culttured on MRS plates.

Mice

All mouse experiments wem approved by the Institutional Review Board of the Austrian Ministry of Sciences BMBWF 2020-
0.380.439). Female 6-8-week-old C5TBL/6JR] mice were purchased from Janvier labs/Charles River and maintained under specific
pathogen free conditions in Bicsafety Level 2 (BSL-2) facilities at the Medical University of Vienna. Mice were housed in standard
cages in a temperature and humidity-conirolled room with a 12 h light/dark cycle.

METHOD DETAILS

Medium-throughput compound screening

The compound screening was performed in collaboration with the CeMM Molecul ar Discovery Platform using a customized library of
2167 compounds. The compounds derived from the NIH clinical collection, CeMM library of unigue drugs CLOUD, and collections of
anti-cancer agents, natural products, epigenetic compounds, metabolites and kinase inhibitors were spottad on 384-well assay
plates at concentrations of typically 10 uM (ranging from 10 to 50 pM)in 0.1% DMSO0. As positive control, azithromycin at concen-
trations of 2, 10 and 50 nM was used. 2,000 Hela cells were seeded per well in 25 pL and incubated for 6 h to ensure adherence of
cells. Then, Gt-L2-GFP at MOI 2.5 were added on top in 25 ul. suspension and incubated for 42 h. Cells were fixed with 3.7% para-
formaldehyda with 1% methanol and stained with 1 pg mL~ ! DAPI and 0.002% Evans blus. Number of nuclel and chiamydia inciu-
sions were counted for each well. Z-factors were calculated using negative controls (DMSO) and positive controls (azithromycin
50 nM) from each plate individually.”® All plates passed the quality control with Z'>0. By linear regression, the percentage of control
(POC) was calculated, setting the mean of negative controls to 100% and the mean signal of pesitive controls to 0% separately for
each plate. Hits were defined as compounds with POC <50 and number of nuclel >100. Compounds with less than 100 nuclel were
considared toxic (306 in total).

For the dose response validation, all hits except known antibiotics were tested in an B-peint dose-response in duplicates in 3-fold
dilutions typically starting at 13.5 pM. Azithromycin was used at an assay concentration of 67.5 nM. Top hits must fulfill the criteria of
POC <60 and the number of nuclel must be =150, The 20 top candidates from the validation screen were testad also in serovar E and
F. As for thesae serovars, a centrifugation step is crucial to obtain sufficient infectivity, the plates were centrifuged for 30 minat 6009
bafore incubation for 46 h. In experments with serovars not expressing GFP, cells wem permeatilized with a 0.1% saponin/PBS
solution for 20 min before immunoflucrescence staining with AITC-conjugated anti-Ct LPS monocional antibody (B410F, invitrogen,
1:100) in 0.1% Saponin in PBS +2% BSA for 30 min.

Compounds for in vitro tests

For other assays than medium-thmughput scresning, the following compounds and suppliers were used: azithromycin Synovo,
Tiibingen, Garmamy), doxyeyeline (Vibravends, Pfizer, Pocé-sur-Gisse, France), dolutegravir (MedChemExpress, Monmouth Junc-
fion, USA), metergaline (Sigma, St. Louis, USA), pantamidine isethionate (Themo Fisher Scientific, Germany). Compounds were dis-
snm-thlma;? diluted in 0.9% MaCl to final concentrations indicated in the respective experiments (final DMSO concentration
in the cultures <1%).

In vitro experiments with call lines

For in vitro uptake and washout experiments, Hela cells were seeded in the presence of pentamidine and infected with Ci-L2 (MOI
100 for uptake, MOl 2.5 for washout) after 6 h. For microscopy, cells were fixed with 4% paraformal dehyde and stained as described
for the Ct screen. Acquisition was performed with an Olympus [X53 microscope (LUCPlanFL N, 40x). For gPCR, DNA was isolated
with Giagen DA mini kit. For viability assays with Hela cells and primary epithelial cells either calorimetric assays (CellTiter-Glo and
LDH-assays) or flow cylometry-based assays (staining with CellTrace Viclet and T-AAD) were used. Cells were cultured in the pres-
ence of pentamidine for 48 h bafore viability was assessed. For CellTrace Violet labaling, 1 milion HeLa cells were incubated in 1 mL
PBES containing 1 M CellTrace Violet for 15 min. Cells are washed with 5 mL medium before plating. After harvest, cells were stained
with 2.5 ugmL~" 7-AAD in PBS for 10 min and dimctly acquired with a Cytek Aurora flow cylomeater, FAGS datawems analyzed using
FlowdJo {Version 10.8.1).

For C6-NBD-sphingomyelin staining and confocal microscopy, Hela cells were treated with 1 pM pentamidine or DMSO in
controls for 6 h before infection with Ct-L2 MOI 2.5 (no GFP-expressing). At indicated fime points (2 h, 6 h or 18 h after infection),
CE-NBD-Ceramide was added to the medium (final concentration 5 uM C6-NBD-Ceramide in 0.05% BSA} and incubated for
30 min at 37°C. Cells ware washad 2x with PBS and cells were incubated with fresh DMEM +10% FCS for 60 min at 37°C to allow
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back-exchange. Cells are fixed with 4% PFA solution for 20 min at 37°C. Subsequently, cells are stained with anfi-Ct-LPS antibody
(Clone 512F, Invitrogen, 1.3 ug mL " in 0.1% Saponin in 2% BSA/PBS) for 30 min. Secondaryantibody staining with anti-mouse-gG
{AFBBO, Invitrogen, 5 ug mL~" in 0.1% Saponin in 2% BSA/PBS) was combined with Phalloidin staining (AF594, Invitrogen, 1:100) for
30 min at AT. After washing with PBS, counterstaining with DAPI for 5 min, coverslips weme mounted onto slides. Samples wers ac-
quired at a confocal laser scanning microscops Dlympus, FLUOVIEW-FV 3000, equipped with OBIS lasers: 405, 488, 561, 640 nm
and x60 UPlanXApo cbjectives and Olympus FV315-SW software).

Forassessment of cellular metabolic activity, we performed a Seahorse XF Cell Mito Stress Test (Agilent). 8,000 Hela cells were
seeded par well in 80 L DMEM supplamentad with 10% FCS in the presenca of pentamidine. Calls were incubated for 6 h bafora
adding 80 pl medium containing Ct-L2-GFP (MOI 2.5). Cells are incubated for 40h at 37*C, 5% CO2 before exchanging the culture
medium with assay medium (Agilent Seahorse DMEM, 1 mM pyruvate, 2 mM glutamine and 10 mM glucose). Plates were incubated
for 1 h at 37°C without GO2 before loading them into the Agilent XFe96 Extraceliular Flux Anatyzer. The assay was performed using
1 M oligomycin, 1 uM FCCP and 0.5 uM rotenone/antimycin A,

Mouse model of Ct infection
Mice were treated with 2.5 mg medroxyprogesterone acetate (MPA; TCA, Tokyo, Japan) in 100 ul. PBS subcutaneously 7 days
before infection to normalize the estrous cycle. Prophylactic treatment with compounds was started one day before infection and
was repeated every 24 h until the end of experiment. The doses chosan for in vivo treatment weme according to the highest stil toler-
ated systemic dosesreported in the literature®™ " and suitable for diution in small volume for transcervical application. Doses were
calculated for an average mouse weight of 20 g in our study. For systemic treatment, dosas were (.8 mg pentamidine, 0.45 mg do-
lutegravir, 0.25mg doxy or 0.1 mg metergoline in 100 pL 0.9% NaCl containing 10% DMSO administered intraperitoneally. For local
treatment, mice received half of the systemic dosagein 15 pL 0.9% NaCl with 10% DMSO alone in control conditions or containing
0.4 mg pentamidine, 0.22 mg dolutegravir, 0.125 mg doxy or 0.05 mg metergoline by intrauterine application using an NSET device.
Forintrauterine infection, 1x 10° IFU of Gt-L2-GFP in sucrose-phosphate-glutamate buffer were added to the local freatment dose
and administerad to the Uterus using an NSET device as previcusly described. ™ On day 4 after infection, uteri were minced and snap
frozen.

For absorption studies, mice were treated once transcervically with 15 ul 0.9% NaCl with 0.4 mg pentamidine and organs and
serum were harvested 24 h after treatment. Organs were either snap frozen in liquid nitrogen for targeted MS/MS or paraffin
embeadded for histopathological assessment.

qPCR to assess Ci burden

To assess the chlamydia burden in the murine uteri or in Hela cells, DNA was isolated using the QlAamp DMNA mini kit
(Qiagen) and host GAPDH DNA and chlamydia 165 DNA were gquantified by qPCR using Luna Universal Probe gPCR
Master Mix (New England Biclabs) on a StepOnePlus Asal-Time PCR systam (Applied Biosystems, Thermo Fisher Scientific)
in a multiplexed manner as previcusly described.™*' Using standard curves from known amounts of Ct and host DNA,
the amount of chlamydia DNA (in pg) per unit weight of host DNA, (in wg) allowed to calculate the ratio of pathogen DNA/
host DNA.

Antimicrobial susceptibility testing
For susceptibility testing of Ng, lquid gonococcal base madium containing Kellogg's supplement | and Il and NaHCO4 was prepared
asrxwu.lslydm'had.“ Pentamidine was added ata concentration of 3.12, 6.25, 12.5, 25 and 50 M and samples were inoculated
with a 0.5 McFarland bacterial suspension in NaCl 1:100.

For susceptibility testing of L. acidophilus, inoculum was prepared by dissolving single colonies in 0.9% NaCl solution ata McFar-
land standard of 0.5 and using bacterial solution 1:500 in MRS broth containing various pentamidine concentrations.

ODB800was measured after 24 h and growth rate was calculated comparing to optical density of medium conly and untreated cul-
tures. To assess bactericidal effect of pentamidine, 5 ul of 24 h liquid cultures treated with various drug concentrations were spread
outon fresh agar plates and incubated for 48 h.

Chilamydia incidence in HIV cohort receiving DTG

For this analysis, all Ct-positive results from 04/2014-11/2020 from males visiting the HIV- and STl-clinic of the Medical University
of Vienna were retrospectively evaluated, and patients’ characteristics (HIV status and DTG exposure) were retrieved from the
madical records. GraphPad Prism 8 was used to perform the statistical analyses. Nominal variables were plotted as number
and percentage of patiants with a specific feature. To calculate the incidence rate of infections and the respactive 95% confidance
interval (95% Cl), the person-time method was used. Reinfections during the cbservational period were analyzed using a Kaplan-
Meder curve and a log rank test was used to compans the incidence of Ct-reinfections by HIV-status. The presented analysis com-
plies with the ethical standards of the 1964 Declaration of Helsinki and its later amendments. The Local Ethics Committee of the
Medical University of Vienna provided the ethical approval (2175/2020). Due to the refrospective design, the need for an informed
consent had bean walved.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of medium-throughput screen was done in R calculating Z-factors and linear regression models. All other sta-
fistical analyses were done in GraphPad Prism version 9.5.0. If not stated differently, data are expressed as mean + standard de-
viation (s.d.). For analysis of mouse experiments, outliers were excluded using Grubbs’ method with alpha = 0.05. One-way
ANOWA and Tukey's multiple comparisons were performed to find differences between treatment groups. For comparison be-
tween only two groups, unpaired t-tests were performed. For statistical analysis of in vitro experiments, two-way ANOYVA with
matching across row and muttiple comparison testing according to Sidék’s {comparing 2 means) or Tukey's (more than 2 means)
was used.
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2.3 Interlude

Another strategy to prevent infection is the development of a successful vaccine. To date,
there is no vaccine available against Ct infection. Mostly, candidates fail to induce a long-
lasting immune response in the mucosa and some early trials even led to tolerance
induction to the pathogen. The early immune response includes antigen uptake and
processing by DCs, their migration to lymph nodes, where they prime naive T cells as
prerequisite to successfully kickstart immunity. We therefore focused on exploring these
mechanisms in the FRT upon Ct infection. The author of this thesis developed methods for
isolation and in vitro infection of patient cervix samples and implemented the Ct infection
model with moDCs. Together with a team from the lab she performed experiments to
unravel the role of moDCs during Ct infection and spearheaded drafting a manuscript. This

manuscript is currently under submission.

2.4 PDF of second manuscript - Impaired migration of dendritic cells

limits the immune response in human Chlamydia trachomatis infection
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Abstract

Urogenital infections caused by Chlamydia trachomatis (Ct) represent the most common
bacterial sexually transmitted infection worldwide. The majority of these infections are
asymptomatic and consequently remain untreated, yet they can induce low-grade
inflammation with long-term complications such as infertility. While some infected
individuals exhibit signs of immunity, protective immune responses are generally weak and

no vaccine candidate has yet advanced to clinical use in humans.

In this study we investigated the potential contribution of antigen-presenting cells to control
Ct infection in humans. Using an ex vivo cervical cell infection model, we identified CD14+
CD11c+ dendritic cells (DCs) as the primary subset involved in Ct uptake. Monocyte-
derived dendritic cells (moDCs) served as a model to further examine antigen presentation
capacities upon Ct infection. Although Ct-stimulated moDCs are highly activated as they
express co-stimulatory molecules and upregulate the chemokine receptor CCR7, they
exhibited reduced migration properties. Despite this, in vitro T cell priming remained

functional, with a predominant induction of Th1 and Th17 cells following Ct infection.

In conclusion, our study reveals a migration defect in otherwise functionally competent Ct-
exposed DCs. This may limit the ability of DCs to reach lymph nodes and effectively induce
an adaptive immune response as an immune evasion strategy of Ct, thereby contributing

to the lack of robust protective immunity.

Keywords

Chlamydia trachomatis, dendritic cells, antigen-presenting cells, antibacterial immune

response, sexually transmitted infection, T cell response, cellular migration
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Introduction

Chlamydia trachomatis (Ct) is the leading cause of bacterial sexually transmitted infection
worldwide (1). It is an intracellular bacterium relying on the host cell metabolism for its
replication and primarily infects epithelial cells of mucosal surfaces such as the anogenital
tract (2). Even though infections with Ct are readily treatable with antibiotics, they often
remain asymptomatic and undiagnosed yet can still cause serious long-term sequalae such
as pelvic inflammatory disease, infertility, and ectopic pregnancies (3). Ct strains are
classified into serovars based on differences in their major outer membrane proteins
(MOMP). These serovars differ in their tissue tropism and clinical outcomes: serovars A —
C cause ocular infection, serovars D — K are commonly found in urogenital infection and
serovars L1 — L3 typically infect anogenital mucosa, leading to lymphogranuloma venereum
(4). Interestingly, some individuals naturally clear the infection and exhibit partial, though
transient, immunity (5). Upon repeated infections, resistance to reinfection can occur (6-8).
However, the immune mechanisms underlying protective immunity against Ct in humans

remain poorly understood.

Antigen-presenting cells (APCs) serve as crucial link between innate and adaptive
immunity. These cells constantly patrol epithelial barriers, sampling the environment for
self- and non-self-antigens (9). Upon capturing antigens, APCs migrate to draining lymph
nodes where they present processed peptides to naive T cells, initiating adaptive immune
responses. In murine models, immunization with live Ct leads to antigen uptake by
immunogenic dendritic cells (DCs), which then stimulate effector T cell responses and
confer protection. In contrast, UV-inactivated Ct is taken up by tolerogenic DCs, promoting
tolerance by activation of regulatory T cells (10). Both in mice and humans, clearance of Ct
has been associated with IFNy-producing CD4* T cells, whose presence correlates with Ct
clearance and reduced risk of reinfection (11-14). The cervix serves as the primary site for
Ct infection within the female reproductive tract (FRT), which is populated by several APC
subsets including macrophages, myeloid DCs, plasmacytoid DCs and Langerhans cells
(LCs) (9,15). Clinical studies have shown that Ct-infected patients exhibit an increased
number of activated myeloid DCs in the endocervix (16). However, it remains unclear which
specific APC subsets are responsible for antigen uptake, migration to lymph nodes, and
initiation of protective T cell responses. While murine studies have implicated CD103 DCs
in trafficking to lymph nodes and priming tissue-resident memory T cells, the corresponding

dynamics in humans are not yet fully elucidated (10).

A key feature of DC maturation is the upregulation of CC chemokine receptor 7 (CCR?7),

which directs migration toward secondary lymphoid organs via gradients of its ligands,

35



CCL19 and CCL21. These chemokines are produced by endothelial cells and reticular
fibroblasts, guiding DCs to afferent lymphatic vessels via a chemokine gradient and
ultimately to lymph nodes, thymus and spleen (17-19). Notably, several pathogens have
evolved mechanisms to interfere with APC migration to evade immune detection. For
example, Escherichia coli (E.coli) strains causing urogenital tract infections express certain
pili which overstimulate DCs, leading to integrin overexpression and impaired migratory
capacity (20). Conversely, pathogens like Toxoplasma gondii hijack APCs, inducing a

hypermotile phenotype in infected DCs that facilitate pathogen dissemination (21).

In this study, we aimed to assess the role of human DC subsets during Ct infection, focusing
particularly on their ability to migrate following Ct antigen uptake. Understanding the
mechanisms that impair APC function and trafficking may shed light on why protective

immunity to Ct is rarely achieved and why repeated reinfections are so common.
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Results
CD11c¢*CD14* DCs of the human cervix predominantly take up Ct

To identify APC subsets responsible for Ct uptake in the human cervix, we established an
ex vivo cervical cell infection model: cervical biopsies from healthy donors undergoing
hysterectomy were digested and subsequently exposed to GFP-expressing Ct-L2 (GFP-
Ct-L2). After 24-hours of incubation with GFP-Ct-L2, we subjected the single cell
suspension to flow cytometry and gated on CD45" immune cells, which mainly comprised
CD3* T cells. APCs defined as HLA-DR*CD3" represented approximately 20% of the
immune cell population (Fig. 1A). We further characterized APCs based on the expression
of the pattern recognition receptor CD14 and the integrin alpha X (CD11c). Upon infection
with Ct, a clear shift of GFP-Ct-L2-positive cells was observed in the HLA-DR*CD3" cell
fraction (Fig. 1B), indicating bacterial uptake by APCs while CD3* T cells only rarely
appeared infected by Ct (Fig. 1BC). Quantification revealed that both live and UV-
inactivated Ct are taken up by APCs compared to uninfected controls (Fig. 1D). Among
APCs, CD11¢*CD14* DCs took up the largest proportion of Ct (Fig. 1D).

The proportions of immune cells remained stable during the 24-hour culture compared to
freshly digested tissue (Suppl. Fig. 1A). Immunofluorescence analysis of cervical tissue
sections showed that APC subsets were present in both the epithelial layer and the stromal
compartment of the cervix. While CD11¢c'CD14" macrophages are the most abundant APC
subset in the cervix, CD11c*CD14" DCs were primarily located at the epithelial-stromal
interface, suggesting their involvement in Ct antigen uptake in vivo (Fig. 1E-G). Langerin
(CD207)-expressing cells are abundant in the cervical epithelium and around half of them

co-express CD11c (Suppl. Fig. 1B-D).

In summary, human APCs from cervical tissue are proficient to take up Ct antigens in an
ex vivo cervical cell infection model, with CD11c*CD14* DCs being the subset with the

highest propensity for bacterial uptake.
Ct induce maturation and CCR7 upregulation in human DCs

To investigate the functional consequences of Ct uptake by human DCs, we used
monocyte-derived DCs (moDCs) as model cells, given their phenotypic similarity to cervix-
derived CD11c*CD14* DCs. Bulk RNA sequencing of uninfected and Ct-L2-infected
moDCs revealed a strong inflammatory signature upon infection, with enrichment of KEGG
pathways involved in infectious disease response (e.g., legionellosis, measles, influenza A,
Epstein-Barr virus infection, TNF and NF-kappa B signaling) as well as innate immune

recognition (cytosolic DNA sensing, RIG-I-like, NOD-like and Toll-like receptor signaling
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pathways) (Fig. 2A). Genes related to proteasomal activity were also upregulated (Fig. 2A),
indicating enhanced antigen processing for presentation on MHC molecules. In contrast,
pathways involved in DNA replication, the cell cycle and biosynthesis were downregulated
(Fig. 2B).

We further detected an upregulation of maturation markers and pro-inflammatory cytokines
in moDCs upon Ct infection (Fig. 2C,D). Genes involved in phagocytosis (e.g., CD209,
MRC1) were downregulated, while co-stimulatory molecules (CD80, CD83, CD40, CD274)
and the migration marker CCR7 were significantly upregulated (Fig. 2C). Key pro-
inflammatory cytokines such as IL-6, IL-1, IL-23 (via the subunits IL-23A and IL-12B), and
IDO1 were induced (Fig. 2D). Notably, IL-12A, required for functional IL-12 formation,
remained low, indicating a bias toward Th17 rather than Th1 responses, contrasting data
from murine Ct immune responses (10,22). IL-10 was not upregulated in moDCs upon Ct
infection, indicating a non-tolerogenic profile (Fig. 2D). No major differences in gene
expression were observed between moDC infected with live or UV-inactivated Ct, indicating

that immune activation is independent of Ct replication (Suppl. Fig. 2A-C).

Flow cytometry analysis revealed that monocytes indeed differentiated into moDCs and not
macrophages (Suppl. Fig. 3A.B). We validated our findings by assessing protein expression
of these maturation markers by flow cytometry on moDCs stimulated with the
lymphogranuloma venereum serovar Ct-L2, the urogenital serovar Ct-E, LPS derived from
E.coli as positive control and Lactobacilli (Lb) as a commensal of the female genital tract.
Despite only limited bacterial replication in moDCs, Ct-L2 led to higher intracellular bacterial
burden than Ct-E (Fig. 2E, Suppl. Fig. 3C). The pattern recognition receptor CD209
expression decreased with moDC maturation, especially in Ct-L2 and LPS conditions (Fig.
2F). Flow cytometry revealed robust CCR7 surface expression following Ct-L2 and LPS
stimulation, while Ct-E and Lb induced only moderate CCR7 levels (Fig. 2G,H). Co-
stimulatory molecules (CD80, CD83, CD86, PD-L1, PD-L2) were strongly upregulated,
particularly with LPS and Ct stimulation (Fig. 2H, Suppl. Fig. 3D).

Together, these results demonstrate that Ct-infected moDCs undergo activation and
maturation, characterized by upregulation of co-stimulatory molecules, CCR7, and pro-

inflammatory cytokines important for T cell priming.

Ct-infected moDCs exhibit limited migration properties despite high CCR7

expression

Given the profound activation phenotype of moDCs upon Ct-stimulation, we next assessed

the adhesion and migration behavior of Ct-stimulated DCs to evaluate the functional
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consequences of maturation. Mature DCs stimulated with LPS or Ct became adherent in
culture, while uninfected, immature moDCs show a tendency to remain in suspension (Fig.
3A, Suppl. Fig. 4A). However, both - adherent and non-adherent moDCs - displayed similar
activation profiles, migration behavior, and Ct uptake (Suppl. Fig. 4B-F). While some
integrins such as -2 (CD18), B-1 (CD29), and a4B7 were more prominent in adherent
moDCs (Suppl. Fig. 4D), their expression did not differ significantly between the treatment
conditions (Suppl. Fig. 4D,E). Given that CCRY7 is essential for DC migration towards lymph
nodes via a CCL19 chemokine gradient, we assessed the capacity of moDCs to migrate in
response to CCL19 using a 2D transwell assay. Despite high CCR7 expression, Ct-L2-
stimulated cells migrated at rates comparable to uninfected moDCs, whereas LPS-
stimulated moDCs showed robust migration (Fig. 3B). A similar trend was observed in a 3D
collagen matrix invasion assay, where Ct-stimulated moDCs migrated shorter distances
than LPS-treated cells (Fig. 3C,D). Additionally, Ct-infected cells in the collagen matrix
appeared shorter in length, indicating impaired cell polarization (Fig. 3E). Due to high
biological variability in human moDCs in morphology and response to chemokine gradients,
we assessed murine bone marrow-derived DCs (BMDCs) as an alternative model to
monitor migration of DCs after Ct infection. The migration and polarization defects were
also observed in Ct-stimulated BMDCs, suggesting that high Ct load within APCs interferes
with DC migratory capacity across species (Suppl. Fig. 4G).

As we observed impaired cell polarization in of Ct-stimulated moDCs in CCL19 gradients,
we were wondering whether other actin-mediated processes were likewise affected upon
Ct infection. We therefore assessed phagocytic capacity by incubating Ct-stimulated
moDCs with uncoated fluorescent latex beads. Interestingly, only Ct-L2-infected moDCs
showed substantially impaired phagocytosis of fluorescent latex beads (Fig. 3F,G), possibly
due to the high intracellular bacterial burden (Fig. 2E) restricting normal cellular function

potentially by hijacking the actin machinery.

Collectively, these results suggest that Ct fails to stimulate moDC migration despite
inducing high CCR7 expression and limiting additional antigen uptake, thereby potentially

hindering efficient T cell priming in lymph nodes in vivo.
Ct-infected moDCs can induce a CD4"* T cell response

To assess the T cell-priming capacity of Ct-infected moDCs, we co-cultured stimulated
moDCs with autologous naive CD4* T cells for 5 days. T cell polarization was analyzed by
flow cytometry based on lineage-specific surface marker for various T helper (Th) cell
subsets (Fig. 4A, Suppl. Fig. 5A).
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While CD69 expression indicated comparable activation across LPS, Ct-L2, and Ct-E
conditions, differences in polarization of T helper subsets were evident (Fig. 4B, Suppl. Fig.
5A,B). Although the maijority of differentiated T cells were classified as Th0/Th2 (CCR7*
CD45-RAP lacking the other chemokine receptors (CCR4, CCR6, CCR10, CXCR5, CXCR3
as subset markers), the proportion of these cells was reduced in Ct-L2-stimulated
conditions (Fig. 4B). Instead, a trend of higher frequencies of Th17 cells were observed
(Fig. 4B). This is consistent with our transcriptomic findings, where moDCs upregulated IL-
6 and IL-23 upon Ct-L2 infection (Fig. 2A). Regulatory T cells (Tregs) were also increased
in all stimulated conditions (Fig. 4B). Th1 cells (CXCR3*) were similarly induced by both
LPS or Ct-infected moDCs to a very low extent (Fig. 4B). To validate these phenotypes, we
performed intracellular cytokine staining following PMA/lonomycin restimulation. IFNy and
TNFa (Th1 cytokines) were primarily detected in T cells primed with LPS or Ct-stimulated
moDCs (Fig. 4C,D). Th2 cytokine expression was consistent across all conditions (Fig. 4D),
supporting our results from the surface marker expression. IL-10 and IL-17 levels were
generally low and only marginally higher in T cells after moDC stimulation compared to

unstimulated controls (Fig. 4C,D).

These findings demonstrate that Ct-infected moDCs are capable of priming naive CD4* T
cells and favor differentiation toward Th1 and Th17 lineages but not Th2 cells. While
migration deficits may impair DC trafficking in vivo, the capacity to activate T cells remains

intact if DC-T cell contact is established.
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Discussion

APCs in the human genital mucosa are the first cells encountering pathogens upon sexually
transmitted infection to kick-start an immune response. However, anti-chlamydia immune
responses are insufficient to protect humans from subsequent infection. Even though we
clearly show that human cervical DCs take up chlamydial antigens in an ex vivo cervical
cell infection model, further investigation of DC functions reveals a migration defect in Ct-
infected human DCs despite strong induction of activation and maturation markers.
Interestingly, T cell priming capacity remains unaffected in vitro, suggesting that lymph node
homing of human DCs is hampered upon Ct-stimulation and therefore DCs cannot
encounter T cells for mounting an adaptive immune response, even though T cell priming

itself would be functional.

Although macrophages are the most abundant APCs in the cervix compromising around
30% of CD45* immune cells (15), our data show that CD14*CD11c* DCs are significantly
more efficient in chlamydial antigen uptake. DCs appear to be more resilient to tissue
digestion and in vitro culture conditions than macrophages, which may explain their
dominance in our ex vivo cell infection model. Interestingly, CD14:CD11c* DCs were
markedly less efficient in taking up Ct-LPS compared to CD14*CD11c* DCs, suggesting a
role of CD14 in facilitation Ct-LPS recognition via the toll-like receptor 4 complex (23). This
is consistent with findings that CD14*CD11c* DCs are also highly efficient in HIV uptake
and transmission to CD4* T cells (24). We found CD14*CD11c* within both the epithelia
and stromal compartments of the ectocervix, contrasting with prior reports that primarily
locate them in the stroma (15). Nevertheless, their proximity to the epithelium — the primary
site of Ct infection — suggests they are well-positioned to capture Ct antigens. A fraction of
these cells also expresses CD207 which is typically associated with Langerhans cells
occurring in the skin epithelium (25). In the mucosa, however, real Langerhans cells
presenting with Birbeck granules are rare, while so called epidermal or vaginal epithelial
DC expressing CD11c and CD207 are the predominant APC type (26) and are also the
primary target in HIV infection (27). Whether CD14"CD11c* DC are the key APC subset
mediating antigen uptake and presentation during in situ Ct infection of the cervix and if
these are also expressing CD207, remains unresolved. Studies of cervical tissues of Ct-
positive women reveal an increase in CD14* cells compared to uninfected controls, though
further phenotype characterization is lacking (16). Myeloid DCs from Ct-infected patients
consistently express increased levels of co-stimulatory molecules, such as CD80, CD86
and CD83, regardless of clinical symptoms (16).
In our model, stimulation with Ct-L2 induced moDCs maturation and upregulation of co-

stimulatory markers to a degree comparable to LPS-treated conditions. In contrast,
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stimulation with the urogenital serovar E resulted in less robust activation, likely due to lower
uptake and bacterial load. Previous studies have demonstrated that Ct can actively
replicate within immune cells like DCs (28-31), with lymphogranuloma venereum serovars
such as Ct-L2 being more efficient in exploiting DCs for intracellular replication than
urogenital serovars like Ct-E (30,31). Gorvel et al. demonstrated that while extracellular
bacteria like E.coli trigger strong co-stimulatory molecule expression and T cell activation,
intracellular pathogens, including Ct, actively suppress DC maturation to evade immune
detection (32). This aligns with the clinical observation that Ct infection rarely confers
protective immunity. Indeed, live Ct appears to actively prevent lysosome fusion, as
evidenced by the absence of Lamp-1 co-localization with Ct inclusions (29). In contrast,
UV-inactivated Ct localize to lysosomes, indicating that only viable Ct interfere with
lysosomal trafficking to enable replication (29). In our model, we observed minimal
differences between moDCs infected with live versus UV-inactivated Ct and therefore
focused on the immunological effects of live Ct infection on DC function relative to LPS
stimulation. Consistent with previous reports, Ct-infected moDCs produced IL-6, IL-1B, IL-
18, and IDO1, though IL-12 induction remained modest (29-31).

Beyond their maturation, DCs must migrate to lymphoid organs to initiate T cell priming.
Various pathogens have evolved strategies to impair DC motility as a means of immune
evasion. For instance, uropathogenic E. coli triggers B2 integrin overactivation, effectively
anchoring DCs and reducing their migratory capacity (20). Key integrins for DC adhesion
and trafficking include o437, which interacts with VCAM, and axB2, and binds to ICAM and
collagen | (33). Integrin dysregulation has also been implicated in Ct pathology. For
instance, Ct-induced expression of 31 integrin on fallopian tube epithelium contributes to
ectopic pregnancy via enhanced bacterial adhesion mediated by the Ct-encoded adhesin
Ctad1 (34,35). Integrins have primarily been studied in the context of T cell recruitment to
the genital tract during Ct infection, where a431 is essential for trafficking of Ct-specific
CD4" T cells (36). In our model, LPS-stimulated moDCs exhibited increased adherence,
consistent with other reports (37,38). Notably, adherent DCs displayed a more mature
phenotype and superior antigen uptake and T cell stimulation capacity than their non-
adherent counterparts (37,38). Interestingly, Toxoplasmosis infection promotes the
opposite phenotype, increasing non-adherent moDCs (21), an effect dependent on
integrins 1 (CD29), B2 (CD18), and aM (CD11b) (21). However, in our transwell and 3D
collagen migration assays, Ct-infected moDCs exhibited low migration properties, even in
environments where integrins are not essential, such as 3D matrices (39). We detected
slightly elevated expression of 1, B2 and a437 integrins in adherent versus non-adherent

moDCs but no striking differences across maturation conditions. Transcriptomic analysis
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revealed only 37 upregulation in Ct-L2-stimulated non-adherent moDCs. These results
suggest that integrin expression is more reflective of the maturation status than the specific
activation stimulus. As even immature moDCs display basal activation, the proportion of
cells responding to a given stimulus may ultimately determine integrin expression patterns

and migratory capacity.

The actin cytoskeleton is another key regulator of DC migration and morphology. Immature
DCs form podosomes that facilitate extracellular matrix degradation and antigen uptake
(40,41). Upon maturation (e.g., upon LPS stimulation), podosomes are lost and replaced
by structures supporting directed migration, such as filopodia and lamellipodia (40,41).
Several actin-binding proteins like WASP, Arp2/3 and the WAVE complex govern these
essential DC functions (40). Ct manipulates these pathways to support its intracellular
lifecycle (2). For example, Tarp (Translocated actin recruiting phosphoprotein) is one of the
first proteins secreted by Ct to induce actin polymerization for membrane remodeling and
thereby facilitate Ct entry (2,42). Additionally, actin is also used to stabilize the inclusion
membrane (43) and control Ct exit (2). Toxoplasma induces similar changes via the WAVE
complex-Interacting Protein (TgWIP), promoting the formation of filopodia and stress fibers
to enhance cell motility (44). In DCs, antigen capture and migration are typically mutually
exclusive. Migration speed is regulated by the positioning of myosin II, which supports
antigen uptake when located anteriorly and migration when relocated to the cell rear (45).
The actin distribution thus determines cell motility, and Ct may hijack actin networks to
stabilize their inclusion, preventing DCs from migrating despite inducing high CCR7
expression. Interestingly, Li et al showed that CCR7-deficient mice exhibit enhanced
clearance of Chlamydia muridarum infection, possibly due to an increased baseline
presence of T cells in the female reproductive tract and the formation of tertiary lymphoid
structures, which enable local T cell priming directly at the site of infection (46). In contrast,
when only DCs exhibit impaired lymph node homing capacities, such as the lack of CCR7
or other migratory defects, they may fail to reach draining lymph nodes, resulting in

suboptimal activation of naive T cells and compromised adaptive immunity.

CD4* T cells are essential for Ct clearance and the establishment of protective immunity
(14), whereas CD8" T cells appear to play a limited role, likely due to impaired antigen
cross-presentation in Ct-infected DCs (47). In murine Ct infection models, Th1 responses
and IFNy production are critical for bacterial control (13,22). In contrast, human studies
suggest a skewing toward Th2 responses: GATA-3" Th2 cells have been detected in the
endometrial tissue of infected women (48), and infected individuals show an increased
frequency of Th2 and Th17 effector memory T cells in peripheral blood (8). Moreover, T

cells from infected individuals exhibit sustained IL-4 production over time, while IFNy

43



secretion declines (48). However, a Th2-biased immune response fails to confer protection
in mice, as demonstrated in a vaccination study with MOMP (49). To achieve durable
immunity, robust Th1 and Th17 responses are desirable. These are effectively induced by
the promising vaccine candidate CTH522/CAF®01which elicits protective responses in
both mice and humans (50). Notably, cytokines also contribute to Ct-associated pathology:
Elevated IL-17A levels correlate with endometrial infection in humans, suggesting that Th17
responses may facilitate pathogen ascension (51). Moreover, TNFa, particularly in

combination with IFNy, is suspected to promote tissue destruction (52,53).

In our human moDC model, we observed baseline Th2 polarization across all conditions,
with negligible Th17 response. In contrast, Ct infection induced a predominant Th1
polarization characterized by robust TNFa and IFNy production. T cell activation was
comparable between DCs stimulated with Ct and those treated with LPS, indicating that
when DCs and T cells are in close proximity, effective antigen presentation and T cell

priming can still occur.
Conclusion

Our data suggest that Ct-L2 replicates more efficiently in DCs than urogenital serovars like
Ct-E or Ct-D, consistent with previous findings (54). The higher bacterial load associated
with Ct-L2 may impair DC migration by disrupting cytoskeletal integrity. Supporting this, we
found lower uptake and replication of Ct-E correlating with reduced DC activation and milder
migratory impairment when compared to Ct-L2. In Ct-L2-infected DCs, cytoskeletal
disruption — likely due to actin sequestration by bacterial inclusions — may hinder
chemotactic migration despite intact CCR7 expression. Nevertheless, we show this is a
non-cell autonomous effect, because if infected DCs encounter T cells, they remain capable
of inducing Th cell subsets. These findings suggest that excessive bacterial replication may
impede DC migration and thereby compromise immune activation, potentially contributing

to the lack of protective immunity in Ct-infected individuals.
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Methods

Patient cohort

Female, adult patients (n=16, mean age 45, range 30 — 68) undergoing hysterectomy for
benign reasons like uterine fibroids or uterine adenomyosis were recruited at the Division
of General Gynecology and Gynecologic Oncology, Medical University Vienna. Exclusion
criteria were chronic infections (HIV, Hepatitis C), autoimmune diseases, systemic skin and
mucosal diseases and menstruation at the time of sampling. Furthermore, we collected
data from a questionnaire to get information on potential previous genital infections. We
obtained biopsies from uterine cervix, PBMCs and a genital swab. All patients were tested
Chlamydia trachomatis negative at the time of sampling. The study protocol involving
patient material had been approved by the local ethics committee of the Medical University
of Vienna, Austria (EK number: 1503/2020).

Bacterial strains

Ct serovar CTL2P-pGFP::pSW2 (referred GFP-Ct-L2) was purchased from the Chlamydia
Biobank (University of Southampton) (55). Ct serovars L2 (DSM 19102) and E (DSM 19131)
were ordered from the DSMZ-German Collection of Microorganisms and Cell Culture
GmBH and all strains were propagated and purified as described previously (56). Ct strains
were isolated in collaboration with Romana Klasinc and Hannes Stockinger at the Institute
for Hygiene and Applied Immunology. Lactobacillus gasseri strain ATCC 33323 was
provided by Konrad Domig from University of Natural Resources and Life Sciences, Vienna,

and cultured as previously described (56).
In vitro differentiation of moDCs and infection

Monocytes were isolated from healthy donor PBMCs derived from heparin tubes by
Lymphoprep (Stemcell) density gradient centrifugation and differentiated into monocyte-
derived DC as described (57). Briefly, CD14" monocytes were obtained using CD14*
MicroBeads (Miltenyi). Monocytes were seeded at a density of 0.6 x 10*6/ml in RPMI-1640
medium (Gibco) containing 10% FCS (Gibco), 1% Glutamax (Gibco), 1% Sodium pyruvate
(Gibco) (moDC medium) and supplemented with 110ng/ml rh-GM-CSF (ImmunoTools) and
20ng/ml rh-IL4 (Biolegend). 48h after isolation, fresh medium containing 2x cytokines was
added. On day 5, non-adherent immature moDCs were replated and stimulated with Ct-L2
or Ct-E at MOI 10, Lb at MOI 10 or 20ng/ml E.coli LPS for 24h.
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Flow cytometric analysis

Cells were harvested by washing them off the plate with cold PBS containing 2mM EDTA.
Cells were transferred to FACS tubes and all centrifugation steps were performed at 4°C at
150g. Pellets were washed once with FACS buffer (PBS, 2mM EDTA, 1% BSA) and stained
with antibody mixes in FACS buffer as listed in Table 1 for 20min. Samples were fixed with
fixation buffer (Biolegend) for 30min. For intracellular cytokine staining, cells were washed
once with Perm buffer (Biolegend) and stained with antibody mix diluted in Perm buffer for
30min. Samples were acquired on an Aurora spectral analyzer (Cytek) using SpectroFlo

software. Data were analyzed using FlowJo software (version 10.8.1).
Migration assays

For transwell migration assays, 3um clear PET cell culture inserts (CellQART) were applied
to 24-well plates and 5x10%4 immature moDCs were plated in upper chamber in 200ul
moDC medium and directly stimulated with Ct-L2 or Ct-E at MOI 10 or 20ng/ml LPS for
24h. On the next day, the lower chamber was filled with 600l moDC medium supplemented
with 0.625ug/ml CCL19 (R&D). After 4h of incubation at 37°C, inserts were removed and

cells in the lower chamber were harvested and quantified using flow cytometry.

For collagen invasion assays, self-made migration chambers (Suppl. Fig. 6A,B) using glass
slides (Epredia Superfrost Plus Slides) were prepared by sticking 22 x 22mm coverslips on
top using paraplast X-tra (Sigma) with a 1-2mm distance and sterilized under UV-light for
30min. 100pl collagen polymerization solution (30ul 10x MEM (Gibco), 15ul sodium
bicarbonate (Sigma), 225ul PureCol bovine (Advanced BioMatrix)) was mixed with 50ul
moDC medium and supplemented with 0.625ug/ml CCL19, applied to migration chambers
and polymerized at 37°C for 30min. 1x 105 stimulated moDCs were placed on top in 60l
moDC medium and chambers were sealed with paraplast. Images were acquired 24h-48h
later with an Olympus IX53 microscope (4x) and migration distance and cell shape analyzed

with Image J.
Phagocytosis assay

5x10” immature moDCs were seeded in a 96-well plate in 200ul medium and stimulated
with Ct-L2 or Ct-E at MOI 10 or 20ng/ml LPS for 24h. Then 0.5um latex beads (Sigma,
fluorescent red) were added to the cultures at a 1:200 dilution and cells were incubated at
37°C for 2h. Cells were harvested by scraping off, washed with PBS and fixed with fixation
buffer (Biolegend). Uptake of fluorescent particles was quantified using Aurora flow

cytometer.
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moDC —T cell co-cultures

For co-cultures with autologous T cells, the CD14- population was kept in culture in
ImmunoCult™-XF T Cell Expansion Medium (Stemcell) for 5 days until moDCs are
differentiated. Immediately before the start of co-culture, naive CD4" T cells were isolated
by negative selection using the Naive CD4* T Cell Isolation Kit Il (Miltenyi). 5x 104 moDCs
which were stimulated for 24h were co-cultured with 200.000 naive T cells in RPMI
containing 10% FCS and 1% PenStrep for 5 days with media exchange on day 3. On day
5, surface flow cytometry staining for markers assessing Th subset polarization was
performed. For cytokine staining, T cells were kept in culture for 14-16 days in presence of
10U/ml IL-2 after day 5. Cells were rested overnight in medium without IL-2 before re-
stimulation of T cells with Cell activation cocktail with Brefeldin A (Biolegend) for 4h.

Subsequently, surface and intracellular cytokine staining was performed.
Ex vivo cervical cell infection model

Tissue samples were minced with a scalpel into 1 mm? cubicles. Subsequently, single-cell
suspensions were generated by digestion with the whole skin dissociation kit (Miltenyi) for
3h at 37°C using gentleMACS tubes. The cell suspensions were pressed through 70um cell
strainers and resuspended at a density of 1 x 10*6/ml in RPMI-1640 medium (Gibco)
containing 10% FCS (Gibco), 1% Glutamax (Gibco), 1% Sodium pyruvate (Gibco) and
10U/ml Penicillin (Sigma). Single-cell suspensions were infected with GFP-Ct-L2 (MOI 5).
After 24h, cells were stained with antibodies for surface staining, fixed and permeabilized
(Biolegend), intracellularly stained for Ct-LPS and acquired at the Aurora spectral analyzer

(Cytek). FACS data was analyzed using FlowJo (Version 10.8.1).
qPCR to assess Ct burden

DNA was isolated using Qiagen DNA Mini kit. Chlamydia uptake by moDCs was quantified
by gPCR as described previously (56).

Tissue microscopy

Multicolor immunofluorescence staining procedures were performed on 5um sections of
frozen cervical mucosa embedded in Tissue-Tek OCT Compound and fixed in ice cold
acetone. After blocking the slides with 2% goat serum in 2%BSA/PBS, slides were stained
with directly conjugated antibodies against CD11c (PE, clone S-HCL-3, BD), HLA-DR
(APC, clone L243, Biolegend), CD14 (FITC, clone TUK4, Dako) and CD45 (AF750, clone
2D1, R&D) for 2h at room temperature. Secondary antibody staining with goat-anti FITC

antibody (Life technologies) was performed for 1h followed by counterstaining with DAPI
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for 5min. DC in human cervix were identified as CD45" and HLA-DR* either expressing or
lacking CD14 and CD11c.

Smart-seq2 bulk RNA sequencing

We sorted 100 live CD45*CD11c*HLA-DR* moDCs of 3 donors which were infected with
Ct-L2, UV-Ct L2 or remained uninfected into 4pl lysis buffer using a FACS Aria Ill cell sorter
(BD Biosciences). cDNA synthesis and enrichment will be done according to the Smart-
seq2 protocol and library preparation was done with an lllumina Nextera XT library
preparation kit (58). Sequencing was performed on the Illlumina HiSeq 4000 platform in 50-

bp (base pair) single read configuration.
Bioinformatic analysis of RNA-seq samples

Single end reads were trimmed for low-quality bases and low-quality reads using
ReadTools were removed (version 1.0.0) (59). Trimmed reads were mapped to the Homo
sapiens genome (GRCh38.92 assembly) using STAR (v2.5.3a) mapper (60). The reads
mapped in multiple genomic locations were eliminated by using SAMtools (61). Read
counts for features (exons) were generated using the featureCounts function from the
Subread package (v 1.22.1) (62). For bulk RNA-seq data analysis, genes with fewer than
10 reads were eliminated from further analysis in all samples. Gene expression analysis
was performed with DESeq2 (version 3.22.3) using the Ensembl Known Gene models
(version GRCh38.92) as reference annotations. For differential gene expression analyses,
genes were considered differentially expressed if they show a P value (FDR) < 0.05,
adjusted for multiple hypothesis correction, and an absolute log2 (fold change) > 1.
Normalized count (log2) by DESeq2 was used to perform principal components analysis, t-
Distributed stochastic neighbor embedding (t-SNE), and hierarchical clustering, and to

perform KEGG pathway enrichment analysis and to create heatmaps and scatterplots.
Statistical analysis

Statistical analyses were done in GraphPad Prism version 10. If not stated differently,
individual data points were plotted as well as mean tstandard deviation (s.d.). Mixed-model
analysis and Tukey’s multiple comparisons were performed to find differences between

treatment groups.
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Figure legends
Fig. 1: Human cervical DCs take up Ct.

A) Distribution of immune cells (CD45%) after 24h explant culture analyzed by flow cytometry
according to their expression of CD3, CD11c and CD14 (n=8). B) Gating on CD45" cells
according to expression of CD11c and CD14. Representative plots of CD11c*CD14" cells
cultured for 24h in the presence of Ct-L2 (MOI 10) or uninfected controls and stained with
anti-Ct-LPS-FITC. C) Violine plots quantifying Ct-uptake in all immune cell subsets
stimulated with live Ct-L2 (n=8). D) Quantification of Ct-uptake in different APC cell subsets
after cultivation for 24h with Ct-L2 or UV-Ct-L2 (n= 5-8 donors). Significant differences were
tested by mixed model analysis and Tukey’s multiple comparison test between individual
groups (*p < 0.05). E) Representative immunofluorescence images of cervix tissue stained
for CD45, HLA-DR, CD11¢c, CD14 and DAPI. F) Quantification of APC subsets in epithelium
and stroma in cervix biopsies within CD45* immune cells (n=7 donors, mean + SD of the
mean). G) Quantification of total number of APCs per mm2 (n=7 donors, mean + SD of the

mean).
Fig. 2: Human moDCs stimulated with Ct mature and upregulate CCR7.

A) KEGG pathway enrichment analysis of genes upregulated in Ct vs uninfected moDCs.
B) KEGG pathway enrichment analysis of genes downregulated in Ct vs uninfected moDCs.
C) Heatmap of selected surface markers from bulk RNA-seq data derived from uninfected
and Ct-L2 infected moDCs after 24h (n=3, *p < 0.01, **p < 0.0001, ***p < 1e-10). D)
Heatmap of selected cytokines and chemokines from bulk RNA-seq data. E) Quantification
of Ct burden by gPCR in moDCs infected with Ct-L2 or E after 24h, paired t-test show
significant difference (*p < 0.05). F-H) Flow cytometry analysis of moDCs 24h after
stimulation with Ct-L2, Ct-E, LPS or uninfected cells (n= 5-7 donors). Significant differences
were tested by mixed model analysis and Tukey’s multiple comparison test between
individual groups (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001). F) Mean
fluorescence intensity (MFI) of CD209 surface expression. G) Representative histogram
plots of CCR7 surface expression. H) Percentage of CCR7, CD83, PD-L1 and CD80

positive cells of total moDC.
Fig. 3: Ct-primed moDCs show a migration defect.

A) Ratio of floating/adherent moDCs in 24h cultures after stimulation with LPS, Ct-L2, Ct E.
B) Number of cells migrated through transwells to a CCL19 gradient normalized to
uninfected samples (n=4-8 donors). Significant differences were tested by mixed model

analysis and Tukey’s multiple comparison test between individual groups (*p < 0.05). C)
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Representative images of collagen invasion chambers in a CCL19 gradient 24h after
embedding. Scale bar 200um. D) Quantification of migration front in collagen gels towards
CCL19 (n=5-7 donors). Significant differences were tested by mixed model analysis and
Tukey’s multiple comparison test between individual groups (*p < 0.05). E) Quantification
of cell length within collagen matrix (n=5-7 donors). 10 cells were measured per condition
(n=5-9 donors). Significant differences were tested by mixed model analysis and Tukey’s
multiple comparison test between individual groups (***p < 0.0005, ****p < 0.0001). F)
Representative histogram plots of latex bead uptake by flow cytometry. G) Percentage of

moDC which take up no, 1, 2, 3 or 4 and more latex beads within 2h (n=3 donors).
Fig. 4: T cell activation of moDCs stimulated with Ct.

A) Scheme of the experimental setup of T cell priming experiments. B) Differentiation of
naive T cells into different Th cell subsets upon a 5d co-culture with stimulated moDCs
assessed by flow cytometry analysis for surface markers (n=5 donors). C) Representative
flow cytometry plots of intracellular cytokine staining from T cells re-stimulated with
PMA/lonomycin + Brefeldin A after 2-weeks co-culture with stimulated moDCs. D)
Quantification of T cells producing TNFa, IFNy, IL-4, IL-17 or IL-10.
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Fig. 1; Human cervical DCs take up Ct.
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Fig. 2: Human moDCs stimulated with Ct mature and upregulate CCR7.
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Fig. 3: Ct primed moDCs show a migration defect.
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Fig. 4: T cell activation of moDCs stimulated with Ct.
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Supplementary Fig. 1: Human cervical DC take up Ct.
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Supplementary Fig. 1: A) Comparison of APCs from fresh cervix digest (n = 4) and APCs after 24h culture (n = 8)
gated on CD45+ immune cells. B) Representative images of LC staining. For IF stainings, the following antibodies
were used: CD11c (PE, clone S-HCL-3, BD), CD45 (AF750, clone 2D1, R&D), CD207 (unlab., clone DCGM4, Beckman;
2nd anti-mouse IgG-AF647, Invitrogen). C) Quantification of LCs in epithelium and stroma in cervix biopsies within
CD45+ immune cells (h=6 donors, mean + SD). D) Quantification of total number of APCs per mm2 (n=6 donors,

mean + SD).



Supplementary Fig. 2: Live Ct vs UV-inactivated Ct-stimulated moDC.
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Supplementary Fig. 2: A) PCA plot of bulkRNA seq data from Ct-L2, UV-Ct infected and uninfected moDCs after
24h (n=3). B) Heatmap of cytokines and chemokines derived from bulkRNA seq data from Ct-L2 and UV-Ct
infected moDCs after 24h (n=3). C) Heatmap of surface markers derived from bulkRNA seq data (n=3).
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Supplementary Fig. 3: Gating of human moDC and surface marker expression after stimu-

lation.
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Supplementary Fig. 3: A) Gating strategy of CD14+ monocytes. B) Gating strategy of differentiated immature

moDC. C) Ct burden in moDC visualized by IF 24h after infection. Scale bar = 20pm. D) Percentage of PD-L2 and

CD86 positive cells of total moDC between individual groups (*p < 0.05, ***p < 0.0005).
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Supplementary Fig.4: Characterization of sticky moDC - integrin activation upon different stimuli
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Supplementary Fig. 4: A) Representative images of adherent moDC stimulated with LPS or Ct-L2. B) Representative
images of non-adherent (non-adh.) and adherent fraction of moDCs in collagen invasion chambers containing a
CCL19 gradient (24h after embedding). C) Quantification of migration front and cell polarization of non-adherent
and adherent moDCs in collagen gels towards CCL19 (n =3 donors). 10 cells were measured per condition for
lenght. Significant differences were tested by mixed model analysis and Tukey’s multiple comparison test between
individual groups (*p < 0.05, **p < 0.005). D) Flow cytometry analysis of non-adherent and adherent moDC 24h
after stimulation with Ct-L2, Ct E, LPS or uninfected cells (n=4-5 donors). Significant differences were tested by
mixed model analysis and Tukey’s multiple comparison test between individual groups (*p < 0.05, **p < 0.005,
**p < 0.0005, ****p < 0.0001). E) Heatmap of integrins derived from bulkRNA seq data from uninfected and Ct-L2
infected moDC after 24h (n=3). F) Quantification of Ct burden by gPCR in non-adherent and adherent moDC. G)
Cell polarization of individual BMDC within a collagen gel with or wihtout CCL19 for 24h. BMDCs were derived
from C57BL/6j mice, differentiated for 6d with GM-CSF, then stimulated with 200ng/ml LPS, Ct-L2 and Ct-E (MOI10)
for 24h before applying them to invasion chambers.
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Supplementary Fig. 5: Gating strategy for Th cell polarization upon moDC co-culture.
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Supplementary Fig. 5: A) Gating strategy for Th subsets according to surface marker expression. B) Surface staining
for CD&9 on T cells co-cultured with moDC for 5 days.
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Supplementary Fig. 6: Invasion assays setup.
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Supplementary Fig. 6: A) Photo of home-made migration chamber. B) Scheme for migration chambers.
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3. Discussion

3.1 General discussion

The objectives and questions addressed in this thesis highlight two complementary
strategies to tackle chlamydia infection in the future: first, the identification of novel targets
to prevent initial infection; and second, a deeper understanding of immune responses
against the pathogen to develop more efficient vaccines. In the following chapter, our
findings are contextualized with current advances in STI treatment and prevention, helping

to identify priorities and direction for future STI research.

3.1.1 STI prevention with vaccines vs. chemical prophylaxis

While Ct infection is asymptomatic in 70 — 95% of women and around 50% of men, it can
still be accompanied by unspecific symptoms like pain, dysuria, and discharge. Most
infected individuals clear chlamydia infections spontaneously within 4 years, but the
remaining population can experience long-term problems like pelvic inflammatory disease
associated with infertility, ectopic pregnancy or serious infections of newborns. Therefore,
screening is especially important for pregnant women, but also for people who had risks
contacts. For therapy, doxy is recommended as first-line treatment or azithromycin in
pregnant women (85,86). Recently, the novel concept of oral doxy-PEP against bacterial
STI was tested in clinical trials (87,88). The idea is to take a doxy pill within maximal 72h
after unprotected sexual intercourse. Both studies included only men who have sex with
men (MSM) or transgender women at high-risk defined by taking HIV pre-exposure
prophylaxis (PrEP) or people living with HIV (PLWH). Doxy-PEP effectively reduced the
cases of the major bacterial STIs including chlamydia infection, gonorrhea and syphilis.
One big concern using frequently prescribed antibiotics like doxy just for preventive
measures against STls is antibiotic resistance. Especially Ng are susceptible to resistance
which is reflected by a constant race of the bacteria against antibiotics since their
introduction in the 1930s (89). Therefore, antibiotics like sulfonamides, penicillin,
tetracyclines and quinolones can no longer be used to treat Ng (90). The current European
treatment regimen of gonorrhea involve treatment with high-dose third-generation
cephalosporin like ceftriaxone, while azithromycin should not be added anymore due to
increased macrolide resistances (91,92). However, the world health organization (WHO)
reports already resistance to third-generation cephalosporins in some countries (93).
Differences in antimicrobial resistance profiles between countries will also influence the
effectiveness of doxy-PEP. While the ANRS IPERGAY trial performed in France did not

show a positive effect of doxy on the number of detected gonorrhea cases, the DoxyPEP
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trial in the US reported significantly reduced infection with Ng upon doxy intake (87,88).
Alternatives to doxy-PEP will be necessary as resistance is likely increasing if doxy is more
widely used. While the acquisition of tetracycline resistance still needs to be assessed in
follow-up studies, a current study observed an increased expression of tetracycline
antimicrobial resistance genes in the gut microbiome of patients after a six-months period
of doxy-PEP. However, the diversity of the microbiome and therefore the colonization
remains unchanged (94). Both antibiotics doxy and azithromycin, which are usually
prescribed as treatment against Chlamydia infection, are generally well tolerated and seem
not to impact the composition of commensals like Lactobacilli 6 weeks after end of treatment
(95).

The first female doxy-PEP study conducted on cisgender women taking HIV PrEP in Kenya
did not show STI protection in the doxy-PEP group compared to the standard-care group
(96,97). Low adherence is suggested as an explanation for the failed success, as in half of
the women of the treatment group, no doxy was detected in their hair samples. Additionally,
relatively high tetracycline resistance of Ng in Kenya could contribute to the lack of efficacy
of doxy-PEP (97). Considering the current level of knowledge, use of doxy-PEP is
recommended according to STI guidelines by health authorities like the US Centers for
Disease Control and Prevention (CDC) or the International Union against STI (IUSTI)
Europe only in MSM or transgender women who presented with a bacterial STI in the
previous year on a case-to-case basis (98,99). Prevention strategies for women who bear
the highest burden from STI complications are still lacking. In comparison to the doxy-PEP
studies, where mainly MSM were the target group of the drug interventions, we used female
mice and transcervical Ct infection to test local pentamidine efficacy. There are some
publications that used rectal infection of mice with C. muridarum, the murine strain of
chlamydia (100,101). However, this model is not very common in the chlamydia field and
has not been tested yet with human Ct strains. We are aware that testing the drug in a
mouse model, in which the bacteria are directly injected into the upper genital tract instead
of a natural infection starting in the lower genital tract and naturally ascending during the

cause of infection is not ideal.

A chemical prophylaxis with pentamidine which is applied topically either before or shortly
after exposure is a promising alternative or could complement antibiotics like doxy to
prevent Ct infections. By targeting the infection sites directly, this approach could minimize
systemic side effects and potentially complement oral antibiotics like doxy. While oral doxy
offers the advantage of systemic protection across multiple anatomical sites, such as the

urethra, pharynx and rectum (87), topical prophylaxis requires correct and consistent
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application to the relevant mucosal surfaces. Accordingly, we are currently developing

formulations tailored to the female and male anogenital tract.

For local formulations, sufficient tissue adherence at the respective tissue is a key
requirement to provide a film allowing intracellular uptake of the active substance. In
designing these, pH compatibility is critical, as local pH varies significantly across body
sites. While a typically measured pH value on the skin is around 5 (102), in the rectum the
pH is around 7.9 (103) and in the vaginal tract of healthy women of reproductive age it is
below 4.5 (7,8). Importantly, changes of the pH balance can be associated with infection.
Therefore, it is essential to restore the physiological pH with a prophylactic approach while
ensuring optimal pentamidine bioavailability. In mice the vaginal pH is neutral and - in
contrast to humans - does not change upon hormonal treatment (104), despite estrous
cycle-dependent microbiome changes (105). This highlights species differences that limit
direct extrapolation to humans. The predominant commensals in the human vaginal tract
are Lactobacillus species, which were shown to have a beneficial effect in Ct infection by
preventing Ct infection of epithelial cells (106). In vitro, we observed that pentamidine
temporarily inhibits Lactobacillus growth, though this effect is reversible upon washout. This
finding is important for considering pentamidine as prophylaxis, as it is essential to preserve
the microbiome with a prophylactic strategy. Interestingly, not all Lactobacillus species offer
the same protective outcome for Ct infection: While Lactobacillus fermentum and
Lactobacillus crispatus are associated with decreased risk for Ct infection, women with
Lactobacillus iners colonization are more susceptible to infection (107). This opens
possibilities for future formulations combining pentamidine with beneficial Lactobacillus
strains to merge the anti-chlamydial benefits of both elements. Another option to optimize
a vaginal drug formulation could be combining it with pH-modulating gels. A clinical trial
using the spermicide EVO100, containing L-lactic acid, citric acid, and potassium bitartrate,
demonstrated vaginal pH maintenance and a significantly reduced incidence of Ct and Ng
infection in women at high risk (108). Pentamidine does not only prevent Ct infection
effectively in a mouse model but additionally has antibacterial potential against Ng, a
pathogen increasingly difficult to treat due to rising antibiotic resistance as mentioned
above. Therefore, synergistic combinations of pentamidine with other agents enhancing
STI resistance may further strengthen its potential as a broad-spectrum prophylactic

strategy.

No vaccines are currently approved against Ct, Ng or Treponema pallidum (28). The
reasons for that are manifold: While it was not possible to propagate Treponema pallidum
at all in vitro for a long time (109,110), Ng lacks practical animal models to study infection

and effects of protective immunity and there is high variability of gonococcal antigens (90).
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Currently, there are several ongoing trials with serogroup B meningococcal vaccines as
there are indications for partial cross-protection against the related Ng bacteria (28). In the
chlamydia field, the problem so far was not lack of models but rather insufficient induction
of immunity or occurrence of adverse events that led to development of tolerance instead
of immunity upon immunization with inactivated bacteria (111). While mice immunized with
UV-inactivated Ct respond with activation of Treg and increased Ct burden after challenge
(62), pigs immunized with UV-inactivated C. suis obtained higher numbers of IFN-y-
producing CD4* T cells and lower chlamydia burden (112). As the human immune system
and mechanisms of IFN-y response are more alike in pigs than in mice, pigs are a valuable
complementary model for studying immune response against chlamydia and Ct vaccines
but are not so popular due to more complex animal keeping facilities and higher costs
(50,112). Another problem with mouse models is that mice clear Ct and C. muridarum
infection naturally and develop immunity, which cannot be observed in humans.
Explanations for low immunogenicity in human Ct infection could be low-grade infection and
therefore hiding from DCs or impaired migration as observed in our Ct-infected moDCs

which received high Ct doses.

One current promising vaccine candidate against Ct is the recombinant protein CTH522. It
is a modified version of MOMP, which induces a strong systemic and mucosal antibody
response if adjuvanted with CAF01 liposomes (83). While this phase-| vaccine trial focused
mainly on antibody responses, IFN-y production was also observed upon restimulation of
PBMCs of immunized subjects (83). In a follow-up study, the authors could show that the
CTH522:CAF01 immunization elicits a strong IFN-y and IL-17 response in mice and in
humans, indicating expansion of Th1 and Th17 cells as well as production of neutralizing
antibodies (113). They also report that the immune response is long-lived, an important
prerequisite considering teenagers should be vaccinated before their first sexual contacts
and remain protected (113). The CTH522:CAF01 seems to not only induce protective
immunity against urogenital infection but might also evoke ocular IgA titers against both
genital and ocular Chlamydia strains which suggests a benefit of the vaccine also for
trachoma prevention (84). Also, Lactobacilli could be used as a promising adjuvant strategy
to boost the immune response against mucosal subunit vaccines by increasing antibody

titers especially in the vaginal mucosa (114).

71



3.1.2 DC activation in Ct infection

DCs are the immune sentinels patrolling the body and constantly capture antigens of self
and non-self. In case of an infection or vaccination, they are activated, mature and migrate
to the lymph nodes to present antigens to lymphocytes like CD4* and CD8* T cells (14). In
both human and murine infection of the female genital tract, DCs upregulate co-stimulatory
markers like CD80, CD86 or CD83 that are essential for T cell activation (62,71). We and
others could show that in vitro Ct stimulation of human DCs results in production of mainly
pro-inflammatory cytokines IL-6, IL-8 and IL-1B (68,70). These cytokines are important for
the recruitment of immune cells like neutrophils and T cells during inflammation. Secretion
of IL-12 was shown to be essential in murine DCs to prime a Th1 response (62). However,
the subunit IL12A forming a heterodimer with IL12B to build IL-12 was not induced in our
human moDC infection setting. While also other studies reported IL-12 secretion below
standard in human DCs (70), high IL-12 secretion was observed by others, even after
stimulation with inactivated Ct (66,68). In mouse models for chlamydia infection, in vivo
immunization with live and dead bacteria leads to opposed outcomes: Live Ct-L2 induced
an IL-12 response by DCs and subsequently effector memory cells, while UV-Ct-L2
responded with IL-10 production and Treg proliferation (62). A similar phenomenon was
observed upon in vitro infection of mouse bone marrow derived DCs with C. muridarum.
Even though uptake of bacteria is independent of bacteria viability, DCs produce more IL-
12 and TNF-a if stimulated with live Ct (115). Interestingly, the immunosuppressive features
of UV-inactivated Chlamydia could be overcome using adjuvants like Cytidine-phosphate-
guanosine oligodeoxynucleotides (CpG) (115) or charge-switching synthetic adjuvant
particles (62). Yu et al. immunized mice nasally with live or dead C. muridarum before
vaginal challenge. They could show that only live C. muridarum immunization resulted in a
majority of CD4" T cells being positive for IFN-y, TNF-a and IL-2, while dead C. muridarum
immunization leads to reduced induction of IFN-y and TNF-a double positive cells. This is
indicative of the necessity of Th1 cells for protection against Ct also after nasal
immunization (116). Zaharik et al. assessed several cytokines and chemokines in murine
DCs infected with live or UV-inactivated C. muridarum and compared it to LPS stimulation.
Live EBs induced much higher levels of IL-6 and IL-12 than both UV-EBs or LPS. However,
the neutrophil attractants CXCL1 and CXCL2 were similarly induced with live EBs and LPS
stimulation. This led to neutrophil infiltration to infected tissues only in mice infected with
live EBs (117). Even though it seems to be essential that Ct is viable as surface expression
of Ct proteins is not sufficient to induce DC maturation for a productive immune response,
Ct survival is limited and they can only to some extend proliferate within DCs. 6 or 9 days

after infection, only a minimal number infectious Ct can be recovered from DCs, reflecting
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non-optimal growth conditions for Ct in immune cells (118). Vice-versa DCs also suffer from
Ct infection as viability is reduced to 50% after 2 days of infection (118). However, in our
moDC model we could still observe viable DCs after co-culture with naive CD4* T cells and
despite only low expression of IL-12, Th1 cells producing IFN-y, TNF-a and IL-2 were
efficiently induced. Moreover, while moDCs stimulated with live Ct had a clearly distinct
RNA expression profile from UV-Ct stimulated ones, the main immune pathways described
by others to play a role in Ct immunity were similarly regulated. Cell death of DCs was
observed especially if they digested extrusions from infected epithelial cells in comparison
to free EBs (69). However, extrusion-stimulated DCs respond with increased expression of
IL-12, IL-10 and PD-L1 than DCs stimulated with sonicated Ct (69). Together, these findings
suggest that for an optimal start of an adaptive immune response, not only the bacterial
dose makes a difference, but also viability and packaging of the bacteria. However, also
tissue context seems to play a role as direct infection with live or inactivated Ct did not

drastically alter the immune response of DCs as it was described in mouse models.

One of the most striking phenotypes we observed in moDCs stimulated with Ct is the
migration defect despite high levels of CCR7. Possible explanations and advantages for
the pathogen are intensely discussed in the second manuscript. We hypothesize that due
to the hijacking of the actin cytoskeleton by the bacteria, which is essential for their
proliferation, DCs cannot perform their normal function anymore. Actin is one of the main
players responsible for cell shape and motility. We found changes in adhesion of moDCs
once they were activated as they become more adhesive. Furthermore, moDCs had an
elongated, spindle-like shape upon LPS-stimulation but not upon contact with Ct. There is
a direct link between the cell shape, actin cytoskeleton and CCR7 expression: if immature
DCs are confined in 3um spaces, they upregulate CCR7 in an Arp2/3 dependent manner
and increase their migration speed (119). Interestingly, it was reported that in mice lacking
CCRY7 constitutively, C. muridarum can be cleared from the FRT much faster. This could
be explained by T cell accumulation in the FRT in tertiary lymphoid structures, so T cells
are readily available in the infected tissue without functional lymph node homing (120).
CCRY upregulation is not only beneficial to trigger an adaptive immune response in the
lymph nodes but is also responsible for C. muridarum dissemination as CD11c* DCs carry
the bacteria to distant organs like the spleen and further to the gastrointestinal tract like the
cecum (121). Lucas et al. could show that PD-L1 is upregulated in dermal DCs upon innate
stimulus with poly(l:C) or LPS. Knock-out of PD-L1 results in reduced migration towards
CCL21 despite high CCR7 expression by impacting actin polymerization (122). In our Ct-
L2 stimulated moDCs we observed lower PD-L1 induction than in LPS-stimulated cells,

which could partially explain the migration defect.
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3.1.3 DC —T cell axis in Ct infection

For efficient T cell priming, it is not only essential that APCs like DCs arrive in the lymph
nodes to present antigens to T cells but that APCs also express the essential markers to
activate the correct T cell subset. In murine lung infection with C. muridarum, chemokine
receptor CCR2 is upregulated in infected tissue and is essential for the recruitment of
myeloid cells. CCR2 KO mice showed differentiation of Th2 cells instead of Th1 (123). The
necessity of CCR2 for an efficient IFN-y response was also shown in an HSV-2 infection
mouse models, where CCR2 is needed to attract monocytes to infected tissue to restimulate
an IFN-y response from Th1 cells (124). CD14 functions as a receptor for LPS also in Ct
infection. However, Yang et al. report that TLR4/MD-2 dimerization and endocytosis is
impaired, possibly due to unique structure of Ct-LPS which is penta-acetylated instead of
hexa-acetylated resulting in inefficient inflammasome activation (125). However, a similar
set of experiments in THP-1 cells reveal TLR4/CD14/MD2 dependent NF-kB activation only
in presence of Ct-L2-LPS but not Ct-E-LPS (126), indicating that there is a difference
between serovars but also variation in uptake-mechanisms depending on if intact Ct or Ct-
LPS is used for stimulation. KEGG pathway analysis of our bulk RNAseq dataset revealed
that NF-kB signaling is one of the top upregulated pathways upon Ct-L2 infection in moDCs.
Interestingly, Arya et al. showed that LPS stimulation of moDCs increases the total protein
synthesis by roughly 50% (127). While endocytosis and cytokine signaling proteins are
induced in the first 6h after stimulation, later pathways involved in antigen-presentation
were predominant (127). For our experiments, we focused on the 24h timepoint and
observed already a downregulation of endocytosis markers (CD209, MRC1) on both RNA
and protein level while cytokines and co-stimulatory proteins were upregulated upon
Escherichia coli LPS or Ct-strains stimulation. We compared it to data from moDCs
stimulated with LPS or gram-positive bacteria causing hypersensitivity pneumonitis using a
similar protocol, which also resulted in about 10% Th1 cells producing the TNF-a and IFN-
y (128). In our ex vivo stimulation model, Th cell subset polarization of naive CD4* T cells
was similar in LPS or Ct-stimulated wells, only Th17 cells were slightly higher upon Ct-L2
stimulation. Numbers of T cells producing cytokines upon re-stimulation with
PMA/Ionomycin for 4h was between 10 — 20% for IFN-y and TNF-a and below 1% for IL-
17. Grandclaudon et al. performed a comprehensive analysis of moDCs activated with 82
different stimuli including TLR ligands like LPS, zymosan or poly(l:C) or whole heat-killed
pathogens like Staphylococcus aureus or influenza virus (129). This allows to make
predictions of Th cell subset response in presence of a distinct profile of DC communication
markers and signals. CD80 signaling from DCs is linked to production of IL-17F and IL-17A
and, surprisingly, IL-9, while signaling of CD86 and CD83 is more related to a Th2 response
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including IL-13, IL-31, IL-5 and IL-4 (129). CD86 is similarly expressed on moDCs in all

conditions, accompanied by equal priming of Th2 cells and IL-4 production.

As mainly IFN-y producing CD4* T cells are indispensable for Ct clearance and anti-Ct
immune response, we focused on the priming of CD4" T cells in our moDC-co-culture
model. CD8" T cells only play a marginal role in protection against Ct infection despite Ct
being an intracellular bacterium. The main function of CD8* T cells in anti-Ct immune
response is being another source of IFN-y supporting Th1 cells (63). Itis believed that CD8*
T cells are not efficiently primed in Ct infection due to impaired degradation processes which
affect recycling and transport of MHC-I molecules to the surface of Ct infected DCs, thereby
limiting cross-presentation to CD8" T cells (130). Blocking immunoinhibitory proteins like
PD-L1 increases the IFN-y response of CD8" T cells and improves bacterial clearance but
can also become a double-edged sword as several studies describe CD8" cells being
involved in uterine and oviduct pathology (63). A study assessed LC and T cell abundance
and activation in the cervix of women infected with HPV, Ct or both STls. While infection
with Ct alone did not alter LC activation and T cell numbers, HPV infection leads to reduced
numbers of LCs and CD4/CD8" T cells but increased Treg frequency. In women affected
by both HPV and Ct infection, this pattern was even aggravated, suggesting that having a
co-infection with Ct can inhibit HPV clearance and thereby causing persistent infection
(131). Together, moDCs seem to be a valid model to assess DC function and T cell priming
in vitro, and many features observed by others are recapitulated by our data. CD4* T cells
and, more specifically, Th1 cells are vital for an effective immune response against Ct,

which we corroborate in our study.
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3.2 Conclusion & future prospects

Pentamidine as topical prophylaxis seems to be a promising approach as it efficiently
prevents female infection in the mouse model of Ct infection. However, many unanswered
questions still remain regarding i) a formulation suitable for application in different areas of
the human urogenital tract, ii) an exact dosing and time point of application, iii) regulatory
aspects, iv) potential adverse effects and, finally, iv) clinical testing of its effectiveness to
prevent Ct infection. We are currently evaluating scientific, technical, regulatory, and
commercial aspects of developing a topical prophylaxis with pentamidine in a follow-up
project to develop a formulation and treatment regimen that could be suggested for a clinical
trial in humans. It is also conceivable to develop pentamidine analogues for STI prophylaxis
or use it in a combination with other anti-infective agents or antibiotics. We also already
filed a patent application for pentamidine as prophylaxis. The development and low-
threshold access of a local STI prophylaxis would be a breakthrough in the prevention of
STls and would allow to finally halt the constantly rising numbers of cases of bacterial STI.
In addition, this approach could reduce the numbers of STl diagnostic tests, lower short-
term and long-term treatment costs resulting from recurring STl and have major implications
on public health as stigmatization accompanied by having a STI, especially for certain

minority groups, will be eliminated.

On the other hand, promising advances were made for vaccine development against Ct as
the CTH522:CAF01 candidate is the first ever Ct vaccine which successfully completed the
phase | clinical trial (84,113). Understanding how immune responses are initiated — and
why they fail — in the female genital tract is critical for development of effective vaccines
against Ct and other STls. Gaining deeper knowledge of how the actin cytoskeleton
regulates DC function and how Ct infection disrupts this system, could have broader
implications beyond Ct, potentially informing therapeutic strategies against other

intracellular pathogens, including bacteria and viruses.
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4. Material and Methods

Materials and methods are listed and described in detail in the manuscripts inserted in the

results section.

The antibodies used for the experiments in the second manuscript are listed in Table 1.

Table 1. Antibodies

Antibody Fluorophore
cervical DC - Ct uptake
Viability dye eflour506
CD1c Bv421
CD11c BV4510
CD45 BV570
CD86 BV605
CCR7 BvV711
PD-L1 BV785
Ct-LPS FITC

CD3 PerCp

CD19 PerCp-Cy5.5
CD11b PE

CD103 PE-Dazzle
CD14 PE-Cy7
CD83 APC

EpCAM AF647
HLA-DR APC-Cy7

moDC surface markers

Viability dye
PD-L2
CD11c
CD86
CD80
PD-L1
CD209
CCR7
CD14
CD83
HLA-DR

moDC integrins

Viability dye
CD103
CD11c
CD11a
CcD8o
CD11b

Zombie UV
BUV615
Bv421
BV605
BV711
BV785
FITC
BV711
PE-Cy7
APC
APC-Cy7

Zombie UV
BUV805
Bv421
BV650
BV711
BV785

Clone

L161
3.9
HI30
BU63
G043H7
29E.2A3
B410F
SK7
H1B19
D12
Ber-ACT8
HCD14
HB15e
9C4
L243

MIH18
3.9
BU63
2D10
29E.2A3
9E9SA8
G043H7
HCD14
HB15e
L243

Ber-ACT
3.9
HI111
2D10
ICRF44

Source

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen
BD

Biolegend
BD

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
BD

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
BD

Biolegend
Biolegend
Biolegend
Biolegend

Cat. No

331526
301628
304033
374213
353228
329736
MA1-7339
345766
302229
333142
350223
325618
305311
324212
307618

423107
751456
301628
374213
305236
329736
330104
353228
325618
305311
307618

423107
748501
301628
301239
305236
301346
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adb7 AF488 Hul17 R&D FAB10078G

CD14 PerCp-Cy5.5 HCD14 Biolegend 325622
CCR7 PE G043H7 Biolegend 353204
CD29 PE-Dazzle TS2/16 Biolegend 303031
CD18 Pe-Cy7 CBRLFA-1/2 Biolegend 366309
CD51 APC NKI-M9 Biolegend 327913
HLA-DR APC-Cy7 L243 Biolegend 307618

moDC - T cell co-culture

Viability dye Zombie UV Biolegend 423107
CD45RA BUV395 5H9 BD 740315
CD4 BUV563 OKT4 BD 750979
CD69 BUV661 FN50 BD 750213
CD8 BUV805 SK1 BD 612889
CD1a BV480 HI1194 BD 566147
CD3 BV510 SK7 Biolegend 344828
CCR4 BvV605 L291H4 Biolegend 359418
CD25 BV711 2A3 BD 563159
CCR6 BV785 G034 Biolegend 353422
CD11c FITC Bulb5 Biolegend 337214
CD45 PerCp HI30 Biolegend 304026
PerCp-eFluor

TCRgd 710 B1.1 invitrogen 46-9959-42
CXCR3 PE 1C6 BD 557185
CCR7 PE-CF594 150503 BD 562381
CD103 PE/Fire700 Ber-ACT8 Biolegend 350240
CXCR5 PE-Cy7 J252D4 Biolegend 356924
CCR10 APC 314305 R&D FAB3478A-100
HLA-DR APC-R700 G46-6 BD 565127
CD127 APC-eF780 RDR5 Invitrogen 47-1278-42

T cell cytokines

Viability dye Zombie UV Biolegend 423107
CD4 BUV563 OKT4 BD 750979
CD69 BUV661 FN50 BD 750213
IL-9 Bv421 MHSA3 Biolegend 507707
CD3 BV510 SK7 Biolegend 344828
TNF-a BV605 Mab11 Biolegend 502936
CD25 BV711 2A3 BD 563159
IFN-y FITC 25723.11 BD 340449
IL-10 PerCP-Cy5.5 JES3-9D7 Biolegend 501418
IL-2 PE 5344.111 BD 340450
IL-4 PE-Cy7 MP4-25D2 Biolegend 500824

IL-17 APC eBio64DEC17 eBioscience 17-7179-42
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(Not) Home alone: Antigen
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communication in

barrier tissues
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Cernter for Molecular Medicine of the Austrian Academy of Sclences, Vienna, Austria, *Ludwig
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Priming of T cells by antigen presenting cells (APCs) is essential for T cell fate
decisions, enabling T cells to migrate to specific tissues to exert their effector
functions. Previously, these interactions were mainly explored using blood-
derived cells or animal models. With great advances in single cell RMA-
sequencing technigues enabling analysis of tissue-derived cells, it has
become clear that subsets of APCs are responsible for priming and
modulating heterogenecus T cell effector responses in different tissues. This
composition of APCs and T cells in tissues is essential for maintaining
homeostasis and is known to be skewed in infection and infllammation,
leading to patheolegical T cell responses. This review highlights the
commenalities and differences of T cell priming and subsequent effector
function in multiple barrier tissues such as the skin, intestine and female
reproductive tract. Further, we provide an overview of how this process is
altered during tissue-specific infections which are known to cause chronic
inflammation and how this knowledge could be harnessed to modify T cell
responses in barrier tissue.

KEY'WORDE

skin, T cells, antigen-presenting cells, female reproductive tract, tissue-resident T
calls, intestine, barrier tissue

Introduction

T cells are highly specialized executors of immune responses against pathogens and
play important roles in maintaining tissue homeostasis. During infection or acute
and chronic inflammatory responses, effecor T alls (T.g) can infiltrate from the
periphery and establish residency and subsequent memory, invalving a switch in
transcriptional program using different transcription factors and signaling hubs (1-6).
This explains why the majority of the T cell population found in tissues are memory T cels
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(7). subdivided into central memory T (T,), efector memory T
(Tep), and resident memory T (T} cells. Ty, and T, were first
identified in the peripheral blood (8). Ta, were found to be the
predominant subset in non-lymphoid tissue while their Ty,
wunterparts are mainly found n secondary lymphoid organs
(9-17). Later, a long-lived memory population with little to no
recirculatory capadty was identified and termed T, (12-18).
Another prevalent T el subset in tissues are regulatory T cells
(Tyegsh particularly important for maintaining a tolerogenic tissue
environment, preven tng exces sive immune responses to harmless
antigens often found at barrier tissues [reviewed in (19, 20)]. Tpe
usally refer to CD4" T cells with the unique ability to suppress
pro-inflammatory effector functions in other T cells as wdl as
contribute to tissue homeostasis (21, 22). Tissue T,y @n also be
subdivided by the central and dfector memoary cell dassification
based on the expression of CD44 and CD62L (23-25), with central
Tyegs being able to recirculate through secondary lymphoid tissues,
while effector Ty, exhibit a more resident phenotype,
representing the predominant T, population in nonlymphoid
tissues (23 ). Non-conventional T odls can also be found in barrier

10 3383 Mirmmu 2022 984 356

tissues, An cxample of this are Y8T cdls, which are mainly found
in cpithelial tissues and are particularly abundant in the intestine
(26). In homeostatic conditions, Y6T cells have been described to
exhibit a pre-activated memory phenotype (27), bemg able to
exert direct cytotoode functions (28, 24). As for other T cdl subsets
in tissues, roles in wound healing and tissue homenostasis have aso
been attributed to 6T cells (30, 31). A broad overview of T cdl
subsets found in tssues and swface markers most commonly
assodated with each subset is depicted in Figure 1. It should be
noted that these markers are not absolute and ther expression is
often changed in different tisaes, However, these figures aim to
give a broad overview over the most common and widely
distributed markers of each subset and highlight commonalities
and differences between mice and humans.

Priming by antigen presenting cells (APCs) is crucal for T
cells to exert their correct functions and home to tissues. For
example, the presence and function of Ty, in tissue has been
directly nked to the presence of dendritic odls (DCs) (32)
Tissue-patrolling DCs are of an immature phenotype and
internalize antigens by endocytosis or phagocytosis, which are

MARKERS ,
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FIGURE 1
T cel subsets and commanly associated markers in mice and humans found in barmer ssues discused in this review. Crested with BioRendsr.com.
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loaded to major histocompatibility complex dass 1T (MHC-II)
for CIM4 T cell presentation vig endosomal pathways (33).
However, DCs are also efficient in cross-presenting
extracellular antigens via MHC-I to CD8 T cells, by which
exact mechanism is still under debate (33, 34). Apart from
antigen uptake, DCs need to receive additional stimuli in
order to mature and upregulate CCR7, by which they interact
with the ligands CCL19 and CCL21 guiding them to the lymph
nodes to meet naive T cells (35 36). Under homeostatic
cnditions, DCs mainly collect non-hazardous antigens from
food or commensal bacteria in the intestinal tract and skin or
paternal antigens of fetal cells within the female genital tract
during pregnancy (37-39). On the other hand, DCs are highly
sensitive against pathogen-associated molecular patterns
(PAMPs), which they detect wia their tall-like receptors or C-
type lectin receptors and they sense cytokines produced by other
all types during infection (33, 40). Mature DCs upregulate
molecules necessary for co-stimulation of T cells like CD&E6 and
CD80 (41).

Classically, DCs are divided into several subclasses:
conventional DCs (dDCs), monocyte-derived DCs (mo-DCs)
and plasmacytoid DCs (pDCs) (42). Langerhans cells were
previously also classified as DC population; however, they
developmentally originate from yolk sac progenitors, which
identifies them as member of the tissue-resident macophage
family. In contrast to macrophages, they can eficiently present
antigens and possess a migration potential to the lymph node
(43). Therefore, they are often mentioned along with other DC
subsets inducing T cell responses. Conventional DCs are
subdivided into type 1 classical DC (dDC1), which are known
to cross-present antigens via MHC-I to CDS T cdls but also
polarize CD4 T cells towards Ty1, while type 2 classical DCs
(dC2) mainly present antigens via MHC-I to CD4 T cells. The
DC1 subset in mice is CD11b* and shows CD8a and CD103 on
their surface, while human cDC1 express and XCR1 and CD141
(33). cDC2 express CD172a and depending on murine or human
origin they highly express CD11b or CDlc, respectively (33).
Especially cDC2 comprises a very heterogenous immune cell
population which can acquire quite contrary immune functions
depending on the context. For examples, in human there existsa
2 subset which expresses at the same time monocyte-reated
genes like CD163 and CD14, which was termed DC3 (44, 45).
LCs are a population patrolling the epidermis as well as the
epithelial layer of the vagina and cervix and are characterized by
expression of a specific lectin receptor, langerin (CD207) and
CD1a (46). Monocytes express CD14 and an be differentiated in
vitro to monocyte-derived DCs (mo-DCs) by addition of GM-
CSFand IL-+4 and are a widely used model for priming T cells in
vitro (47). However, the existence of mo-DCs in vive remains
under debate, but several mouse (4%, 49) and homan (50) studies
chserved that monocytes can differentiate into DC-like cells,
especially under inflammatory conditions (45, 51). With the
evalving of single-cdl sequencing technology, more and maore
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DC subsets are discovered and it now appears that the
discrimination between DC and monocyte subsets is not that
bladk and white, with mo-DCs in comparison to DC3 being just
one example (44, 45, 52, 53). APC subset composition varies
widely throughout tissues and we are stll far from
understanding which subset contributes to immunity and
tolerance under certain conditions (54-57). DCs are in general
CD45" cells, expressing HLA-DR and lacking other linage
markers, such as CD3 or CD19 (52). In Figure 2, a simplified
overview of the most important DC subsets in human can be
found with the markers for those respective subscts in
mice induded.

In this review, we discuss the different subsets of T cells and
APCs present in the skin, intestine and female reproductive tract
(FRT) and how their interplay contributes to maintaining a
homeostatic tissue environment as well as how this composition
shifts during chronic nflammatory diseases and infection. While
the term “immune homeostasis” is widdy used, we refer to
“homeostasis” as the balance between immune activation and
suppression in tissues and organs in contribution to maintaining
a healthy state of an organism under normal physiological
conditions. This review aims to focus on the human system
wherever possible; however, some insightful mechanistic studies
in different animal modeds are included as these contribute
greatly to our understanding of tissue immunity where human
studies are not yet possible. To give a more comprehensive view
of already described mechanistic studies not yet discovered in
humans we also included animal studies when appropriate
Therefore, unless otherwise stated, findings summarized were
done in humans and deviation to animal modds is indicated.

Skin

The skin is one of the largest organs in the human body and
essential for protection against external injury and pathogens.
Mext to its role in physical protection, the skin also houses a vast
landscape of resident and recirculating immune cells which are
poised loclly to respond to tissue damage and infection. The
skin is comprised of three layers: the outermost epidermis, an
intermediate layer termed dermis, and the innermost layer alled
hypodermis (Figure 3). The epidermis is mainly comprised by
structural cells such as keratinocytes, as well as melanocytes. The
main immune cells found in this layer are CD8" T cdls and LCs,
skin-resident macrophages which originate from the fetal liver
and the yolk sac, and exhibit DC-like characteristics (56). Next
to structural fibroblasts, the dermis contains the majority of
immune cells, including DCs, macrophages, natural killer (NE)
cells, innate lymphoid cells (ILCs), as well as CD4" and CDS' T
cells. Further, this layer is also supplied with lymphatic and
blood wessels which allow mmune cell trafficking in and out of
the tissue, The lowestlayer, the hypoder mis, is mainly comprised
of adipocytes responsible for thermoregulation (59, 60).
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APC subsets and commonly assdated markers in mice and humans found in bames tisases discussend i this review. Crested with BioRender com

However, recently an immunological role has been attributed to
adipose tissue as it has been shown to house multiple types of
immune cells (61-66). Additonally, structures such as hair
follicles and nerve endings are major players in regulating
immune respanses in the skin, Hair follicles represent unique
structures in the skin, as many studies in mice have shown that
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they are the primary site for T, maintenance, which are in turn
essential for establishing the stem cell niche at the hair follide
(67-69). In human skin, the hair follide is also the major site of
Tyeg localization (70). Further, the hair follicle is also of
importance for DC function in the skin of mice (68, 71}
Besides the hair follicle, nerve endings in the skin have been

frontiersin.org

95



Meuwirth et al

EPIDERMIS

HYPODERME

FIGURE 3
Resident T cells and APCs in the human sk

shown to play an important role for CDE' T cell mediated
immunity (72) as wel as create a special environment for specific
macrophage subsets (73) as demonstrated in mouse models.

Upon encountering pathogens or injury to the epidermal
layer, LCs are the first to initiate an immune response. These
cells constitute approximatey 2-4% of all cells in the epidermis
and are specialized macrophages with DC characteristics,
expressing the surface markers CDla and Langerin/CD207
(46), whose dendrites can extend through the stratum
meum to sample antigen without disturbing the epithelial
barrier (74, 75). LCs preferentially recognize mannosylated
ligands on surfaces of pathogens via C-type lectins and pattern
recognition receptors (PRRs) (76). Binding of these receptors
leads to receptor-mediated endocytosis thereby activating the LC
(77). Like thar conventional DC counterpart, LCs have been
found to be able to traffic to the skin-draining lymph nodes
(LNs) and activate naive T cells (75-80) as well as activate skin-
resident Ty, (81). LCs have also been described to be highly
dficient atinducing a neutralizing IgG response against 8. aurens
from B aells (82). While LCs have their primary rale in immune
surveillance of the skin, macrophages are mainly responsible for
initiating inflammatory responses in response to infection or
injury as well as to tissue regeneration (83-85).

Apart from the acute role of innate immune cells in clearing
infection, APCs also play a major role in activating an adaptive
immune response. As in other tissues, dermal APCs expressing
CD1c (86, 87) aan be divided into multiple subsets. In healthy
human skin, the main subsets at steady-state are CDl1a" ' CD207"
" LCs, CD1a'CDIc" DCs, CD141"'CD 14 DCs, as well as two
populations of macrophages that can be, in part, distinguished
by their amtofluorescence (AF) created by their high saatter
properties: CD14'AF monocyte-derived macrophages (mo-
Mac), and FXINA'CD14'AF'" macrophages (88). Upon
antigen encounter in the skin, dermal DCs (DDCs) become
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migratory and act as APCs in the lymph node where they
activate and polarize different adaptive immune cells, such as
naive T cdls (88, 89). It was shown in mice that the constant
travel of skin APCs to the LN during homeostasis is only
dependent on the CCR7 ligand CCL21, whereas CCL19
presence is dispensable for the traffidking (90, 91). However,
CCL19 deficient mice exhibit Jower T cell numbers due to
decreased odl survival (91). However, DCs in the skan have
also been shown to locally activate memory T cells within the
skin, bypassing the need for tissue egress (81) and thereby
enabling a rapid adaptive immune response locally.
Specifically, T cells play a major role in the cutaneous
immune system, with a large tissue-resident population being
found throughout the dermis and epidermis. In healthy skin, this
population can comprise up to 2x10" cells, which is nearly two
times as many as found in circulation (17). Differences in T cell
composition between murine and human skin have made
studies using mouse models difficult. In mice, the majority of
resident T cdls are 6T cells with a limited T cell receptor (TCR)
repertoire (92), while in human skin most resident T cells are
ofiT cells with a much greater TCR diversity (17). Owerall, T
cells in the epidermis are less proliferative but have increased
capacity to produce cytokines such as IFN-y and TNF-ax (93).
While ofiT cells rely on antigen presentation via MHC
malecules, YT cells have a restricted TCR repertoire, with
their receptors recognizing unconventional antigens such as
phosphoantigens, stress molecules, as well as non-peptide
metabolites (94-96). Human y8T cells express the V&1, V2,
and V&3 chains, with each subtype having a preferential
distribution across the body (97). A murine-spedfic 8T all
subset, called dendritic epidermal T cells (DETCs), have also
been shown to significantly contribute to immune homeostasis
in mouse skin (98), but don't have a human counterpart. How
different T cells subsets contribute to maintaining homeostasis
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and how this paradigm is shifted during the inflaimmatory
response and infection will be discussed below.

DC-T cell composition in homeostasis

Memory T cells

While the T cell subsets above mainly describe different
effector states of activated T cells, a central part of T cell function
is the apacity to develop long-lived immundlogical memory.
T cdls primed in the lymph nodes by an APC are maintained
in the skin as memaory T cells, whose survival is supported by
keratinocytes producing growth factors as well as other tissue
resident (immune) cells (99, 100). These resident memory cells
are crucial for maintaining tissue homeostasis as they contribute
to immune surveillance and supply a rapid, specific response
when re-encountering pathogens. As with all other immune cell
subsets, memory T cdls in the skin can be divided into two
major groups: resident and recirculating. Using a human skin
xenograft modd with nude NSG mice, four distinct memory
populations in the skin have been identified using the resident
vs, recirculating paradigm. In human and mouse skin, the
primarily resident subsets are T, and T,,. Recirculating
subsets can further be subdivided into migratory memory
(Tie) and Ty, (8 93, 101). Cutaneous lymphocyte antigen
(CLA) is a marker that specifically distinguishes memory T cells
ariginating from the cutancous immune system as well as skin-
infiltrating T cells. CLA binds to chemokine receptors, E-sdectin
which together with Very late antigen 1 (VLA-1)/Vascular cell
adhesion protein 1 (VCAM-1) and Lymphocyte function-
assodated antigen 1 (LFA-1)/Intercellular adhesion molecule 1
(ICAM-1) enables skin tropism of these cells (102-105).

T & are thought to be the first responders, expressing high
levds of CD44 but lacking migratory and homing receptors such
as L-selectin and CCR7 (8, 106, 107), making them incapable of
redrculating. As their name suggests, they provide immediate
dfector function, which i underscored by their production of
IFN-y as well as other pro-inflammatory cytokines (93). While
T.. are crucial for immediate adaptive responses, this
population undergoes signifimnt contraction after an infection
is resolved and their niche has been found to be replaced by T,
which enter from the circulation over the course of an acute
inflammatory response (13). T, express high levels of homing
receptors that are lacking on Tew (CCR7, LCA, CCR4) (17, 108,
109). Contrary to Ty, their reactivation primarily takes place in
the lol LNs. There, they undergo extensive proliferation and
adopt a T,-like phenotype (8, 110). The other circulating
subset, Ty was described by Rei et al. (93) and shows a
population of cells high in skin-homing receptors such as CLA
and CCR7 but are defined by the absence of L-selectin, This lack
of L-selectin has raised suspicion that these cells are able to
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remain in the skin after infection, where they contribute to
immune homeostasis as these cells are not high producers of
pro-inflammatory cytokines (93). Another, more recently
discovered, family member are Ty, which express high levels
of the integrin CD103 as well as the glycoprotein CD69. While
ther overall phenotype is similar to that of T, they have been
shown to be maintained long-term even after an infection, as
well as being significantly mare potent in their effector response
while also being limited in their proliferative capadty (13, 111},
An essential tool in understanding the migratory behavior of T,
is two-photon intravital microscopy. Multiple studies in mice
have revealed that, in the skin, these cells are relatively stationary
and confined in and dose to the epidermis where they surveil
ther environment and are responsible for regulating secondary
recall responses after primary challenge (112-114). Together,
these memory subsets contribute to long-lasting immune
memory and surveillance in the skin,

Effector T cells

‘While T cells in the skin at steady-state are mostly memory T
cells, effector T cells (T) can also be found. These are activated
by APCs in the skin-draining lymph nodes and traffic to the skin,
where they further encounter cutaneous APCs presenting their
cognate antigen, which leads to T cel activation and production
of effector cytokines (115, 116). Most studies on T odls have
described essential roles for CD8' T cells in maintaining tissue
homeostasis in the skin CD8" T cdls n be found in both the
dermis as well as the epidermis. CDE" T cells have been shown to
have increased migratory capacity within different skin
compartments, albeit with slower kinetics than migration in the
lymph node (117). In a sophisticated ex vivo imaging system of
whale skin to observe T cell migration, Dijkgraaf et al, could
demonstrate that human CD8 " skin-resident T,y in the epidermis
migrate along the stratum basale, close to the basement
membrane and preferentially localize below aggregations of
stationary LCs. In contrast, CD8" T cells in the papillary dermis
were observed to accumulate in collagen I rich regions as wdl as
collagen I-poor dermal vessels. These observed migration
dynamics highlight an important function of CDE' skin-
resident T cells in tissue patrol, possibly enabling immediate
cytotoxic response to antigen presentation by co-localized LCs
at the epidermal-dermal junction (118). While CDE' T cell eo-
localization with LCs at the epidernus-dermis interface may hint
at increased priming capadty by local epidermis-patrolling APCs,
observed changes in morphology of CDE' T, to a more
dendrite-like shape (7, 117, 119, 120) could also suggest that
these memory cells can act, at least in part, independently of APCs
when confronted with their respective antigen, which has been
desaibed to be the case in mice (121-123). However, it is known
that specialized CDI141'CDI103" DCs are especially effective at
crass-presentation for CD8' T cells in the skin (124, 125).
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Regulatory T cells

Similar to other immune cell populations, T, can reside in
non-lymphoid tissue (NLT) such as the skin. Specific residency
transcriptional programs in these organs have been described,
mediating T, adaptability to different tissues in mice (126). In
human skin, Ty, represent between 5% and 20% of all resident
T cdls under homeostatic conditions (127, 128), where they are
known to interact with LCs and fibroblasts (81, 127). Most
draulating Ty, found in peripheral blood express skin-homing
markers which indicates that these cells are constitutively
recruited to the skin over other organs (129). Similar to thar
effector memory counterparts, T, from the skin are also able to
dicit a memory response and have been shown to persist in the
skin and induce tolerance to autoantigens in a mouse model
(130}. Inhuman skin, the function of skin-resident Ty, remains
elusive, with few studies investigating their function under
homenstatic conditions. Other than the canonical transcription
factor FoxP3, slin T-‘t" express CLA, as wdl as the chemokine
receptors CCR6, high levels of CCR4, a skin homing marker,
high leveds of L-selectin and HLA-DER. Similar to ther blood
counter parts, they express GITR and high levels of intracellular
CTLA-4. Contrary to other skin-resident T cells, skin T,
tend to express much lower CD103 (127). Seneschal et al
demaonstrated that the function of skin-resident T, is highly
dependent upon the context under which they are activated by
loal LCs. Under steady-state, LCs appear to preferentially
activate and expand CD4'CD25'FoxP3'CD127 T, which
were functionally competent in suppressing autologous skin
resident Ty, cdls. Further, it was suggested that this effect is
MHC-restricted, showing that under steady-state conditions,
LCs act in concert with T,y to induce and maintain tissue
homenstasis (81). While reports of antigen-specific responses by
Tiegs do eust, it is well-established that slin Treg have a high
proliferative capacity in response to non-antigen dependent
stimuli, such as contact with dermal fibroblasts in combination
with IL-15 (127). Other than thdar immediate immunoclogical
function, cutaneous T, are known to be involved in wound
healing (131, 132), where their primary role lies in inhibiting
IFN-y production by other T cells and inflammatory
macrophages (132), as well as and modulating hair follicle
stem cdls (133).

wT cells

In human skin, 1-10% of all resident T cels are estimated to
be y&T cells (134), with the majority expressing the V&1 TCR (135,
136). One known ligand for this TCR is CD1d which is able to
present lipid antigens on DCs (137). QCRG on ¥6T cells is thought
to be an important receptor mediating recruitment of activated
ﬁT cells wia CCL20 expression by keratinocytes, DCs as well as
endothelial cells (138). CCL20 secretion by keratinocytes is
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especially upregulated during acute injury, suggesting an
important role for y8T cells in response to injury (139).
Cytokines impartant in ¢iT cdl maintenance in the skin have
also been found to play key roles for 8T cd]l maintenance and
devdopment in this organ. IL-7R signaling, for example, has been
shown to induce rearrangement and transcription of the TCR -
chain, and IL-15 is also involved in the expansion of ¥ epidermal
T cdl precursors as well as their survival, while IL-4 signaling has
been shown to promote growth of the cpidermal y8T cell
compartment (140-142). The skin residency marker CD103 has
also been implicated to play a role in establishing 6T cdls in the
murine epidermis, with CD103-deficient mice showing significant
reduction in 6T cdl numbers in the skin as well as abrogated
maorphology in the 67T cells present (143). Further, murine
CD103” DETCs share a competitive niche in the epidermis with
CD103" T,,, indicating that CD'103 is an important deter minant
in establishing tissue residency in the murine epidermis (113). If
CD103 expression by y8T cdlsis also vital in human skin remains
to be uncovered. Co-stimulation for 96T cells is less undersood
than for their ooff counterparts, However, in mice CD27 has been
shown to contribute to the function of Vy2V&2 T cdl activation
and promote IFN-y production by these odls (144). Further CD2
and ICAM-1 have been suggested as costimulatory molecules for
Vil T cells (145-147). Spedfic functions of 46T cells in human
skin are known to include regulation of keratinocyte proliferation
and homeostasis through the production of insulin-growth factor
1 (KGF-1) and other keratinocyte growth factors (98, 148). Further,
y8T cells are also able to contribute to skin homeostasis by
recognizing damaged cells and echibit cytotoxic activity via the
NEGID receptor (149), as wel as perforin secretion and Fas-
mediated cell lysis (150).

DC-T cell composition in infection and
inflammation

Chronic inflammatory diseases

A skewed composition in terms of T cell numbers and
function of skin-resident T cells has been descrbed in a
plethora of chronic inflimmatory skin diseases. Accordingly,
the populations of APCs in inflamed skin also shift, with the
dominant subsets being FcER1'CD1a" (inflammatory dendritic
epidermal) DCs, CD1c'CD14"/ DC (inflammatory), TNF-
o'INOS'CDI4CD11c'CD1c (TNF-a and iNOS producing)
DCs, and CDI23" pDCs depending on the nature of the
discase (88). Further, in a mouse modd of skin inflammation,
Chow et al. demonstrated that spedfically usually resting T,
become highly motile during both adaptive and innate
inflammation, highlighting the importance of these cells to
control local inflammation (151).
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One prominent example of such a disease is psoriasis, which
affects 2-3% of the population (152). Skin lesions in psoriasis are
thought to be caused by dysregulated cross-talk between APCs
and T cells, which leads to an increased production of pro-
inflammatory cytokines such as IL-17, IL-12, IFN -y, TNF-ot, and
IL-23 (153, 154). This creates a positive feedback loop by
rearuiting more lymphocytes, neatrophils and myeloid cdls to
the lesion ultimately causing chronic cutaneous inflammation
and epidermal hyperplasia (155). Blocking of TNF-o
significantly reduced expression of the DC migration marker
CCR7 and its ligand CCL19, thereby supporting clinical
remission of patients (156) Dermal CD3' T cells in these skin
lesions are often increased by up to 15%. The composition of cof}
and 8T cells in psoriasis also shifts, with some studies observing
more than 40% of CD3" T cdls also expressing 6 TCRs and
secreting the pathogenic cytokines [L-17 and [L-23 (157). Other
studies have observed CLA" Vy2V&2 T cdls homing to the skin
to be increased in patients with psoriasis (158). Further, LCs
have been described to preferentially utilize the MAPK-p38a
signaling pathway, which has been linked to psoriasis
susceptibility in humans (159). This has been shown to
spedfically promote production of IL-17 in CD4" T edls by
promoting the expression of IL-23 and IL-6, both of which are
essential for Ty, 17 differentiation and known to drive psoriasis
pathogenesis (160). Additionally, LCs are able to induce a
peripheral T el response by priming immature CD4" T cells
in the lymph node to produce [L.-22 which then acts on epithelial
cells, further promoting tissue inflammation wia alarmins such
as the antimicrobial peptide HBD3 (161).

‘While many chronic inflammatory diseases are of unknown
etinlogy, some have been correlated to dysbhiosis of the skin
microbiota. An example of this is atopic dermatitis (AD}, a
chronic Ty,2-dominated disease characterized by eczematous
lesion and severe pruritus cused by immune cell infikration
of inflammatory DCs, macrophages and eosinophils (162).
Further, AD is often found to be associated with
transepidermal water loss due to a mutation in the filaggrin
gene which leads to enhanced susceptibility to overgrowth of
pathogenic 8 aureus (163, 164). Further, patients with acute
flares of the disease have been found to have an acute expansion
of the cutaneous 5. aureus population and significant loss of
diversity in the cutaneous microbiome. Conversely, resolution of
lesions has been association with a more diverse microbiome
composition and contraction of the S aureus population (165).
Chronic inflammatory skin disorders stll represent a major
subset of disease with litle mechanistic understanding of how
T cell responses are shifted to cause disease.

Infection

It is becoming dear that the capacity of LCs in activating T
ells in human skin is highly context dependent with their
homenstatic rale being more regulatory rather than activating
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Tog cells. However, it has been demonstrated that LCs are indeed
able to acivate skin-resident T, in the context of C. albicans
infection, driving them to produce effector cytokines such as
IFM-y and IL-17 (&1).

As the skin is constantly exposed to pathogens, the poal of
Ty in this and other organs is thought to reflect previous
infections and exposures. In humans, many CD&9' T, have
been shown to recognize prevalent viruses such as influenza A
(166, 167), and respiratory syncytial virus (RSV) (168) in the
lung. Further, viruses that cause latent and re-activating
infections such as herpesvirus (HSV)-1 and -2 (72, 169, 170),
Eppstein-Barr virus (171-173), and cytomegalovirus (174) are
also known to elidt a strong Ten response This is further
corroborated by the correlation between presence of wirus-
specific Ty, and increased immune protection and ability to
control infections, which was shown to be the case for RSV
(168), hepatitis B virus (175), and HSV-2 {170) infection.
Specifically, in HSV infections, CD8" T, seem to play a
crucial role in resolution and protection. HSV-specific CD&'
Ty have been found at the dermal-epidermal junction, close to
sensory nerve endings which conneat the latently infected
ganglia to the skin as well as the genital mucosa (72, 170, 176).
These cells have been shown to rapidly produce perforin and
pro-inflammatory cytokines upon asymptomatic HSV-2
shedding. Further, cluster formation around virally infected
epithelial cells and recruitment of CDE' T cells from the
dermis (170) emphasize that CD8" T, are at the forefront of
the immune response against acute and latent HSV. While it is
now possible to also study T, in humans, it is worth
mentioning that the great majority of corrent knowledge of
Ty behaviour during infection was acquired using murine
maodels of HSV infection which greatly contributed to our
understanding of these cells in mucosal tissues (11, 123,
177-180).

Intestine

Similar to the skin, the intestine s constantly exposed to
exogenous triggers such as food or microbiota-derived antigens.
These antigens are prevented from triggering a pathogenic
immune response by cellular barriers. Physically, the intestine
is protected by a layer of mucus and glycocalyx which coats the
epithelial layer (181) and contains high concentration of secreted
IgA (182, 183). In the small intestine, this is composed ofa single
unattached layer, while the large intestine has two layers of
protective mucus, respectively rdating to the bacterial burden in
each location (184). The intestine is also home to intraepithelial
lymphocytes (IELs), other immune cells resident in the lamina
propria (LP) and gut-associated lymphoid tissue (GALT),
comprising Payer's patches (PF), ceal patches, and colonic
patches distributed along the small and large intestine (185).
There are diferences in immune cell composition between the
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small and large intestine which have been ectensively reviewed
dsewhere (186, 187). A simplified overview of the architecture of
the small and large intestine including resident T cells and APCs
is shown in Figure 4.

At the bottom of the intestinal carypts, Paneth cdls are the
main producers of antimicrobial products such as defensins
(188) and lysozyme (189), which are seaeted into the mucus at
the opening of the crypt. Goblet cells, responsible for the
production of intestinal mucus, have the ability to take up
antigen from the intestinal lumen and ddiver these antigens to
DCs in the LP via a process called goblet cell- assodated antigen
passage (GAP) (190). Antigens delivered via this process have
been shown to be taken up by CDI03'CD11c" DCs which
preferentially present to Ty suggesting that this way of
antigen delivery significantly contributes to induction of oral
tolerance (191). While this mechanism is not wel-understood
yet, the more accepted route of antigen ddivery from the lumen
to the epithelium is via M cells on lymphaoid follicles (eg. on
Payer's Patches), which can transport whole bacteria (192, 193)
that can then be taken up by DCs in the epithelium, Ths
cntinued sampling of the microbiota by the immune system
is crucial to maintaining homeostasis and resistance to
pathogens. For example, expression of the chemokine receptor
CX3CR1 in mice is essential for APCs to extend their dendrites
between epithdial cells and take up intestinal bacteria from the
lumen (194) which are then transported to the mesenteric LNs,
where production of secretory IgA by plasma cells is induced
(195-197). While originally being described as DCs due to ther
functional properties (194}, CX3CR1+ APCs were dassified as
macrophages by others as they also express the macrophage
markers CD64 and F4/80 and derive from monocytes (198, 199).
Spedfially, DCs in the intestine have the major responsibility in
establishing tolerance to oral and microbiota-derived antigens.
The gut-draining LNs as well as the GALT are the primary sites
of T cell priming by intestinal DCs. As in other tissues, many DC
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subsets have been identified in the human intestine, with specific
subsets more prevalent at specific anatomic locations. In
humans, intestinal cDCs are divided into subgroups based on
the expression of CD103 and SIRPa (200, 201), with CD103°
SIRPo' dDC2 further subcategorized based on the expression of
the chemoline receptor CCR2 (202).

Intestinal ¢DCs are the only DCs expressing the enzyme
RALDH2, which is required for metabolzing Vitamin A to all-
trans retinoic add (RA) (203). This metabolite is required for
imprinting gut-homing receptors on T cdls, namely o4l 7 and
CCR9 (204-207). Both CD103" and CD103° ¢DCs in humans
have been found to express RALDH2 (208), which is reinforced
by expression of RA by stromal cdls in the mesenteric LNs (209,
210). In humans, the majority of IELs are T cells, with the
highest proportion of non-T immune cells in the colon (211)
The highest number of 1ELs are found in the proxmal small
intestine, decreasing in the distal small intestine, and lowest
numbers inthe colon (212). In the adultjejunum, the majority of
[ELs are CD8" o T cells with a tissue-resident T, phenotype
[reviewed in (213)], while the ileum and colon have higher
numbers of CD4" GffT cdls, with a minor population of 96T
cells (212). In the LP, CD4" T cells dominate over CD&' T cells,
with the majority of cells exhibiting T, 4-like or Ty, phenotypes
(214-217). IL-17 producing CD4" T cdls are most commeon in
the LP of the colon and ileum, with lowest numbers in the
jejunum (216), which is inverse to the distribution of T,gnon-
Tyeg T cells bserved in mice (215, 217).

DC-T cell composition in homeostasis

Memory T cells

In contrast to skin, sustained CD69 expression is not
necessary for Ty, formation in the small intestine (7). Further,
in the human intestine CD103 is also not necessary for Ty,

FIGURE 4

Resident T cells and APCs in the hurman small and large intestine. Created with BloRender.com.
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persistence (218, 219), and is higher expressed on CD8' T,
than CD4" T, (216, 220, 221). Human intestinal T,
spedfically express CD161, a C-type lectin’like receptor (222,
223), and they share the classic T,, phenotype of
downregulating LN homing receptors CD62L and CCR7 as
well as the upregulation of adhesion molecules CRTAM and
chemokine receptors CXCRG and low expression of CX3CR1
(224). In the human small intestine, both CD4* and CD8" T,,,,
have been described to survive years, with CD4" Ty, exhibitinga
Tyl phenotype upon reactivation (218, 225). In the gut, it has yet
to be elucidated if Ty, are continuously replenished from
droulating T, under homeostatic conditions or whether the
local population proliferates im situ, which has so far not been
descaribed. The TCR repertoire of CDS' CD103" vs, CD103 T,
has been described to have low clonal overlap, however overlap
between CD103 CD8' T,,, was shown to be similar to that of T
cells from the peripheral blood, indicating that CD103" T, are
recruited from the periphery and represent an intermediate state
between circulatory and resident T cells (218). A study utilizing
two-photon laser scanning micoscopy revealed that intestinal
Tem have restricted mobility (226), indicating that intestina Tre
are able to remain at the site of primary infection.

In mice, memory precursor cells expressing low levels of
KLRG1 have been identified as a T,, precursor, whose
development is accelerated by DC-derived TGF-fi (227).
Inflammatory monocytes expressing [L-12 and TNF-} have
been shown to suppress TGF-ﬁ-lnductd CD103 expression,
leading to an increased population of CD103" LP T, (228).
Additionally, intraepithelial CD103" T, appear to preferentially
devdop from KLRG1"' T cdls over T cdls that never express
KLRG1 (229). Lastly, while IL-15 is aitical for T, and Ty,
maintenance, this cytoldne is not necessary for Ty, retention in
the intestine (230).

Owerall, T, biology and contribution of antigen presenting
alls to Ty, generation and maintenance in the human intestine
still have many open questions. More detailed reviews on
intestinal T, @n be found dsewhere (231, 232).

Effector T cells

While at steady-state, DCs in the gut preferentially induce
Tyeger with Teg cells being primarily induced during infection ar
inflammation, which has mostly been studied in mice. Intestinal
cDCs "escaping” regulatory conditioning in the gut at
homeostasis have, however, been shown to induce tonic
protective Ty responses. This escape has been proposed to be
mediated by early exposure to TLR ligands and pro-
inflammatory cytokines, redudng residency time of ¢DCs and
pDCs in the epithelium and thereby limiting exposure to
regulatory-indudng factors (233, 234). Another example of
this is p38-MAPK signaling in mouse CD103" DCs, which has
been shown to regulate fate-decision between T, and Ty cells
from infiltrating naive T cells by influencing RALDH2
expression required for T,y induction (235). Further, specific
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TLRS signaling activating CD103'CD11b" <DCs induces IL-6
and IL-23 production which promotes Ty17 devdopment and
antimicrobial peptide production (200, 236).

The local microbiota i also essential in inducing T cell
subset differentiation and polarization in the gut. In mice, it has
been shown that monocolonization with segmented filimentous
bacteria (SFB), which are members of the order Clostridiales, can
induce the devdopment of LP-resident CD4" T17 cdls (237).
This selective Ty, 17 induction is MHC class O-dependent and
requires presentation of SFB antigens by resident intestinal
CDM1c" DCs (238). The relationship between SFB and T;17
has further been demonstrated in mice engineered to express the
human antimicrobial peptide HEDS. These mice exhibited loss
of SFB which subsequently correlated to a lower percentage of
Ty17 cells in the lamina propria (239).

Regulatory T cells

Tiegs are central components of establishing tolerance in the
intestine and audal for maintaining homeostasis. Spedfically in
the gut, Ty, are necessary for contralling pro-inflammatory
responses to commensal pathogens as well as establish tolerance
to food antigens (240-247). Both thymus-derived (t)T o, and
periphery-induced (p)T,.;, have been described in the gut, with
PTregs being thought to play the main role in establishing oral
talerance (243, 244), having been shown to control dysregulated
Tyl responses to food antigens (245). In the colon, the
predominant subset of pT,.. expresses the Ty,17 master
transcription factor ROR-yt, the expression of which is
dependent on the microbiota (245-248). The ROR-% pT ..
conversely are critical for homeostasis maintenance in the small
intestine (245). In mice, Helios* 1T, in the gut express GATA3
and exhibit a tissue-repair phenotype (246, 249, 250). This
GATAZ' Tlta subset has not, however, been described in
humans so far.

TGF-} is an essential cytokine for Pl differentiation and
is, unsurprisingly, present at high concentrations in the intestine
(251). DC-derived TGF-fi in the gut is essential for local T,y
differentiation, which has been demonstrated in mice by ablating
expression of the integrin responsible for activation of latent
TGF-J (c, Pz} on DCs which lead to impaired induction of Trega
in the mesenteric LNs (252). Contrarily, deletion of the TGF-
BRI on Tyegs resulted in normal T,y numbers in the gut (253).
However, the authors did not analyze T, subsets in this study,
therefore it cannot be excluded that compensatory T,
expansion was the underlying cause for this observation. Other
than cytokines, the metabolite RA is an important contributor to
Tueg differentiation in the gut. Together with TGF-fi, RA has
been shown to induce pT,., characterized by upregulation of
CCRY and o, B (254-256). Particularly CD103" DCs are crucial
for this induction, as they show a high expression of RALDHZ,
the enzyme metabolizing vitamin A to RA (257, 258).
Particularly development of ROR-t" pT,.,, is dependent on
DC-derived RA (247, 259), further emphasizing that loal T,
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induction is crucial to intestinal homeostasis. Other than RA,
DCs play a role in T,y induction via TLR signaling in the gut.
For example, TLR2-mediated recognition of polysaccharide A
on the commensal Bacteroides fragilis has been shown to trigger
induction of Tregs and their production of the anti-inflam matory
cytokine IL-10 (260).

BT cells

Intestinal intraepithelial 8T cells play an extensive role in
tissue surveillance, having a high migratory capacity and moving
through the intestinal epithelium using occlidin-mediated cell-
cll contact (261). The majority of YT cells in the human
intestine express V78 TCR (262) and have been associated
with intestinal homeostasis via the production of keratinocyte
growth factor 1 (KGF1) (263). Their significant contribution to
gut homeostasis has been shown in W8T cdl deficient mice,
showing that mice lacking these cdls have reduced intestinal
epithelial cell turnover (264), increased susceptibility to dextran
sulfate sodium (D8S)-induced colitis (263), and inceased gut
permeability (265). In humans, intestinal y8T cxpressing
NEG2ZA have been shown to express TGE-B1, thereby
dampening [FN-y and granzyme B production by co-aultured
ofiT cells from patients with codiac disease (266). Together,
studies so far indicate that intestinal 96T alls have an important
role in regulating tissue homeostasis and contribute to
controling inflammatory responses in the gut. However, a lot
of open questions about ther efector functions and interplay
with other cels, such as APCs, in humans still remain.

DC-T cell composition in inflammation
and infection

Chronic inflammatory diseases

Inflammatory bowel disease (IBD) s a wdl-known and well-
studied chronic inflammatory condition in the intestine and
covers ulcerative colitis and Crohn's disease. 1BDs have been
linked with multiple exogenous factors such as environmental
factors, microbiota dysbiosis, and genctic badkeground (267, 268),
which culminate in an owerall inappropriate immune cell
activation in the gut. In IBD, DCs are known to contribute to
disease pathology wia TLR2/4-induced production of IL-12,
IL-6, and IL-23 (269, 270), which further impacts T cell
polarization and drives Ty17-mediated disease phenotypes.
CD103'CD41'CDIc’ ¢DCs are reduced in inflamed intestinal
lesions, showing functional impairments such as decreased
RALDHZ2 activity (271). Further, some findings have indicated
that intestinal inflammation, such as seen in Crohn's disease,
impairs normal DC trafficking which consequently leads to
dysregulated T cell responses in the gut. For example, CCR7
expression on CD83'DC-SIGN" intestinal ¢DCs is lower in
patients with Crohn's disease (272). Further, it has been
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observed that leptin production in mesenteric fat is increased in
early Crohn's disease patients (273), which has been assodated
with upregulation of CCR7, maturation and migration of dDCs
(274). Whether CCR7 expression is timepoint dependent and
what effect this has on T cdl priming in Crohn’s disease remains
to be eluddated

In recent years, the rale of Ty, in IBD has become apparent.
For example, CD69'CD103" T, -lke cells in the LP have been
described to be inareased in patients with deerative colitis and
Crohn's disease. Further, the authors could show that increased
levds of CD4" Ty, are associated with early IBD rdapse (275).
Along the same line, Bishu et al. described these CD4' Ty, as
functionally competent TNF-0¢ producers in inflamed tissue of
patients with Crohn’s disease (276). CD8" Ty, have also been
implicated in IBD pathogenesis. Bottois o al. described two
distinct subsets of CDE' T, expresing KLRG1 and CDI03,
showing that CD103" CD8" Ty, in Crohn's disease patients
exhibit a T,17-like phenotype, while highly proliferative
KLRG1' CD8" T, present with increased cytotoxic cffector
function and are overrepresented during acute inflammation
(277). Single-cell RNA-sequendng studies of vloerative colitis
also showed transcriptional changes in the CD8' T,
compartment, with an increased inflimmatory signature (278,
274). In a recent publication using mass spectrometry, HLA-
DR'CD38" D' T, were found to be enriched in lesions of
Crohn's disease patients. The authors could further use imaging
mass cytometry of tissue sections to show colocalization of
memory CD4" T cells together with HLA-DR'CD11c" DCs
located bdow the epithdial lyer in the inflamed regions of the
intestine (280). Ty, with a regulatory sigrature have also been
described tobe reduced in IBD, characterized by CD103" Runx3'
and expression of the regulatory-associated molecules CD39 and
CD73 together with IL-10 production (281). Furthermore, studies
revealed a decrease in both the CD103" CD8" and CD4' T,
compartment during active IBD, which recovered during

remission phases, whereas the opposite chservation was made
for CDI0Y T, (282). These studies further demonstrate the
heterogeneity of intestinal Ty, and are likdy a reflection of T,
plasticity during different phases of the inflammatory response.

Infection

‘While the physical barriers like the intestinal mums protect
against food-borne pathogens and harmful commensals (known
as pathobionts), many microbial organisms have evolved to
evade host defense and cause infections, Infections with such
enteric pathogens are most commeonly associated with diarrhea,
which is a major cause of death worldwide (283). The most
frequent enteric infections are with Salmonella spp. and
Campylobacter spp (284)., with other examples being Vibrio
cholerae, Shigella spp. and certain strains of Escherichia coli
(285). The most common pathobiont infections are caused by
Enterococcus spp (266). and Clostridium dificile (267).
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While TLR2 is important in inducing T, (see above),
TLRS, the receptor for bacterial flagellin (288), has been
implicated in the host response to invasive pathogens such as
Salmonella spp. CD11c¢" LP-resident DCs express TLRS, which
is important in mndulaung DC movement, as TLRS-dcﬁcwm

mice have increased suryjsslssdl L
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with C. rodentinm IL-22 is initially produced by ILC3s and then
by CD4* T cells (301).

Orwerall, it has become clear that the DC-induced 11-23-Ty, 17
axis is particularly important in response to intestinal infection
by mudulat ing epl.tl'l.ellal microbial peptide expression and

- of intestinal infection.
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observed when mice were

observation indicates that trafficking to th: mesenteric LN by
DCs is impaired thereby preventing dissemination of the
infection. Another important consequence of TLR-mediated
activation of DCs is cytokine production. A crudal cytokine in
the gut produced by DCsin response to infection is 1L-23, which
has been linked to infection with pathogens like Salmonella spp
(290)., C. rodentim (291), and C. jejuni (292). The receptor for
IL-23 in the gut is expressed on multiple immune cells such as
Ty17, NKT, 48T cells and ILCs (293, 294). IL-23 receptor
signaling in turn triggers production of [L-17 and IL-22. IL-17
appears to have time-dependent effects during intestinal
infection. During early Salmonella spp. infection, IL-17
produced in the @ecum is primarily mediated by Ty17 cels
and to a lesser extent Y&T and NKT cells (295, 296). Another
example of the importance of Tyl 7-mediated immunity during
infection has been shown in rhesus macaques where SIV-
induced depletion of Ty, 17 cells leads to erosion of the mucosal
harrier and increased dissemination of 8. enterica Typhimurium
to the mesenteric LNs (296). IL-17 A or IL-17F deficiency in mice
lead to increased pathology in response to C. rodemtium
infection (257).

The IL-23-T,17 axis is also important in human intestinal
infection. Patients suffering from C. jejumi infection show
increased percentages of Tyl and T,17 cells, as well as
increased levels of the respective effector cytokines. The
authors could show that when intestinal epithelial cells were
treated with [L-17A or IL-17F, intracellular survival of C. jejuni
was signifiantly decreased, emphasizing the importance of these
cytokines in human infection (292). Further, IL-17 expression
was also detected in the dundenum of patients recovering from
V. cholerae infection, the causative agent of cholera. Kuchta et al.
observed that in patients suffering from acute cholera, IL-17
expression was increased compared to later disease stages or
healthy subjects, suggesting that V. cholerae infection also
induces an immediate mucosal Ty17 response (298).

The other IL-23-induced cytokine important in intestinal
infection is IL-22. In general, IL-22 is associated with tissue
repair and is known to be a major inducer of antimicrobial
peptide production by mucnsal epithelial cdls (299, 300). In the
context of infection, IL-22 has been found to increase
colonization resistance to the pathobiont vancomycin-resistant
enterococci (236). Similar to IL-17, IL-22 has also been shown to
have time-dependent effects. During early infections, IL-22 is
primarily produced by ILCs and only later on by T cells. This
was demonstrated by Ahlfors et al, showing that during infection
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Female reproductive tract

The immune system in the FRT has a dual role as it protects
the barrier tissue against pathogens transmitted during sexual
intercourse, and promotes tolerance to foreign antigens
necessary to allow fertilization and embryo development. As
these two diametrical roles are important at specific times during
the menstrual cycle, the composition of immune cdls undergoes
major fluctuations. During menstruation, a much higher density
of CD1a" DCs was observed in the human uterus compared to
proliferattive and secretory phase (302). Uterine macrophages
increase constantly in numbers during secretory phase and peak
at menstruation, while the total number of T cells remains
constant (303-305). The sex hormone progesterone does not
only inhibit activation of DCs (306), but also causes polarization
of T cells into Ty2 and T,y direction (307, 308). Moreover,
subsets of immune cells do not only change during the
menstrual cycle, but also difer when comparing tissues from
pre- and postmenopausal females (309). There are substantial
differences between the structure and physiology of the female
genital tract between the most frequently used animal model of
mice compared to humans, as the murine uterus contains two
uterine horns and also the estrous cycle has a length of around 5
days compared to 28 days in humans. However, due to the
previously low interest in female reproductive health, scientists
started only recently to investigate immune cdl populations in
large scale in the FRT of humans. Therdfore, most knowledge on
the female genital immune system was obtained in mice (310).
With this section, we aim to shed light on specific features of
antigen uptake and presentation as well as T cell responses in the
female genital tract and raise awareness for inflammatory
conditions and chronic infections.

The female genital tract is structured in several parts: the
lower reproductive tract lined with multilayered stratified
epithelia forming vagina and ectocervix, the endocervix as an
interphase and the upper genital tract with single columnar
epithelium forming the uterus, adjacent to the fallopian tubes
stretch connecting the ovaries with the uterus which are
composed of secretory and ciliated columnar epithelial cells
(Figure 5). The main APC subsets in the human vaginal tissue
are, similar to skin, in the epithelial layer LCs characterized by
CD207 expression and in the lamina propria DCs characterized
by expression of CD1c as well as CD14 on a specific subset (311,
312). In addition to DCs, another frequent APC subsets in the
vagina are CD1cCD14" macrophages additionally having
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CD163 on their surface (311, 312). In the cervix, the most
frequent immune cell population are macrophages which
make up more than 25% of all CD45" immune cells (55).
CD11c'CD14" DCs accounting for another apprax. 20% of
immune cells are the most common DC subset and a large
proportion also express DC-SIGN. Other DC subsets such as
CD11c'CD14” myeloid DCs and CD123" plasmacytoid DCs
were described in low numbers (55). The percentage of APC
subsets within CD45" immune cells is quite similar in cervix and
uterus, however, the APC compartment in the uterine
endometrium shows some substantial differences. There are
less DC-SIGN" DCs and DCs expressing CD103" involved in
antigen sampling and migration were almost exdusivey found
in the endometrium (313). In the muwine endometrium, both
CD103" and CD103° DCs migrate to the local lymph nodes
upon antigen challenge. The CD103" DCs preferentially present
antigens to T, whereas ther CD10¥ counter parts were shown
to stimulate an effective CD4 T cells response (314). In the
murine uterus, DC in the decidua of pregnant females were
shown to be trapped in the tissue, despite keeping responsiveness
to pro-inflimmatory stimuli and migration capacity towards
CCL21 (315). This indicates that by preventing DC trafficking to
the draining LN, T cell tolerance to fetal antigens is promoted.
Single-cell sequencing of human uterine samples during
secretory and proliferative phase revealed presence of myeloid
cells during both phases, being composed of DCs as well as M1-
and M2-polarized macrophages (316). CD11c" DCs can be
further divided into CD11b"" and CD11" DCs, with the
CD11b" expressing DCs being the most abundant subset in all
tissues of the FRT and correlating with CD14 expression (313).
In the vagina, the ratio of CD4 to CD8 cells isalmost equal, with
an increasing ratio towards endocervix and ectocervix (55, 317).
In the uterus, however, CDE T cells represent the predominant
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subset (55). B and NK cells make up less than 5% of immune
cells in the human ectocervix and are not in foos of this

review (55),

DC-T cell composition in homeostasis

Memory T cells

In general, most T cells in the female reproductive tract are
Ty being CCR7CD45RA”. More than 80% of cervical T cells
express CD69 within both stroma and epitheliom (317, 318}
The marker CD103 being associated with a T,,, phenotype in
other tissues is in the cervix almost exclusively present on
epithelial CDE T, (318), but also enriched on vaginal CD4
Ty (317). These vaginal CD103'CDE9" CD4 Ty, show a Ty, 17
signature induding high expression of RORC, IL-17A, IL-17F
and IL-22 (317). A recent publication used T,,, derived from
human cervix to assess antigen-specific CD4 and CDS response
against HSV-2 (319). An degant mouse study using parabiosis
models revealed that CD&+ T,,, in the mucosa undergo
proliferation in sitw after mucosal rechallenge independently of
CD11c+ DCs (114). On the other hand, bystander memory CD8
T cells consisting of T, and T, are recruited during local
challenge without antigen recognition and develop a T,.-like
phenotype by upregulating CD69, but not CD103 (114). To
investigate how the recruitment of bystander memory cdls to
sites of infection as well as tissue autonomous amplification of
local T,,, contributes to immunity in the human FRT, it is
important to apply functional models with human cells and
validate other experimental approaches in the foture. To date,
the T, subset is the best studied immune cell subset in the FRT
and will be discussed further in the sections about the respective

T
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FIGURE S

Resident T cells and APCs in the human FRT. Created with BioRender com.
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Regulatory T cells

Recently, T,y were shown to make up around 15% of the
CId population with comparable percentage within all tissues
from the lower FRT, including vagina, endocervix and ectocervix
(317,320). It is reported that T, are induced in the decidua of
mice and humans to protect the devdoping embryo from the
immune system of the mother, nicely summarized in the
following reviews (321-323). However, Teeg can also have an
unfavorable role if they dampen the immune response against
sevually transmitted infections such as human immunodeficiency
virus (HIV), human papilloma virus (HFV) or chlamydia. In a
mouse model of intravaginal N. gonorrhen infection TGE-B' Tpeg
were induced in cervix-draining lymph nodes, thus evading the
immune response and enabling pathogen survival (324). The
occurrence of Ty, in the mucosal tissue is described for several
pathogens and conditions, while the mechanisms of their
induction stil need to be elucidated.

6T cells

Human studies revealed a ¥67T cdl percentage ranging from
5% to 10% of CD3" T cdls depending on tissue sampling during
the proliferative phase or secretory phase. The majority of them
expressing V&1 (325, 326), but CCRS can be found on the
surface of both V&1 and V&2 (327). HIV infection significantly
reduces the number of y8T cells in the cervix (327). Abnormal
vaginal flora due to bacterial vaginosis was shown to change the
mpaosition of vaginal YT cdls to higher levels of V&2 (328).
Beside ther role during infection, y8T cells seem to be invobved
in tolerance induction during pregnancy. The decidua of women
with spontancous abortions showed increased numbers of 8T
alls with an additional upregulation of V&2" cells (325). In the
murine female genital tract, ¥6T cells represent a much higher
proportion of immune cells and express preferentially IL-17A
under steady state (329). As [L-17 A was described to be essential
for resistance against fungal infection, a murine study revealed
that TCRyS defident mice are more susceptible to C albicans
growth in the FRT (330). To date, our knowledge about ¥6T cells
in the FRT is stll limited and remains to be addressed in
different discase settings,

DC-T cell compaosition in infection

Viral infections

CDM and the chemokine receptors CCRS and CNCR4 are
hijadced by HIV. Beside T cdls, this repertoire of receptors is
found on all four APC subsets in the vagina in different
quantities, indicating a role of these cells during HIV
acuisition and transmission to other cell types (311). It was
shown that exclusively CDI4" DCs take up HIV virus-like
particles and express CCRS5 ligands (313). The type-I
interferon indudble lectin Siglec-1 expressed on CD14" DCs
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was identified to play an indispensable role in HIV uptake and
transmission to CD4'T cdls which can be blocked by anti-Siglec-
1 antibodies (331). AsCD14" DCs are most frequently occurring
in the ectocervix, this tissue is highly relevant to study HIV
transmission (313, 332). CD4 Ty, from the ectocervical region
expressing CD6Y are characterized by high CCRS, thereby
function as a primary target for HIV infection and persistence
(333, 334). Numbers of CD4 T, are signifiantly decreased in
cervix tissue of infected individuals, but increased activation can
be observed (333). In the same lines, CXCR3" T, in the skin
and anal mucosa of HIV infected individuals starting
antiretroviral therapy late remain constantly depleted, thereby
creating an optimal environment for HPV related cancer
development (335). HIV-infected individuals show increased
Tiegs and reduced Ty17 cdls, the ratio between these two cell
types an be restored by anti-retroviral therapy (ART) (336).
The percentage of Ty, remained increased even under ART and
was assodated with a skewed ratio of CCLIZ/CCLID in the
ectocervix samples of these women (336), indicating that APCs
as major source of those cytokines, are causing the dishalance of
T cells n these conditions,

Infections with HPV are widespread and almost every
human encounters HFV during their life time. There are
several different types, with only some of them being
transmitted sexually and causing infections that can lead to
cancer development in the cervix. Patients with HIV infection
possess an increased risk to develop HPV assodated cancer with
T cells as important players in the course of HFV-rdated
malignancies (337, 338). Upon HPV infection, T cells in the
cervix obtain a more activated profile by upregulation of HLA-
DR, independent of HIV status of the patients (335). However,
in patients with a co-infection of HIV and HPV, lower numbers
of CIM T cells were observed compared to HPV-negative HIV-
infected patients (339). In individuals with HPV-assodated
genital warts, an accumulation of Ty was reported (340). It
was shown that "[',ﬂ;‘I are attracted by CCL17 and CCL22, which
are mainly produced by CD'1a' LCs and macrophages within the
warts, respectively (340). Traffickang of APCs such as LCs 1s
impaired in HPV lesions, as the chemoattractant for (CCL20)
and activation pattern of LCs (CCR7, CD80 and CD86) seem to
be decreased (341-343), Also, Ty17 cdls seem to play a roke in
progression of HPV-related intracpithelial cervial neoplasia
(CIN), as patients with high CIN or cervical cancer echibit
high numbers of Ty,17 cell in the blood, which is correlated with
high IL-17 levels in the cervix tissue (344). In a study assessing
the T cell infiltration in cervical cancer patients, CD103" CDE T
cells infiltrate the tumors and are associated with good prognosis
(345). These findings indicate that a Ty17 and T, response is
correlated with progressive HPV infection, whereas CD8 T cells
are beneficial. However, most studies focus on late stages in CIN
progression/tumor development and Little is known about early
processes of HPV infection.
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Bacterial infections

Infections with chlamydia are the most common bacterial
sexually trans mitted infection in humans. However, most of our
knowledge of immune reactions during chlamydia infections
was obtained in mice, as studying immunity against chiamydia
trachomatis (Ct) is connected with many difficulties, such as the
high number of asymptomatic cases and the development of
tolerance instead of immunity when using inactivated bacteria.
The later problem was addressed ina mouse modd by Stary et al.
showing that live and UV-inactivated Ct are taken up by either
CD10% and CD103" DC subsets, causing priming of
immunogenic effector T cells or T,z respectively (314). In
mice, induction of Tyl cels plays a huge role in conveying
protective immunity, whereas stimulation of CDE' T cells was
sugpested to play a role in chronical inflammation and cuse
tissue destruction rather than advancing protective immunity in
mice (314, 346, 347). Tj,1 polarization initially rdies on IL-12
production by DCs, as IL-12 deficient mice had prolonged times
of chlamydia shedding (348). In fact, the most important
immune mechanism for chlamydia dearance is IFN-y% as T-
bet deficient mice could not control chlamydia growth, but T
cells shified to a more Ty, 17 response, whereas IFN-y or [FN-¢
receptor deficient mice die from systemic infection (349, 350).
Tew of the FRT seemed to be essential to protect against
subsequent chlamydia infection (314). However, a recent
publication suggests that alkso circulating memory T cells can
protect against infection without being primed in the tissue
(351). Apart from conveying protective immunity, T cdls can
also be involved in undesirable responses causing FRT pathology
and chronic inflaimmation. Espedally activation of non-antigen-
spedfic CD4 as well as CDE bystander cdls can exacerbate the
pathology in a mouse model of chlamydia infection (352). The
presence of Teeg was on the one hand shown to exacerbate Ct
infection (314), on the other hand, they are described to skew T
cell differentiation into a Ty, 17 direction, which was corrdated
with increased pathology in a chlamydia muridarum mouse
maodd of infection (353). Together, these findings suggest that
the T cdl response during Ct infection is highly plastic and the
induction of a certain cytokine milien is essential.

Discussion

All the same: Commonalities and
differences in tissue APC-T cell crosstalk

‘When comparing the three different tissues summarized in
this review, some overarching themes are apparent: The majority
of T cells in tissues are Ty, cells (7), closely followed by Ty, (19,
20}, both cell types reflecting the constant exposure to
environmental compounds and antigens in barrier tissues and
the need for a balance between immune tolerance and reaction.
Further, DC subsets are responsible for controlling this balance,
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but they are often described by different markers in different
tissues and ther subsets appear more tissue-specific than those
of T cells, whose identity is often casier to define across tissues.
However, some clear differences exist also in T cells. Expression
of CDéY and CD103, canonical Ty, markers in the skan (13, 111)
and FRT (317, 318), seem dispensable for T, establishment in
the intestine (7). Ty, are relatively stationary within the
respective tissue, however, there are quite substantial
differences in motility between Ty, in different tissues, as Ty,
in the FRT move up to 5-times faster compared to Ty, in skin
epidermis, probably depending on the architecture of the tissue
and density of the structural cdls (114). While CIM" and CDS8'
Ty exist in all discussed barrier tissues, the skin harbors more
CDg&" T,,, than the intestine and the FRT, where the distribution
of CI4":CDE" T, is approximatdy equal (218, 225). Further,
T, induction in the intestine is highly dependent on RA
produced by local DCs (254-256) and in the FRT,
progesterane (307), independently of DCs, appears to take a
similar role, while no hormones or metabolites are yet identified
to induce T'f&‘ in the skin. In general, it appears, that while all
barrier tissues are continuously exposed to microbial antigens,
only the intestine has dedicated DC subsets to specifically induce
Tyegs to promote tolerance against the microbiome (191). This
observation fits with the fact that, in the skin, most T, respond
and get activated by non-antigenic stimuli while most T, o, (127)
in the gut are antigen specific (240-242). In general, aside from
their function in maintaining immune tolerance, the function of
Toegs in different tissues is often diverse, ranging from direct
suppression of activated immune cells to aiding in tissue repair
(19, 20), thereby emphasizing the need to characterize these cells
and their non-anonical functions in a tissue context better.
Similar to this, ¥86T cells exhibit both regulatory and cytotoxic
functions across tissues even though their distribution is tissue-
specific (V81 in the skin, V&7 in the intestine, V&1 and V&2 in
the FRT) (149).

During an immune challenge in barrier organs, such as
during infection, T, are poised locally in all three tissues,
reacting to previously encountered antigenic stimuli directly.
Further immune responses are induced by APCs which traffic to
the respective draining lymph nodes and recruit Ty cells to the
tissue. Ty, 17 responses are crucial in controlling infections, both
bacterial and viral (313, 332). Interestingly, the same responses
and effector cytokines are also often the ones that are pathogenic
in chronic inflammatory diseases (153, 154). How and why
exactly these exacerbated immune responses cannot be
controlled by tissue-resident T,q,. which are present in barrier
tissues in great abun dance under homeostatic conditions, has yet
to be eluddated. However, all chronic inflammatory diseases
discussed in this review are characterized by a decrease in tissue
T"#' but whether this is @use or effect of chronic tissue
inflimmation and what role APCs play in this shift of T cell
subsets during chronic inflam mation remains a big question that
should be the topic of further research.
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Into the (un)known: On big data, future
perspectives, and individualized therapies

Previous dogmas of dividing immune responses strictly into
pro- and anti-inflammatory immune cell subsets are outdated. The
maore we learn about tissue-specific immune responses, the more
we undergand that there is not the one beneficial and harmful
immune cell subset toevery disease. It is more a fine-tuned balance
act between APCs and T cells to enable immunity against
pathogens but protect the host from autoimmunity. With
aurrent advances in single-cell RNA sequencing (scRMNA-seq)
and multichannel flow cytometry, we will be able to get a better
insight, which players are involved in regulating immunity during
homeostasis. scRNA-wq has specifically enabled much greater
insight into molecular mechanisms of tissue immunity as wel as
led to the discovery of new immune cdl subsets or new definitions
of existing subsets This is espedally valuable since this approach
alows for the acquisition of a large amount of data from, often
limited, human material. Further, a lot of information that is
derived from these big data experiments would be impossible to
acquire using traditiona experimental modelsas it is now possible
to dso model in vivo dynamics from these datasets, such as the
interplay between different cel types (354, 355) and temporal
dynamics across the development of organs (356-358), and
tracking T cdl dones across tissues (359, 360). Anayses like
these have revealed novel regulatory T cdl-APC interactions at
the maternal-fetal interface important for embryo implantation
(361), a renewed focus on pDCs in skin inflammation {362 ), novel
Vé1 T cell effector subsets (363), and detailed profiling of different
mmune niches and interactions across the human intestine (54).
Further, a better understanding of tissue adaptation of diferent
immune cells is becoming appreciated, highlighting basic
principles of immune biology in barrier tissues but also
appreciating that these cells have the potential to spedfically
adapt to the local tissue environment and how this changes in
disease (126, 364-366). As highlighted in this review,
communication between different immune cell types is
ahsolutely essential in determining the outcome of an immune
response and understanding this interplay at a deeper leve in local
tissues is an important step towards developing new therapeutic
avenues that can adt in a much more targeted manner than
previously possible. Further, the plasticity of immune cell
subtypes, especially APCs and T cells, 1s becoming more
appredated as having whale trnscriptome data can separate cell
types that were previously indistinguishable and is an important
step towands understanding fundamental changes during disease
development. As this knowledge progresses, it will be interesting to
see if we will gain a better understanding of responses to
immunotherapy and why some patients benefit while others do
not. Moreover, this technical evoluton will also allow to come
away from animal models and help uncover tissue-specific
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differences as wdl as overarching themes in immune defense in
barrier tissues. In addition, we want to emphasize the importance
of inwestigating the interplay of diferent human immune cdl
subtypes in complex 3D mode systems to fur ther validate findings
from big data-hased modds and how these can be translated to
patient care. It will be crucial to define the function of rare DC
subsets, Ty, or ¥6T cells as they seem to have a major role in
immune balnce despite ther low frequences. Especally the
mechanisms balancing different WT cell subset or T,y and Tyl7
cdls will be an important focus for further studies. In the future,
integrating different large datasets will be highly valuable n better
understanding more complex disease sysdems, such as metabolic
dysregulation as well as epigenetic modifiations. Together, these
data will yield a dearer pictureof hiclogical networks and how they
are perturbed in different diseases. Currently, we are at the start of
a new era of understanding biclogical mechanisms that lead to
disease and disease progression. In the future, insights gained from
these basic studies will in turn re-shape how therapeutics are
devdoped and most likely emphasize the mportance of more
patient-specific approaches to health care.
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Extensive research on sexually transmitted infections
(STI) in the last century has led to a better understand-
ing of disease prevention and treatment options. Now-
adays, bacterial infections with chlamydia, gonorrhea
or syphilis are curable with antibiotics. Also, infection
with HIV has lost its terror as there exists a treatment
allowing patients a normal life. Pre- and post-exposure
prophylaxis of HIV with anti-retroviral drugs prevents
infection of sexual partners. However, health organiza-
tions report that STl are on the rise again, being prob-
lematic as many infections remain undetected, thereby
causing cancers, infertility or congenital infection. To
crcumvent this, development of vaccines against dif-
ferent STl are urgently needed. As it is difficult to study
interaction between host and pathogen in humans,
model systems including animal meodels and in vitro
approaches are necessary. Within this review, we give
an overview on animal models of 5Tl with a focus on
chlamydia infection, discussing advantages and disad-
vantages of modeling infection with species-specific or
human pathogens. Moreover, we present available in
vitro models of ST, pointing out current advances in the
development of three-dimensional (3D) culture sys-
tems closely resembling human tissue architecture.

This allows to explore infection under physiological

*Carreshonding author: G. Stary (georg stary@m eduniwienac at)

conditions in human cells without ethical concerns. A
toolbox full of tightly coordinated in vive and in vitro
infection models will be required to advance 5TI re-

search and vaccine design in the future.

Section editor: Patrick Brunner — Department of
Dermatclogy, Medical University of Vienna, 1090 Vienna,
Austria. Georg Stary — 1) Department of Dermatology,
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2) Ludwig Bolzmann Institute for Rare and Undiagnosed
Diseases, 1090 Vienna, Austria.

3) CeMM Research Center for Molecular Medicine of the

Austrian Academy of Sciences, 1090 Vienna, Austria

Introduction

Sexually transmitted infections (STIs) are spread within popu-
lations worldwide for centuries affecting the course of history.
Groundbreaking advances in medidne during the previous
century including diagnostic methods, monitoring of bacte-
ral susceptibility to antibiotics by culture-based and molecu-
lar surveillance, the development of specific therapies against
wiral and bacterial infections as well as a better understanding
of disease prevention with exposure prophylaxis and sex
education dramatically decreased the prevalence of once
fearsome diseases like syphilis, gonorrthea and human immu-
nodeficiency virus infections (HIV) [1,2]. However, the world
health organization and national health services report that
STI are on the rise again [3]. For example, the US Centers of
Disease Control and Prevention (CDC) report steadily increas-
ing chlamydia infection rtes from 250 to more than 500 cases
per 100,000 population in the last 20 years [4]. One general
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challenge with STI despite their relative straight-forward
treatment is that they remain undetected and asymptomatic
in many cases. Still, they might be the @use of genital
cancers, pelvic inflammatory disease resulting in ectopic
pregnancy and infertility or congenital infection in newborns
of infected mothers. Another reason why an increase of STl is
alarming is that clinicians experience that pathogens of STI
become resistant against broadly used therapy options.
Health reports warn that Neisseria gomorrhoeae is becoming
less sensitive to standard antibiotics treatment and multi
Tesistant strains are becoming more frequent [5]. To prevent
the spread of ST, one possibility is to extend national screen-
ing programs to treat asymptomatic patients before they an
infect others or develop effective vaccines [6]. While the
effectiveness of population-wide screening programs is still
under debate and resource intense, vaccination against hu-
man papilloma virus infection (HPV) as the main cause of
genital cancers and genital warts is a good proo f-of-principle
of a vaccine preventing ST1 [7]. As the development of novel
treatments and vaccines requires model systems closely re-
sembling natural infection, we will review cumrent animal and
in vitro models being used to study 5TL In focus will be
possibilities to model Chlamydia trachomatis infections, as
this intracellular pathogen is the most common cause of
bacterial STI with extensive studies trying to unravel patho-
genetic factors of disease for decades to ultimately develop a
protective and save prophylactic vaccine [8,9].

Animal modeks for 5TI research

5TI do not only occur in human, but also in different animal
species. Animals can be infected experimentally via different
routes by species-specific or human pathogens or naturally
via transmission during sexual intercourse. Some human STI,
such as Chlamydia trachomatis or HIV have common ances-
tors to animal pathogens [8,10]. For Chlamydia trachomatis for
example, there exist several equivalent bacteria in the animal
world with similar pathogenesis as observed in humans, such
as Chlamydia muridarum, Chlamydia caviae or Chlamydia suis
infecting mice, guinea pigs or pigs, respectively [8]. Also
Treponema pallidum, the agent causing syphilis, has a closely
related pathogen namely Treponema paraluiscuniculi, which
infects rabbits [11]. Therefore, infection models using patho-
gens adapted to the host to study pathogenesis, immune
mesponses, treatment and prevention measures is an obvious
and essential tool to gain a better understanding of infectious
diseases or vaccination trials (Fig. 1). However, studying
human strains in animals has the advantage that relevant
antigens for human disease can be targeted and analyzed.
Consequently, mouse models for Chlamydia trachomatis or
mabbit models for Treponema pallidion were established that
resermnble the clinical course of human disease [11,12] (Fig. 1).
Due to their size, practicability, available reagents and easy
handling, mice are the most commonly used animal model
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for various infections, induding ST1 like chlamydia. Apart
from mouse models, guinea pigs, pigs and non-human pri-
mates are used for vaccination trials against chlamydia [8].
Thereof, the model best resembling human physiology, men-
strual cycle and infections are non-human primates. Howewv-
er, due to ethical reasons, costs and difficult handling, this
animal model of chlamydia infection is not widely spread
[13]. Additionally, alternatives to research with non-human
primates are also needed for other 5Tls, such as HIV or
gonorrhea. As infection with Neisseria gonorrhea is highly
specific to humans, the only other animal in which an
infection was successfully established are chimpanzees. How-
ever, itis possible to obtain a obust infection in mice, if the
estrous cyde is previously modulated by treatment with
estradiol [14]. In case of HIV, where a lot of knowledge was
gained using non-human primates being a natural host to the
related simian immunodeficiency virus (S8IV), infection can
also be studied with humanized mice, having human CD4+ T
cells infected with HIV [15] (Fig. 1).

Immune response in animal models for chlamydio infection

The final goal of STl research is the development of protective
vaccines and curative treatments. Therefore, invivo models are
essential as surrogates for immune responses in humans. STI
can lead to a broad spectrum of clinical symptoms, ranging
from spontaneous clearance of infectious agents and asymp-
tomatic courses to the development of persistent infections
with long-term sequelae. This can be explained by a unique
immunological background and history of contacts with dif-
ferent pathogens by every individual, thereby developing a
different quality of innate and adaptive immune response. To
study immune responses under standardized conditions, mice
are the model of choice as there is no genetic varability in
immune responses as most mouse strains are inbred [9]. Many
studies inthe field of chlamydia research were performed using
Chlamydia muridarien, as this pathogen is more pathogenic in
mice than human chlamydia strains and mice are the natural
host, thereforeit can beapplied intravaginally andsubsequent-
ly ascends in some animals into the upper genital tract. How-
ever, asa strong adaptive immune response isinduced, leading
to clearance of the pathogen within 4 weeks and immunity
against re-challenge with the same strain, long-term persis-
tence as hallmark forchlamydia infectionin humanscannot be
studied with this model [16,17]. The main players in immunity
against Chlamydia muridanm are CD#4+ typel T helper (Thl)
cells, which are crucial forinitial elimination of the bacteria by
interferon-y (IFNvy) release and B cells, which promote anti-
body-mediated immunity protecting against re-infection
[18,19]. Another mouse model of chlamydia infection uses
the human strain Chlamydia trachomatis. Because this patho-
gen causes less inflammation in mice, the intravaginal infec-
tion only leads to mild infection and barely ascend sinto upper
genital tract. Therefore, the infectious agent is inoculated
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directly into the uterus of mice with normalized estrous cycle
by treatment with medroxyprogesterone to cause pathology in
the uterus, uterine horns and oviducts and ovaries[12]. CD4& T
cells secreting IFN+y being specific to Chlamydia trachomatis
were shown to also play a major role in clearance of Chlamydia
trachomatis and promote partial protection against subsequent
chlamydia challenge [12]. In detail, CD4+ T cells are activated
by CD11b+CD103- dendritic cells (DC) upon mucosal infec-
tion with Chlamydia trachomatis, giving rise to tissue resident
memory and circulating memory T cells [20]. On the other
hand, CD11b-CD103+ DC were shown to take up inactivated
chlamydial particles, thereby stimulating regulatory T cells,
which reduce the clearance of an subsequent infection [20].
CD8+ T cells are not essential for pathogen elimination or
protection, even though they can produce [IFNy upon infection
with Chlamydia trachomatis [18]. Moreover, CXCR3-driven
influx of unspecific CD4+ and CD8+ T cells into upper genital
tract contributes to immunopathology instead of protective
immune response [21]. Also activation and recruitment of
neutrophils into the upper genital tract does nothave an effect
in clearance of chlamydia, but rather has an immunopatho-
logical effect [21]. Both Chlamydia muridarum and Chlamydia
trachomatis induce a serum IgG response, however, a main
difference between these two infection models s that
only Chlamydia muridanm causes a long lasting IgA response

[22].

In-vitro infection models
Apart from studying STI in animals, i vifro models are a
widely used tool to investigate the interaction between
pathogens and human cells under standardized conditions.
This is now even possible with Treponemna pallidum, as a
method to culture and expand this pathogen in vitro was
published in 2018 [23]. For villy induced infections like
HPV, HIV and herpes simplex virus, several in vitro models
including 2D culture of polarized epithelial cells as well as
complex 3D culture models consisting of several cell typesor
organotypic cultures are established and nicely summarized
in two reviews [24,25]. To study the course of infection with
Chlamydia trachomatis and Neisseria gonorrhea, monolayers of
cervical, endometrial or colorectal cancer cell lines, such as
Hela, HEC-1B or Caco-2 cells, are extensively used [26-33].
The advantages of 2D cell culture models comprise being easy
to handle due to fast proliferation of established cell lines,
already proven susceptibility to infection and availability.
However, they do not necessarily resemble the physiological
situation as structural aspects of infections are missing
(Fig. 2). This led to development of approaches with primary
cells and 3D models, which will be discussed in more detail.
Uterus and endocervix are composed of columnar epithe-
lial cells, whereas the ectocervix is lined with stratified squa-
mous epithelial cells. It was proposed that the structure of the
epithelium has an impact on the susceptibly to chlamydia
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infection as endocervical cells show higher levels of infection
than ectocervical explants [34,35]. This finding was taken up
by Nogueira et al,, who created organotypic stratified squa-
mous epithelial models of human immortalized keratino-
cytes HaCaT ailtured on collagen rafts and NIH 3T3
fibroblasts. It was proposed that squamous epithelial acts
as a natural barrier against infection with Chlamydia fracho-
matis with only the uppermost layer presenting with chla-
mydia inclusions [36]. Deng et al. describe a method to
efficiently isolate and culture patient derived primary endo-
and ectocervical cells derived from human cervix biopsies.
They tested several commercially available keratinocyte cul-
ture media and found that cells from different cervical zones
grow better under distinct culture conditions. Moreover,
when culturing endo-, ecto- and transcervical epithelial cells
on top of stromal cells in organotypic rafts, it was observed
that epithelia cell morphology is similar to the in vivo situa-
tion, thereby providing a tool to study differences in infec-
tion susceptibility between cervical epithelia [37] (Fig. 2). As
5TI can also infect the anal and colorectal mucosa, culture
models for these tissues are required. The anal mucosa con-
sists of a stratified keratinized epithelium, while the colorec-
tal mucosa is lined by a columnar epithelium [25]. Primary
colon epithelial cells as well as colorectal explants are very
short-lived in culture. However, advances were made in
culturing colorectal epithelium in self-renewing 3D orga-
noids and monolayers when provided with a tissue environ-
ment [25,38].

4 www_drugdiscovery today.com

3D organoid cultures of female genital troct epithelio
Non-immortalized primary cells are not applicable for long
term culture, as they become senescent or differentiated after
certain days in culture. For cervical epithelial cells, the median
life span of culturewasreported tobe around 5-6weeks [37,39].
Amnother issue is that patient material is limited and size and
quality of biopsies varies, thereby making it impossible to
establish cell lines from every patient [39]. Recent efforts to
grow organoids from cervical and endometrial epithelium were
sucressful and present a novel tool to perform experiments
with self-renewing epithelial cells in a more physiological
environment. Cervical organoids were denived from stem cells
isolated of human cervical biopsies. They are embedded in
extracellular matrix and cultured in specifically supplemented
organoid growth medium. Depending on the presence or
absence of Wnt3A and R-spondinl, the cells developed into
columnar endocervical or squamous stratified ectocervical
organoids, respectively [40].

To create human endometrial organoids, endometrial biop-
sies were dissociated, dispersed in extracellular matrix and
subsequently cultured in growth{fadtor enriched medium
[41]. Endometrial organoids can be maintained for more than
4 monthsanditwas shown that they even respond to hormone
treatment: Estradiol cuses Ki67 upregulation and growth of
the organoids, resembling the proliferative cycle phase, where-
asprogesterone treatment reduced the numberof proliferating
cells, mimicking the secretory-phase of the cyclewith increased
mucin production [41]. Another study describes the establish-
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ment of organoids from patients suffering from endometriosis
or hyperplastic endometrium, thereby providing an instru-
ment to study very heterogenous endometral diseases and
allow to think about using it for personalized drug saeens
[42]. Boretto et al. describe the use of murine endometrial
organoids to explore chlamydia infection. They adopted pro-
tocols to generate murine endometrial organoids of uterine
homs [41]. The organoids are mechanically dissociated, before
infecting the fragmented organoids with chlamydia. The
infected cells were embedded again in extracellular matrix to
allow reformation of organoids [43] (Fig. 2). In a manuscript
which was recently uploaded to bioRxiv, a different approach
was used to infect the organoids: they injected chlamydial
elementary bodies with microneedles into the lnmen of orga-
noids, as it was already performed in stomach organoids
infected with Helicobacter ppori [44] (Fig. 2). Additionally, they
co-culture their infected organoids with neutrophils, giving a
glimpse on what powerful applications this approach might
have for future studies of immune responses after infection
[45]. These first studies were performed in mouse endometral
organoids, but in prindple it should be possible to adapt these
infection models also to human tissue-derived endometrial
organoids. Another 3D model uses a rotating wall vessel biore-
actor to study the interaction between the endometrial adeno-
carcinoma cell line HEC-1A and Neisseria gonorrhea and other
waginal bacteria [46]. For this technique, the cells are main-
tained in free fall, thereby forcing them to aggregate around
beads used as growth scaffolds [46,47]. Within this approach,
endometral epithelial cells exhibited microvilli on the apical
site, produced mucus and where able to be colonized with
micmoorganisms [46], therefore providing all prerequisitesto be
challenged also with chlamydia allowing a more natural en-
vironment for infection.

Human fallopian tube organoids are obtained by digesting
fallopian tube biopsies, before embedding epithelial cells into
extracellular matrix and culturing in organoid growth medi-
um. It was shown that the organoids can be maintained for
more than a year in culture [48]. Fallopian tube organoids
were successfully infected with several Chlamydiatrachomatis
strains by mechanical disruption before the actual infection.
Strikingly, in contrast to 2D infection models, the organoids
survived for several months after infection, with detectable
but decreasing numbers of inclusions. This allows for the first
time to study chronic chlamydia infections in an in vitro
model, which hopefully increases our understanding of
how dhronic low-grade infection induces pathologies like
fibrosis, infertility and ectopic pregnancy [49].

Conclusion

For many years, monolayers of female reproductive tract cells
likeHeLa cellswere standard to study molecularmechanisms of
infections with sexually transmitted pathogens, such as Chla-
mydiatrachomatis. In addition, animal models allowed to get

insight into the interplay b the host organism and the
infectious agent. Animal models also helped us to understand
immune mechanisms involved in combating STI as valuables
tools for vacdnation studies. However, exploring specific fea-
tures of a pathogen interacting with the human organisms
remained difficult, as most human cell lines orginate from
cancers. Only recent advances in culturing primary epithelial
cells as well as being able to generate organoids from different
human genital tract tissues will enable us to study the patholo-
gy ofinfectious diseases in a physiological environment with-
outethical concerns. Organoids willalso allow testing different
conditions and immune cell pathways in a high-throughput
manner. This will helpus tostudy interaction of different host
cell types within “mini-organs” in steady-state and diseased
tissue. However, organoids are more labor-intensive and ex-
pensive than traditional cell culture and will not entirely
replace invive studiesinanimals and clinical studies. Therefore,
this review provided an overview of different experimental
models and strategiesfor STl research, which need to be ightly
coordinated for future study designs.
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