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Abstract 
Common sexually transmitted infections like gonorrhea, Chlamydia, syphilis, and 
trichomoniasis are the leading cause of morbidity in developing countries. Adolescents and 
young women have the highest rates of STIs in developing countries. Pre-existing female 
genital tract infections affect the development and pathogenesis of other sexually 
transmitted infections, leading to long-term consequences such as pelvic inflammatory 
disease, cancer, and infertility. Efforts to develop vaccines against sexually transmitted 
infections have been hindered by the inability to measure immune responses in the genital 
tract. Effective vaccines should generate localized immune responses at potential exposure 
sites to provide faster and more robust infection control. Assays rely on blood samples to 
provide a complete picture of cellular traffic between lymph nodes and the mucosa, 
especially soon after infection. Studying and characterizing the homing profile of T cells 
becomes crucial to understanding mucosal immune responses against infections, and new 
methods to measure and manipulate immune responses are needed to develop effective 
STI vaccines. In this study, we examined how adhesion molecules are expressed by 
circulating effector T cells following mucosal infection of the female genital tract in mice 
and during symptomatic episodes of vaginosis in women. In a mouse model of Chlamydia 
infection, we observed preferential expression of CCR2, CCR5, CXCR6, and CD11c. 
However, during bacterial vaginosis in women, only CCR5 and CD11c were prominently 
expressed by effector T cells. We also investigated other homing molecules, like α4β1 and 
α4β7, previously suggested as essential for homing to the genital mucosa. Interestingly, 
these molecules showed differential expression in the patients. Surprisingly, CD11c, an 
integrin chain not commonly analyzed in the context of T cell immunity, was consistently 
elevated in all activated effector CD8+ T cell subsets studied. Additionally, CD11c 
expression was induced after systemic infection in mice, indicating that it is not exclusive 
to genital tract infection. Microarray analyses of activated effector T cells expressing CD11c 
from naïve mice revealed enrichment for genes associated with natural killer cells. Notably, 
flow cytometry analysis of murine CD11c+ T cells showed markers typically linked with 
non-conventional T cell subsets, such as γδ T cells and invariant natural killer T cells. 
However, in women, the CD11c fraction of blood and cervical tissue mainly consisted of 
γδ T cells and CD8+ T cells. These CD11c+ cells exhibited high activation levels and 
greater interferon (IFN)-γ secretion compared to CD11c- T cells. Moreover, circulating 
CD11c+ T cells in women correlated with the expression of multiple adhesion molecules, 
indicating a high potential for tissue homing. Our findings suggest that CD11c expression 
distinguishes a specific population of circulating T cells during bacterial infection, 
displaying innate capacity and mucosal homing potential. Furthermore, its increase in 
response to genital tract disorders may serve as a novel surrogate marker of mucosal 
immunity in women, offering potential applications in diagnostics and therapeutics. 
Further investigation is warranted to explore this potential thoroughly. 
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Abstract (Cat) 
Les infeccions de transmissió sexual habituals com la gonorrea, la clamídia, la sífilis i la 
tricomoniasi són la principal causa de morbiditat als països en desenvolupament. Els 
adolescents i les dones joves tenen les taxes més altes d’aquestes infeccions. Les infeccions 
preexistents del tracte genital femení afecten el desenvolupament i la patogènesi d'altres 
infeccions de transmissió sexual, donant lloc a conseqüències a llarg termini com ara la 
malaltia inflamatòria pèlvica, el càncer i la infertilitat. Els esforços per desenvolupar vacunes 
contra les infeccions de transmissió sexual s'han vist obstaculitzats per la incapacitat de 
mesurar les respostes immunitàries al tracte genital. Les vacunes efectives haurien de 
generar respostes immunitàries localitzades als llocs d'exposició potencials per proporcionar 
un control de la infecció més ràpid i robust. Els assajos que es basen en mostres de sang 
proporcionen una imatge completa del trànsit cel·lular entre els ganglis limfàtics i la 
mucosa, especialment poc després de la infecció. Estudiar i caracteritzar el perfil de 
“homing” de les cèl·lules T esdevé crucial per entendre les respostes immunitàries de la 
mucosa contra les infeccions, a més a més, es necessiten nous mètodes per mesurar i 
manipular les respostes immunes per desenvolupar vacunes eficaces contra les ITS. En 
aquest estudi, es va examinar com s'expressen les molècules d'adhesió en les cèl·lules T 
efectores circulants després de la infecció de la mucosa del tracte genital femení en ratolins 
i durant episodis simptomàtics de vaginosi en dones. En un model de ratolí d'infecció per 
Chlamydia, vam observar l'expressió preferent de CCR2, CCR5, CXCR6 i CD11c. 
Tanmateix, durant la vaginosi bacteriana en les dones, només CCR5 i CD11c es van 
expressar de manera destacada per les cèl·lules T efectores. També vam investigar altres 
molècules d'homing, com α4β1 i α4β7, suggerides anteriorment com a essencials per a 
l'homing a la mucosa genital. Curiosament, aquestes molècules van mostrar una expressió 
diferencial en els pacients. Sorprenentment, CD11c, una cadena d'integrines que no 
s'analitza habitualment en el context de la immunitat de les cèl·lules T, es va elevar 
constantment en tots els subconjunts de cèl·lules T CD8+ efectores i activades. A més, es 
va induir l'expressió CD11c després d'una infecció sistèmica en ratolins, cosa que indica 
que no és exclusiva de la infecció del tracte genital. Les anàlisis de microarrays de cèl·lules 
T efectores activades que expressen CD11c de ratolins naïfs van revelar un enriquiment 
per a gens associats a cèl·lules assassines naturals (NK). En particular, el anàlisi de citometria 
de flux de cèl·lules T CD11c+ murines va mostrar marcadors típicament vinculats amb 
subconjunts de cèl·lules T no convencionals, com ara cèl·lules T γδ i cèl·lules T assassines 
naturals invariants (iNKT). Tanmateix, a les dones, la fracció CD11c de la sang i el teixit 
cervical consistia principalment en cèl·lules T γδ i cèl·lules T CD8+. Aquestes cèl·lules 
CD11c+ presentaven alts nivells d'activació i una secreció més gran d'interferó (IFN)-γ en 
comparació amb les cèl·lules CD11c-T. A més, les cèl·lules T CD11c+ circulants a les dones 
es van correlacionar amb l'expressió de múltiples molècules d'adhesió, cosa que indica un 
alt potencial per el “homing” cap a teixit. Els nostres resultats suggereixen que l'expressió 
CD11c distingeix una població específica de cèl·lules T circulants durant la infecció 
bacteriana, mostrant una capacitat innata i un potencial de “homing” cap a  la mucosa.  
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A més, el seu augment en resposta als trastorns del tracte genital femení podria servir com 
a nou marcador substitut de la immunitat de la mucosa en dones, oferint aplicacions 
terapèutiques i altres potencials en diagnòstic. Es necessita investigació addicional per 
explorar aquest potencial a fons. 
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CD Chron's disease  

cDC Classical dendritic cell 

CLA Cutaneous leukocyte antigen  
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EB Elementary body  
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FRT Female reproductive tract 

FSC forward scatter 
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0.1 Mucosal immunology overview 

The concept of mucosal immunity system refers to the local immune system that protects 
mucous membranes covering the aerodigestive and the urogenital tracts, as well as the eye 
conjunctiva, the inner ear, and the ducts of all exocrine glands against potential threats 
from the environment (1,2). These cells are accumulated in, or in transit between, various 
mucosa-associated lymphoid tissues (MALT), forming the most extensive mammalian 
lymphoid organ system together. It is considered a primary force that drives the 
development and stimulation of the entire immune system during evolution as well as in 
ontogeny. The mucosal immune system continuously interacts with antigens (Ag) 
contained in food, air, microbiota, and other immunogenic compounds. Cells involved in 
the mucosal immune system result from a selective evolutionary process creating specialized 
cells involved in Ag uptake, processing, presentation, and the production of innate and 
specific immune responses. Immune mechanisms occurring at the mucosal tissue have 
three significant functions: protection of the mucosal tissue against pathogens; avoiding 
blood circulation uptake of Ags like xenobiotics, foreign proteins, and external pathogens; 
finally, and perhaps the most critical function is the regulation of immune overresponse to 
all foreign compounds in case they cross the barrier to the systemic circulation (3). 

0.1.1 Antigen uptake and presentation in local mucosal sites 

0.1.1.1 Epithelial cells as the first mucosal barrier  

Once a pathogen enters a mucosal site, several cell populations specialized in Ag uptake, 
processing, and presentation are activated to initiate the immune response. These 
mechanisms involve epithelial cells (EP), which beyond their role as a physical barrier, are 
closely related to local immune cells such as Ag presenting cells (APC) and mucosal-
associated T and B cells, thus playing a critical role in mucosal induction sites (3,4). In 
addition, the epithelial barrier comprises different mechanisms involved in innate and 
adaptive responses (4–6).  

Collaboration between EP and the underlying T, B, and dendritic cell (DC) cells is crucial 
in the immune response's inductive and effector phases. During pathogen invasion, EPs 
secrete various humoral factors of the innate system, regulatory cytokines, and chemokines 
(7,8). These secreted molecules affect myeloid and lymphoid cells' recruitment, activation, 
and differentiation. In addition, some cytokines produced by EPs in collaboration with T 
cells and the microbiota are essential for differentiating B cells toward synthesizing 
immunoglobulin A (IgA). IgA is the predominant immunoglobulin in mucosal secretions 
produced through EPs in secretory form (S-IgA). The mucosal epithelial barrier produces 
S-IgA (active form), adding peptide chains and glycans. These additives give S-IgA the ability 
to adhere efficiently to the bacterial wall and high stability (9,10). 
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0.1.1.2 Myeloid lineage cells as antigen-presenting cells  

Neutrophils, monocytes, macrophages, and DCs form the myeloid cell lineage. This group 
of cells is responsible for monitoring the mucosa constantly, processing the external Ags, 
and emitting alarm signals to the rest of the immune cells. First, they phagocytize and 
destroy pathogens through acid and enzymatic digestion, then present Ags on the surface 
to educate the rest of the immune cell players. They can rapidly respond to pathogens using 
interactions that recognize highly conserved pathogen-associated molecular patterns 
(PAMPs) such us toll-like receptor (TLR) between others (11,12). The common myeloid 
precursor is formed during embryonic development in the yolk sac and later ends up in the 
bone marrow. Monocyte progenitors colonize various organs such as the liver, brain, skin, 
and lungs. Once they are in the tissue, they differentiate into resident macrophages. DCs 
can arise from bone marrow precursors but can also be derived from monocytes under 
inflammatory conditions. Additionally, neutrophils are differentiated from granulocytes as 
their precursor (13,14). 

Monocytes are intermediate cells between bone marrow progenitors and resident 
phagocytes, although they are also associated with an effector function during inflammatory 
processes (15). In humans, three major types of monocytes are known based on the 
expression of CD14 and CD16, chemokines receptors, and integrins (16). Classical 
monocytes usually are CD14+CD16−, non-classical CD14dimCD16+ and intermediate 
CD14+CD16+(17). CD14++CD16− or CD14++CD16+ monocytes are the precursors of 
macrophages and monocyte-derived DC; this differentiation occurs in response to infection 
or tissue injury (15). They are sources of inflammatory mediators such as nitric oxide, 
reactive oxygen species, and tumor necrosis factor (TNF). CD14dimCD16+ monocytes 
monitor blood vessels with remodeling and angiogenesis functions, in addition to early 
responses against external attacks (18). 

A. Dendritic cells 

DCs are mononuclear phagocytes with different phenotypes and functions. DC plays a 
crucial role in initiating and modulating the immune response. Their functions have been 
described in infectious diseases, autoimmunity, transplantation, and cancer. DC 
maturation involves exposure to PAMPs and damage-associated molecular patterns 
(DAMPs), causing changes in intracellular metabolic pathways, gene transcription, 
membrane proteins, and metabolic activity. In addition, DC’s Ag presentation by the Major 
histocompatibility complex (MHC) receptor class I and II leads to the stimulation of T-cell 
receptors (TCR) of cytotoxic T lymphocytes (CTL) and helper T cells (Th), respectively (19). 
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Figure 1. Classification of DCs depending on their surface markers and anatomical location (adapted from (20)) 

DCs are highly heterogeneous and comprise two main subtypes (Figure 1). This 
differentiation is based on immunological functions, anatomical location, and phenotypic 
markers. All DCs express MCH II (HLA-DR), which increase during maturation (20). This 
lineage lacks CD3 and CD19/20 expression. The higher heterogeneity of DCs’ is reflected 
by their anatomical locations (21). Diverse subsets are described in the literature: classical 
DCs (cDCs), plasmacytoid DCs (pDCs), monocyte-derived DCs, and other special 
populations, such as Langerhans cells and dermal DCs (22–24). 

cDCs express CD11c and have two major subtypes, cDC1 expressing blood dendritic cell 
Ag 3 BDCA3/CD141/thrombomodulin and cDC2 type expressing blood dendritic cell 
antigen 1 (BDCA1)/CD1c. In addition, a new subtype named cDC3 has recently been 
described with a different molecular profile than the other two types (21). Subtypes 1 and 
2 are very efficient cells for stimulating Ag-specific CD4 and CD8 T cells. Subtype 3 has 
been described in a tumor context in humans and mice. In contrast, pDCs express CD123 
and CD303 (CLEC4 C/BDCA-2) and are specialized in producing type I interferons (IFN-
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α and IFN-β) against viral infections. CD1c+ cDC2 is the most common subset in blood, 
while pDCs are frequent in the thymus and tonsils (22,25). 

Unlike cDCs, pDCs are difficult to find in tissues and mucosa. pDCs circulate in the blood 
and can also be found in the peripheral lymphoid organs, and they are recruited to the 
mucosa soon after infection or during inflammation (22). In mucosa, different subtypes of 
DCs can be isolated: Langerhans cells located in the mucosal epithelium, and DCs located 
in the lamina propria, which may include dermal DCs and interstitial DCs. Langerhans 
cells are the most frequent DC subset on the mucosal surfaces of the anogenital tract, 
foreskin, and vaginal mucosa. In the intestinal mucosa, different populations of cDC can 
be isolated in humans and mice (26–28). 

B. Macrophages  

Macrophages have been described in different tissues of the human body. For example, 
they are found in the liver, the epidermis, the pulmonary alveoli, the uterus, the cervix, and 
breast milk. These cells have physiological functions related to metabolism, tissue repair, 
and vigilance against external attacks. Macrophages are susceptible to the tissue and cellular 
environment and respond to their signals. The two best-known macrophage subtypes are 
M1 and M2 (Figure 2) (29). M1 macrophages are proinflammatory and produce interleukin 
6 (IL-6), IL-12, and TNFα; on the contrary, M2 macrophages have an anti-inflammatory 
profile participating in tissue repair processes. Differentiation and identification of 
macrophages as M1 or M2 is considered, by many authors, not accurate because of their 
versatility and changing phenotype (30,31). Other subtypes are described in the literature: 
CD169, tumor-associated macrophages, and the last ones described TCR+. All these 
populations differ in the expression of certain molecules, making them phenotypically and 
functionally unique (31).  

Monocytes expressing C-X-C chemokine receptor type 1 (CX3CR1) and C-C chemokine 
receptor type 2 (CCR2) can be recruited to the mucosa. Once in mucosal sites, they 
differentiate into resident mucosal macrophages expressing different transcription factors, 
chemokine receptors, and TLRs (32). Macrophage phenotypes vary considerably depending 
on the local environment. For example, resident macrophages in the human intestinal 
mucosa express HLA-DR, CD13, CD33, and CD64 (as a specific macrophage marker that 
can be used to discriminate DCs from macrophages) but do not express CD11a, CD11b, 
CD11c, CD14, CD18, CD89, although these receptors are strongly expressed in human 
blood monocytes(33). There is controversy regarding the CD11b expression in 
macrophages since it has been described in intestinal mucosa only under inflammatory 
conditions (34,35). Together with DCs, macrophages play a vital role in promoting T cell 
recruitment through the secretion of chemokines in response to viral and bacterial 
infections (36). 
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Figure 2. Functions and plasticity of different subtypes of macrophages (from (29)) 

C. Neutrophils  

Neutrophils are part of the innate myeloid lineage, belonging to the granulocytes, and are 
characterized by an arsenal of cytotoxic factors that are released during inflammatory 
responses. However, unlike other myeloid cells, they have short life cycles, and their 
frequency changes between steady-state and inflammatory conditions. Neutrophils migrate 
from blood to the mucous membranes, and once they finish their function, the 
macrophages eliminate them. 

0.1.2 Lymphocytes lineage as an effector immunity system in the mucosa 

Different lymphocyte populations are implicated in protecting mucosal sites against viral 
and bacterial infections. After Ag presentation in the LN by APC, T, B, and other mucosal-
specific lymphocyte populations are activated and migrate to the tissues for protection (4). 
In this section, the different populations of lymphocytes known in blood will be described, 
specifically, the CD4 and CD8 with their respective subtypes, in addition to the natural 
killer cells (NK) and other non-conventional T cell populations. In blood, other 
populations of lymphocytes are isolated (such as B cells) that we will not describe in this 
work. 
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0.1.2.1 CD4 and CD8 T Lymphocytes  

CD4 and CD8 T cells represent heterogeneous populations with different phenotypes. 
Their differentiation is based on maturation and activation markers, chemokine receptors, 
cell adhesion molecules, and transcription factors (37).  

T lymphocyte-mediated adaptive immune responses are crucial for protection against a 
range of pathogens, depending on the fast mobilization of T cells to infection sites. Naïve 
T cells are primed in the lymph nodes (LNs) by DCs, which induce clonal expansion and 
differentiation from naive to effector memory phenotype (38). Memory T cells can be 
divided into three classical functionally distinct phenotypes: effector memory T cells (EM) 
present in the blood, spleen, and nonlymphoid tissues; central memory T cells (CM) in 
lymph nodes, spleen, and blood (but scarce in nonlymphoid tissues)  and finally, memory 
T cell subsets retained in tissues as non-circulating tissue-resident memory T cells (TRM) 
expressing CD103, and CD69 markers (Figure 3) (39). TRM mediates the best protective 
immunity to site-specific infections compared to circulating memory subsets (40). 
Circulating memory T cell classifications are based on CCR7 and CD45RA. Likewise, EM 
cells have a phenotype CD62L– CCR7– CD45RA– CD45RO+, CM cells are CD62L+ 
CCR7+ CD45RA– CD45RO+ (37,41–45).  

Memory T cells are heterogeneous and follow a differentiation hierarchy after activation. 
Signal intensity and/or magnitude of activation create other phenotypes that are less 
abundant. In blood, we can also find the T memory stem cells (SCM) with multipotent and 
higher proliferative capacity with CD45RA+CD45RO− profile, expressing high levels of 
the co-stimulatory receptors CD27 and CD28, IL-7 receptor α-chain (IL-7Rα), CD62L and 
CCR7 (38,40,46). This characteristic gives them the capacity to differentiate into other 
subsets, including CM and EM. In the other extreme of differentiation, we find terminally 
differentiated effector cells (TEMRA) (38) . This subset is considered to be short-lived and 
terminally fated with an EM phenotype, low expression of CD127 and higher expression 
of Killer Cell Lectin Like Receptor G1 (KLRG1) (38). Other subtypes are found in the 
blood: Memory T cells with Naïve Phenotype, Peripheral Memory T cells, and Long-Lived 
Effector Cells (38). In this work, we will focus on the classically known memory phenotypes. 
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Figure 3. Distribution and migration patterns of classical human memory T cells (a) with phenotypic characterization  
(b) (39) 

Naive cells are activated in the LNs by DCs and acquire an effector phenotype for their 
circulation into the blood and then homing to the tissue. Regarding the activation of T 
lymphocytes, different markers have been described that can be classified as receptor 
proteins, chemokine receptors, adhesion molecules, and other costimulatory receptors. 
One of the early activation markers in the blood is CD69 (47,48). MCH II isotypes (HLA-
DR, HLA-DQ, and HLA-DP) are considered markers of activation in the blood that are 
overexpressed 3-5 days after infection, and for this reason, it is considered a late marker of 



  // Adhesion Molecules and Effector T Cell Subsets Associated with Female Genital Tract Infection 36 

T lymphocyte activation (49,50) . Other activation markers have been described in the 
literature, such as CD38, CCR5, CD49d, and CD29 (49,51).  

The polarization of CD4 and CD8 lymphocytes results in a lineage with specific and 
complementary functions between them and other immune system cells Figure 4. During 
the positive selection process, detecting Ags presented by the major histocompatibility 
complex class I (MHCI) or class II (MHCII) by the rearranged TCR decides the destiny of 
the CD4 or CD8 lineage, respectively (52). Roughly CD4 T cells are differentiated as T 
helper cells (Th) and CD8 T cells as cytotoxic T cells (Tc) (52). Figure 4 summarizes the 
function and markers of the different Th and Tc subtypes originating after activation by an 
APC. 

 

Figure 4. CD4 and CD8 T cell lineage after priming and their functions (52)  
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A. Effector CD4 T Lymphocytes 

CD4 cells can differentiate into Th profiles based on the expression of CXCR3 and CCR6. 
CXCR3+CCR6–, CXCR3-CCR6–, and CXCR3-CCR6+ characterize Th1, Th2, and Th17 
populations, respectively (10). Furthermore, they are regulated by transcriptional factors 
such as Tbet, RORγt, GATA3, AHR, Bcl6, and Foxp3 (53,54). 

Th1 cells eliminate intracellular bacteria and viral infections. In addition, activated Th1 
cells acquire the capacity to produce IFNγ in response to IL-12 and IFNγ and preferentially 
express chemokine receptors such as CCR5 and CXCR3 that drive them to mucosal 
effector sites (54,55). 

Th2 cells are known for their role in the defense against intestinal parasites. During 
infection, EC produces lymphopoietin that attracts APC to the site, initiating a Th2-type 
response against parasites. In addition, APC produces IL-4, which activates the Th2 
response through IL-4 and IL-13 production (55). In the context of Th2 homing, the CCR4 
receptor is closely related to their activity in the skin mucosa. Among the various T-cell 
subsets, CCR4 is predominantly expressed by Th2 cells, cutaneous lymphocyte antigen 
(CLA)-positive skin-homing T cells, and T regulatory (Tregs) cells. Thus, CCR4 attracts 
much attention for its potential clinical applications in diseases involving these T-cell 
subsets (54,55) 

The Th17 population produces IL-17-A and IL-17-F, which promote the recruitment of 
neutrophils to clear extracellular bacteria and fungi (56,57). Th17 is differentiated from 
Th2 by CCR6 expression. In addition, in Crohn's disease (CD), Th17 and Th1 express 
CCR9 homing receptors to migrate to the intestinal lamina propia (LP) (58).   

Other subsets, like Tregs, are crucial for the induction of tolerance to the local microbiota 
in the mucosa and play an essential role during tumoral responses. Additionally, it is worth 
highlighting the role of Th22 as epithelial repairers and their collaboration with Th17 as 
innate regulators of antimicrobial responses and mucosal integrity (55). 

B. Effector CD8 T lymphocytes 

Cell-mediated immunity involves activated cytotoxic effector CD8+ T-cells, which recognize 
antimicrobial peptide-expressing cells associated with MHC-I and induce apoptosis in the 
infected cells using granzymes and perforins, among other mechanisms (59).  



  // Adhesion Molecules and Effector T Cell Subsets Associated with Female Genital Tract Infection 38 

 

Figure 5. Cytotoxic CD8 T cell subtypes and their IL profile (60) 

CD8 cells were classically considered uniform cells limited to secreting IFN-γ and granzyme 
B protease. However, a great diversity of Tc CD8 cells is currently known. In addition, there 
are cytotoxic profiles that reflect the Th CD4 phenotypes. The polarization of Tc CD8, like 
Th CD4, is done under the effect of a cocktail of cytokines. A transcription cascade induced 
by exposure to polarizing cytokines which will define the lineage phenotype (52,60,61). 

The Tc1 CD8 lineage embodies the cytotoxic cells classically known for their extraordinary 
capacity to kill tumors and infected cells. They differ in their high production of perforins, 
granzyme B, IFN-γ, and TNF. The action of IL-12 generates the induction of the Tc1 
phenotype (60). 

The Tc2 CD8 lineage includes cells with cytotoxic capacity; however, they are known for 
producing IL-4, IL-5, IL-13, granzyme B, and minor production of IFN-γ. IL-4 induces the 
polarization of this subtype. These cells have been described in the context of allergies and 
respiratory tract infections (60). 

Tc17 CD8 cells are known for their high production of IL17A, IL-17F, and IL-22. However, 
they do not have an efficient cytolytic capacity since they produce little granzyme B. The 
Tc17 profile is induced by IL-6 and transforming growth factor-beta (TGF-β) (also 
enhanced by IL-1β, IL-21, and IL-23).  This phenotype has been described in skin tissue, 
tumor environments, and in response to fungal infections (60). 

The Tc22 profile is known for its high cytotoxicity and closely resembles its Th17 
counterpart. Its phenotype is quite controversial since it produces IL-22 as well as IL17. 
Their differentiation occurs thanks to the action of IL-6 and TNF. Tc22 activity is related 
to tissue repair (like Th22), inflammation, and viral infections in mucosal tissues (60). 
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Other CD8 polarizations, such as regulatory CD8 and follicular CD8, have functions 
similar to those corresponding to the CD4 T helper counterpart. Finally, the last described 
profile is Tc9 CD8 cells. They are known for feeble cytotoxic effects and polarization under 
the action of IL-4 and TGF-β action (60).  

0.1.2.2 Natural Killer  

NK cells are lymphocytes with an innate activity and spontaneous ability to kill cells. NK 
cells represent between 5 and 20% of circulating lymphocytes in the blood. Two main types 
of NK cells can be differentiated: the conventional ones that circulate in the blood and are 
the most studied since it is easy to access them, and NK cells residing in tissues and organs 
such as the liver, the uterus, the kidneys, lungs, lymph nodes, and thymus. NK cells in 
blood present two major phenotypes: CD3−CD56bright CD16− and CD3−CD56dim 
CD16+, the latter being associated with mature NKs. CD56dim cells are associated with 
great cytotoxic activity and are the most abundant in blood, while those that express 
CD56bright are great producers of cytokines and are abundant in tissues. NK cells have an 
array of activating and inhibitory receptors. The balance between these receptors ensures 
these cells' cytotoxic functionality and tolerance to self-body Ags (62–64). 

0.1.2.3 Unconventional T lymphocytes population associated with the mucosa 

Additionally, to the classical population of T lymphocytes, mucosal tissue has a particular 
T cell population associated with immune surveillance and pathogenesis. Among these 
unconventional T cells, we find γδ-T cells, mucosal-associated invariant T cells (MAIT), 
and T natural killer (NKT), including invariant (iNKT) cells (65,66). MHC class Ib 
molecules restrict all these cells and migrate toward the tissues during the first stages of 
development (67,68). Once in the tissue, these cells are instructed and trained via exposure 
to molecules derived from the local microbiota and other environmental Ags (67,69). 
Although innate-like lymphocytes are less common in circulation than their conventional 
counterparts, they are more prevalent at mucosal barrier regions, where they exhibit quick 
and strong antimicrobial responses and are assumed to play a significant role in 
immunosurveillance. Unconventional lymphocytes express various pattern recognition 
receptors (PRRs), allowing them to recognize conserved microbial antigens quickly (68,69). 

A. NKT and iNKT 

NKT cells coexpress αβTCR from T lymphocytes and NK markers such as CD161 (in mice 
NK1.1). In addition, unlike conventional T cells, NKT recognizes glycolipids Ags presented 
in the CD1d receptor by an APC. Like NK, NKT cells produce granzyme and perforin, 
essential in the innate mucosal system (70).  

Like the development of CD4 and CD8 T cells in the thymus and their branch off at the 
double-positive (DP) stage, NKT undergoes the same process and is positively selected 
through CD1d engagement. Finally, NKT finishes maturation in the periphery expressing 
an NK phenotype. NKT cells are present at the naïve stage in blood; after activation, this 
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population expresses NK cytotoxic markers and migrates to the affected site of the mucosa 
(homing). However, another subset of NKT cells, called invariant, differs in TCR receptors 
from classical T cells (71,72). iNKT cells, as occur to MAIT cells, vary on their TCRs, 
specifically in the Vα chain. For example, the TCR of the iNKT cell population in mice 
contains the Vα14 gene segment, whereas its human counterpart uses Vα24. Further, in 
mice, iNKT cells are CD4– CD8– or CD4+ single positive, which is similar to humans, 
except for a small population of iNKT cells expressing CD8αα homodimers (73,74).  

iNKT cells are reactive against lipid Ags, recognizing self and other microbial Ags presented 
by CD1d. APCs and EP are crucial in presenting Ags for activating iNKTs in the mucosa. 
APCs constitutively express the CD1d receptor, especially CD11c DCs. After activation, 
iNKT cells produce Th1 and Th2 cytokines with higher cytotoxic potential (73,74).  

B. Mucosal-associated invariant T cells  

MAITs cells are similar to iNKT cells and display an invariant Vα chain. MAIT cells express 
CD161, a C-type lectin-like membrane receptor found on many NK and iNKT cells; also, 
they express other activating and inhibiting NK receptors. In humans, MAIT cells are 
mostly CD8αα, CD8αβint, or double negative cells. In peripheral blood, they display an 
effector/memory phenotype (CD45RA−, CD45RO+, CD95hi, CD62Llo) (72,75). MAIT 
cells are present in blood, liver, thymus, and tissues, such as in the LP of the intestines or 
the mesenteric lymph nodes. Depending on the location, MAIT cells express CCR9int, 
CCR7, CCR5hi, CXCR6hi, and CCR6hi, which indicate a higher potential for homing or 
being retained in the tissue (76).  

C. γδ-T cells 

γδ-T cells are nonconventional lymphocytes that also vary in their TCR receptors. In this 
case, they express γ and δ chains in their TCR, unlike the classical α and β chains of most 
T lymphocytes (77). Based on the Vδ chain, we can find two subsets of γδ-T cells. Vδ1+ T 
cells are located in epithelial tissues of mucosa such as the intestine, uterus, and lung; they 
are activated by peptidic ligands, stress-induced self-Ags, and glycolipids presented by CD1c 
and MHC class I chain-related receptors. In contrast, Vδ2+ T cells are present in a higher 
percentage in blood and respond to nonpeptidic molecules and phosphoantigens stimuli 
from stressed cells and microbial infections (78,79).  

These cells are associated with the immune response against viruses, bacteria, and protozoa. 
They also play an essential role in orchestrating the immune response during inflammation, 
tumor surveillance, and autoimmune diseases. Their main functions are cytotoxic activity 
and the secretion of IFN-γ, IL-17, antimicrobial substances, and growth factors (80). In 
addition, γδ-T cells play a vital role against infections in the mucosa. For example, it has 
been described that  they are capable of clearing skin protozoa parasites in humans (81). 
Their homing mechanism remains unclear but seems essential in mucosal infections (82).  
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0.2 Lymphocyte Trafficking to Mucosal Tissues 

Cellular traffic between LNs and the tissues, including the mucosa, is dynamic, especially 
after infections. The movement of T lymphocytes after mucosal infection involves a 
sophisticated and finely tuned system through the expression of specific molecules that 
drive these cells to the appropriate tissues to clear the infection (83). The capacity of distinct 
subpopulations of T cells to traffic selectively into the compartment of initial Ag contact is 
termed 'homing.' T cells sensitized to Ag in mucosal inductive sites leave the site of Ag 
presentation in the mucosa, move through the lymphatics to enter the blood, recirculate, 
and ultimately re-enter mucosal tissues. Most of these cells re-enter their original site in the 
mucosa, differentiating into memory or effector lymphocytes (84,85). Then, memory T cells 
are retained in the tissue presenting higher reactivity for current and future conditions, 
most likely as TRM (85–87). 

0.2.1 Lymph node trafficking 

Adaptive immunity depends on T-cell migration and homing. T cells may move fast and 
quickly across great distances through blood arteries and lymphatic vessels (LV). They move 
through the lymphatic system in two different ways: LNs, where they exit into efferent 
lymphatics to return to the bloodstream, and outside tissues, where they exit the tissue 
through afferent lymphatics to move to draining LNs and back into the bloodstream 
(88,89). The lymphatic system comprises a network of blind-ended lymphatic capillaries in 
peripheral tissues, which merge into larger collecting arteries that drain into and via LNs. 
Lymph is returned to the blood vasculature through the thoracic duct, which merge into 
the subclavian vein after passing through tissue-draining LNs and joining contiguous 
collecting LVs (90).  

0.2.1.1 Afferent and Efferent trafficking 

Efferent lymph collected after passage through one or more LNs is composed of 90% of T 
lymphocytes in human and animal models. CD4+ T cells enter and recirculate through 
LNs more rapidly than CD8+ T cells, making them a significant cellular fraction in efferent 
lymph. In  steady state, most cells collected in efferent lymph are naïve (90,91)owever, the 
composition change after antigenic stimulation in LN (90). There are frequently three 
distinct phases to the efferent lymph response that are triggered by antigenic stimulation of 
LNs: an initial “LN closure” in which lymphocyte output is reduced; a “recruitment phase” 
in which lymphocyte output rises above resting levels; and a “resolution phase” in which 
lymphocyte output and cellular composition return to basal levels (91). 

αβ T lymphocytes are the most prevalent cell type in afferent lymph, specifically CD4+ T 
cells. However, the total cell number is less than in efferent lymph, where T cells have a 
TEM phenotype with increased expression of common T cell activation markers, adhesion 
molecules, and effector cytokines (90). Additionally, steady-state afferent lymph frequently 
contains DCs, monocytes, B cells, and a small number of granulocytes. During chronic 
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inflammation, CD4+ and CD8+ T cells substantially increase in efferent lymph; while their 
number does not change during acute inflammation (89,90).  

0.2.1.2 T cell recirculation, egress, and retention in and out of lymph nodes 

Through a multistep adhesion cascade, naive T cells enter from the blood to LN through 
the high endothelial venule (HEV) and go to T cell regions in the paracortex. T cell 
intranodal location, migration, and motility are regulated by the CCR7 and its two ligands, 
CCL19 and CCL21 (91,92). Naive T cells transmigrate into the cortical or medullary 
sinuses and leave through the efferent LV after spending some time looking for a particular 
antigen encounter. T cell egress from the LN into the efferent LVs is mainly mediated by 
CCR7, sphingosine-1-phosphate receptor 1 (S1PR1), CD69, and other adhesion molecules 
mechanisms (Table 1) (91).  

Table 1. Molecular regulation of the T cells exits from LNs (adapted from (93)) 

 

The sphingosine-1-phosphate receptor (S1PR) intervenes in diverse cellular processes, 
particularly S1PR1 expressed in T cells that have been described to mediate the egress out 
of LN. The natural ligand of S1PR1 is an endogenous sphingolipid called S1P. S1P protein 
is highly regulated by the action of kinases in tissue. S1P concentrations are greater in the 
blood and lymph than in lymphoid organs, causing a gradient across lymphoid EC that 
supports T cells to transmigrate into lymphatic sinuses and exit into efferent lymph (89–
91). A high concentration of soluble S1P in circulation is capable of inducing S1PR1 
internalization in T cells, leading to low S1PR1 expression by circulating T cells. Following 
the entry into LN sinuses via HEVs, T cells begin to upregulate S1PR1 (91). CD69 is an 
early T cell activation marker and is upregulated by various inflammatory mediators in T 
cells. It interacts with S1PR1, leading to its internalization and degradation. Recently 
activated T cells only transiently express CD69, but once they have undergone several 
rounds of division, they start to re-express S1PR1 and then egress from LN (88,89,91). As 
additional support for the role of S1PR in T cell egress, the downregulation of S1PR1 and 

Mechanisms Role  

S1PR1 
S1PR1-deficient T cells are retained in LNs; disruption of the S1P gradient in LNs 
prevents T cell egress 

CD69 
CD69 expression induces S1PR1 internalization and degradation in T cells resulting in T 
cell retention in LNs (and tissues) 

CCR7 
CCR7−/− T cells egress more rapidly from LNs, whereas CCR7-overexpressing T cells 
are retained 

CXCR4 Synergizes with CCR7 in retaining T cells in LNs 

Leukocyte function-associated Ag 1 (LFA-1) and 
intercellular adhesion molecule 1 (ICAM-1) CD4+ LFA-1−/− T cells egress more rapidly from LNs. 

 

common lymphatic endothelial and vascular 
endothelial receptor 1 (CLEVER-1) 

Blockade of CLEVER-1 reduces T cell binding to LN sinuses in situ. In vivo, involvement 
has not been confirmed thus far 

 

 

Mannose receptor (MR)/L-selectin 
Blockade of MR/L-selectin reduces T cell binding to LN sinuses in situ. In vivo, 
involvement has not been demonstrated thus far 

 

 

α9 integrin Blockade of LEC-expressed α9 reduces T cell egress from LNs  
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the expression of CD69 in TRM cells support their retention in the tissue (91).  In addition 
to S1PR and CD69 mechanisms, the time that T cells spend in LNs is influenced by CCR7 
expression levels. Activated T cells suppress CCR7 after recognizing an antigen, while 
fibroblastic reticular cells in the LN release CCL21 (88,91,94). T cells' expression of CCR7 
encourages their retention in LNs, whereas egress signals from S1PR1 partially block 
CCR7-mediated retention. CXCR4 and CCR7 expressions work together in T cells to keep 
both resting and actived T cells in LNs (91). 

Adhesion molecules and their integrin ligands play an important role in T cell entry into 
LNs, but not much is known about their role in T cell egress across lymphatic sinuses. LFA-
1 has been suggested as having a role in delaying the egress of T cells across lymphatic 
sinuses, and mice lacking the major LFA-1 ligand intercellular adhesion molecule 1 (ICAM-
1) lost this distinction (91). The lymphatic endothelial and vascular endothelial receptor-1 
(CLEVER-1), the macrophage mannose receptor (MR), and its ligand L-selectin have been 
implicated in T cell migration across lymphatic sinuses. However, the in vivo involvement 
of these receptors in LN egress has not been demonstrated. A possible role for the integrin 
α9 subunit in lymphocyte egress from inflamed LNs has been reported (90). Tenascin-C 
(extracellular matrix component) binding to lymphoid EC-expressed α9β1 induces S1P 
production in lymphoid ECs, establishing a mechanistic link between α9 integrin 
expression and S1P1-mediated T cell egress. Antibody-based blockade of α9 or tenascin-C 
deficiency resulted in impairment of T cell egress from inflamed LNs (88,89,92). 

0.2.2 Adhesion molecules and homing  

Adhesion molecules known as CAMs comprise the following groups: integrins, selectins, 
cadherins, members of the immunoglobulin superfamily (IgSF), including lectins, as well 
as others, such as mucins. Their molecular structures and functions differ depending on 
the union with their ligand (Table 2). Integrins bind the extracellular matrix, while selectins 
and cadherins are responsible for cell-cell adhesion mechanisms. In addition, selectins and 
integrins are involved in T-cell rolling, which is the most critical step in homing 
mechanisms. Selectins allow cells to roll over the endothelium, starting the rolling cascade 
and activating the subsequent integrin to slow cell movement in order to enter the mucosa 
(95).  

Selectins are involved in lymphocyte migration to peripheral LN and to the skin. Three 
types of selectins are expressed in mammal cells, L, P, and E. L-selectin is expressed in many 
types of immune cells’ membranes, specifically naïve T cells, CM, and in the myeloid 
lineage. They bind ligands expressed by vascular endothelium. Contrariwise, P and E 
selectins are expressed by endothelial cells and interact with saccharide ligands expressed 
by immune cells; these molecules are over-expressed in inflammatory disorders(96).  

Integrins are αβ heterodimers constituted by 18 α– and eight β-subunits that bind 
noncovalently to form 24 distinct forms. The α– and β-subunits are both type I 
transmembrane receptors and share structural resemblances, such as a large extracellular 
domain, a single transmembrane domain, and a cytoplasmic tail (97). T cells express two 
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main integrins: LFA-1 (L2, CD11a/CD18) binds to ICAM family proteins, whereas VLA-
4 (CD49d/CD29) that binds to a variety of ligands, including VCAM-1. The elementary 
receptor-ligand interaction responsible for long-standing-term T cell-APC adhesion is LFA-
1 binding to ICAM-1 (98,99). In addition to enhancing cell-cell adhesion, ICAM-1 
engagement to LFA-1 sends specific intracellular signals (the so-called "outside-in signals") 
that lower the threshold dose of antigen required for complete T cell activation and 
influence T cell trafficking. VLA-4 is only expressed at detectable levels following T cell 
activation and is essential for T cell homing (99). Table 2 shows the most known integrins, 
ligands, and their distributions (100).  

Table 2. Lymphocyte Integrins and Integrin Ligands (adapted from (100)) 

Integrins  Other Names  Integrin Ligands  Ligand Distribution  

αLβ2  LFA-1, CD11a/CD18  ICAM-1, -2, -3, -5  
Endothelium 

DCs, leukocytes 

α4β1  VLA-4, CD49d/CD29  
VCAM-1  Endothelium 

Fibronectin  Extracellular matrix 

α4β7  LPAM-1  
MAdCAM-1  Intestinal LP endothelium, HEV of MLNs and PPs 

Fibronectin  Extracellular matrix 

αEβ7  HML-1  E-cadherin  Epithelium 

α1β1  VLA-1, CD49a/CD29  
Collagen  

Extracellular matrix 
α2β1  VLA-2, GPIa, CD49b/CD29  

α5β1  VLA-5, CD49e/CD29  Fibronectin  

α6β1  VLA-6, GPIc, CD49f/CD29  Laminin  

 

0.2.3 Chemokines receptors targeting T cell homing 

Chemokines are molecules with chemoattractant capacity, with similar structures organized 
in three β-pleated sheets, a C-terminal α-helix, a free N-terminus, and disulfide bonds 
connecting two conserved cysteines (Cys) residues (101). There are four chemokine families 
based on the first two N-terminal Cys. CXC family, also called α, which contains one amino 
acid between the two conserved Cys in the N-terminal extreme; the CC family (or β), which 
shows two adjacent Cys; CX3C (or δ) and the C (or γ) families, which have three amino 
acids between its first Cys residues and a single cysteine residue in the N-terminus, 
respectively (102).  
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Figure 6. Molecular structure of the chemokine subfamilies (103) 

Chemokine receptors are G protein-coupled receptors (GPCRs) with various downstream 
signaling pathways. There are two functional categories (104). The first is an inflammatory 
function, which is always associated with tissue damage or infection. Resident immune cells 
produce chemokines, which attract effector and innate cells over-expressing their receptors 
to the site. The second function is homeostatic, related to a healthy state of normal cell 
trafficking and strong immune surveillance. Chemokines receptors direct specific T cells 
populations from LN to the mucosal site, depending on the inflammatory process and the 
mucosal tissue (105).  
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Table 3. Immune function of chemokines receptors and their activating ligands (87). 

Chemokine Receptor Key Immune Function 

CXCL1 

CXCR2 

Neutrophil trafficking 

CXCL2 

CXCL3 

CXCL5 CXCR2 

CXCL6 CXCR1, CXCR2 

CXCL7 CXCR2 

CXCL8 CXCR1, CXCR2 

CXCL9 

CXCR3 Th1 response; Th1, CD8, NK trafficking CXCL10 

CXCL11 

CXCL12 CXCR4 Bone marrow homing 

CXCL13 CXCR5 B cell and Tfh positioning LN 

CXCL16 CXCR6 NKT and iLC migration and survival 

CCL1 CCR8 Th2 cell and Treg trafficking 

CCL2 CCR2 Inflammatory monocyte trafficking 

CCL3 CCR1, CCR5 Macrophage and NK cell migration; 

CCL4 CCR5 T cell-DC interactions 

CCL5 CCR1, CCR3, CCR5   

CCL7 CCR2, CCR3 Monocyte mobilisation 

CCL8 CCR1, CCR2, CCR3, CCR5 (human); CCR8 (mouse) Th2 response; skin-homing mouse 

CCL11 CCR3 Eosinophil and basophil migration 

CCL12 CCR2 Inflammatory monocyte trafficking 

CCL13 CCR2, CCR3, CCR5 Th2 responses 

CCL17 CCR4 
Th2 responses, Th2 cell migration, Treg, lung, and skin-
homing 

CCL18 CCR8 Th2 response; marker AAM, skin-homing 

CCL19 CCR7 T cell and DC homing to LN 

CCL20 CCR6 Th17 responses; B cell and DC homing to GALT 

CCL21 CCR6, CCR7 T cell and DC homing to LN 

CCL22 CCR4 Th2 responses, Th2 cell migration, Treg 

CCL24 CCR3 Eosinophil and basophil migration 

CCL25 CCR9 T cell homing to the gut; thymocyte migration 

CCL26 CCR3 Eosinophil and basophil migration 

CCL27 CCR10 T cell homing to skin 

CCL28 CCR3, CCR10 T cell and IgA plasma cells homing to the mucosa 

 

As described in Table 3, chemokines receptors have more than one ligand with many 
immune functions, ensuring recruitment and high response regulation. During a 
pathological state, effector T cell functions depend on clonal expansion and the acquisition 
of patterns of adhesion and chemokine receptors crucial for specific tropism to the mucosa 
(84). For example, in the context of Th response in inflammatory sites, CXCR3-bearing 
Th1 cells are attracted to Stat1– dependent chemokines, CXCL9, CXCL10, and CXCL11. 
Conversely, CCR4– and CCR8-bearing Th2 cells move to the inflammatory site in the 
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mouse model of asthma via activation of Stat6-dependent chemokines, CCL1, CCL17, and 
CCL22 (87). 

0.2.4 The multistep model of leukocyte migration 

The leukocyte migration model involves several steps. First, the action of cell adhesion 
molecules and integrins is crucial for the process to be carried out efficiently and to 
complete the immune response to the target tissue. In addition, the activity of chemokines 
receptors has a coadjuvant role for their  fine arrival to inflamed mucosa (87). The figure 
below shows the leukocyte multistage migration model. 

 

Figure 7. The action of chemokines, adhesion molecules, and integrin on the multistep model of leukocytes 
migration (106) 

• Tethering and rolling: a transitory interaction between leukocyte selectins and their 
vascular ligands results in tethering, the previous step to start rolling. Tethering and 
rolling are first stabilized by the elongation of rear tethers as well as by cell-
autonomous adhesive substrates termed slings (107) The inflamed target tissue 
begins to over-express selectins in the endothelium. The arrival of T-lymphocytes to 
the damaged tissue causes tethering as the first interaction, then rolling over the 
endothelium by the action of polysaccharide ligands and L-selectin receptors 
(108,109).  

• Arrest: T cells become more activated during rolling and over-express integrins that 
mediate adhesion to the endothelium. Ig-like ligands stop and fix the adhesion of 
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leukocytes to endothelial cells, causing strong adhesion and preparing them for the 
next stage (108,109). 

• Diapedesis: transmigration is mainly mediated by the binding of platelet-
endothelial cell adhesion molecule-1 (PECAM-1), also called CD31, to integrins. 
The expression of CD31 in the intercellular junctions permits the diapedesis of 
leukocytes (107,109). 

The multistep model of leukocyte migration has been well-validated in human and animal 
models. Deficiencies in leukocyte adhesion mechanisms result in recurrent bacterial and 
fungal infections and peripheral leukocytosis. These deficiencies include poor expression 
of β2 integrins, fucosilides, L-selectins, or impaired integrin activation (110). Thereby, 
leukocyte migration patterns during states of inflammation in different tissues is important 
to consider in the search for biomarkers and new therapeutic targets (93). 

0.2.5 T cells homing to the mucosa in a pathological state 

T-cell homing during mucosal disorders is crucial to clear the infection and return to 
homeostasis. However, homing may cause the contrary aspect in the context of chronic 
inflammation and autoimmune diseases by increasing tissue damage (111,112). 
Extravascular lymphocyte migration is not uncommon; lymphocytes are recruited to LN, 
tonsils, or Peyer’s patches, tissues known as peripheral (or secondary) lymphoid organs, 
even in non-inflammatory circumstances for immunosurveillance (107). However, T cells 
increase significantly during inflammation in mucosal tissue, altering their phenotype 
(113,114). This section will discuss the homing mechanisms involved in the trafficking of 
T cells toward the mucosa during acute inflammation and autoimmunity.  

0.2.5.1 Gut inflammation  

According to the Word Health Organization (WHO) definition, inflammatory bowel 
disease (IBD) involves two types of conditions: Crohn's disease (CD), located along the 
digestive tract in patches, especially in the small intestine, just before reaching the colon; 
and ulcerative colitis (UC), affecting the entire colon and anus. Both disorders are 
characterized by chronic inflammation in the gastrointestinal tract, causing mucosal 
destruction (115).  

DCs activate and print specific T cells to home to the gastrointestinal tract. This mechanism 
occurs in the gut-associated lymphoid tissue (GALT). The resulting T cell phenotype allows 
these cells to migrate and reside in the digestive tract. T cells specifically migrating to the 
small intestine express α4β7 integrin, α4β1 integrin, β2 integrin, and CCR9, whereas cells 
primed for colon migration show high levels of α4β7 integrin and GPR15. Briefly, T cells 
homing to the gut reach their target tissue through a chemotactic gradient. In the rolling 
phase, L-selectin and integrins (α4β7, α4β1) on T cells bind to their ligands expressed on 
endothelial cells: glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1), mucosal 
targeting cell adhesion molecule-1 (MAdCAM-1) and vascular cell adhesion molecule 1 
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(VCAM-1), respectively. αEβ7 integrin retains gut T-cells by strongly binding to local 
ligands (116,117).  

Currently, the α4β7 integrin and the CCR9 receptor represent attractive therapeutic 
targets for IBD patients (118). Furthermore, Th1 effector T-cells expressing CCR9 have 
been detected in patients with CD. CCL25-CCR9 interactions are pivotal in guiding T-cell 
entry into the small intestine (119). In animal models of Simian immunodeficiency virus 
(SIV), the loss of CD4+ lymphocytes with high expression of β7 is related to the total loss 
of intestinal CD4+ T cells. These findings confirm that the elevation of CD4+ α4β7+ T 
cells indirectly indicates disease development in these tissues (120). 

0.2.5.2 Skin immunological disorders  

Like other peripheral tissues, the skin plays a fundamental role as a physical barrier; it is 
exposed to contact with various Ags. CLA is considered a distinctive marker of T cells 
homing to the skin mucosa (121). For example, in the case of allergic dermatitis, CLA and 
CCR10 receptors participate in the trafficking of Th2 cells to the skin (122). In the context 
of psoriasis, the involvement of CCR4 has been described in addition to CLA and CCR10 
(114). By blocking CCR10 and CCR4 and their CCL17 (TARC) and CCL27 (CTACK) 
ligands, CD4+ T cells cannot migrate to the skin mucosa in the mouse model of contact 
sensitivity (84). 

According to the WHO, psoriasis is a chronic autoimmune skin disease caused by an 
accelerated cell cycle in EP. Around 2-4% of the population is estimated to suffer from this 
immune disorder. The involvement of T cells in developing this disease has been described 
in the literature. It has been reported that the production of IL-17 is highly involved in 
modulating gene expression in keratinocytes together with IL-22. Th17, Th1 cells, and 
CD8+ T cells (Tc17) are the leading players in the disease's pathophysiology (123). As an 
IL-17A-producing population, Vγ9Vδ2-positive T cells expressing CLA and CCR6 
recirculate to the skin in patients with active flares (124). 

In the context of viral skin infection, the dengue virus enters just when the mosquito bites 
the victim. Therefore, a highly specialized antiviral immune response is required to 
eliminate the virus in the infected mucosa. CD8 Tc1 cells are the specialized line against 
viral infections, intracellular pathogens, and cancer cells. CD8+ T cells with high migratory 
capacity towards the skin and specificity against dengue (reactive against pentamer NS3 27) 
have been described (125). These CD8+ cells express CLA in addition to CXCR3 and 
CCR5, molecules that direct the cells toward the inflamed mucosa (126,127). 

0.2.5.3 Respiratory tract infections  

The airways are in continuous contact with pathogens and other environmental Ags. The 
upper respiratory tract is the main route of entry, along with the digestive tract, for the 
various Ags exposed daily. For an Ag-exposed system, TRM are necessary for the rapid 
reaction against respiratory pathogens in addition to lung tissue-specific effector T cells 
(128). 
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Respiratory infections have allowed the study of lung-specific T-cells. For example, 
infections with Mycobacterium tuberculosis (MTB), Bordetella pertussis, influenza virus, or 
SARS-CoV-2 have permitted the analysis of specific cells with tropism towards the lung 
(129–131). T cells homing to the pulmonary tract overexpress the following chemokine 
receptors and cell adhesion molecules: block lipid transport-1(BLT-1), CCR1, CCR3, 
CCR4, CCR5, CCR6, CCR8, CXCR3, CXCR4, CXCR6, CD69, CD103, lymphocyte 
function-associated antigen-1  (LFA-1), CD162, or CD11a/CD18. The expression of these 
molecules differ between CD8 and CD4 T cell profiles (130,132–134).  

For example, MTB infection increases the circulation of CD4+CXCR3+ T cells to the lung 
parenchyma. In parallel, the relationship of CD8+CXCR3+ cells with influenza virus 
infections has been described. CXCR3 receptors, jointly with CD49a integrin, are related 
to the traffic and retention of T-cells in the lung parenchyma. Currently, both CXCR3 and 
CD49a are used to evaluate the effect of vaccines against respiratory pathogens (135).  

0.3 Female genital tract immunity and homing  

The female genital tract (FGT) has two main functions: protection against different 
infections and reproductive function. Given its nature, this tissue is greatly affected by 
hormonal changes during the menstrual cycle. Two parts of the FGT are recognized, the 
upper genital tract (UGT), comprising the fallopian tubes, the uterus, and the endocervix. 
While the ectocervix, the vagina, and the vulva form the lower genital tract (LGT). Between 
the two parts, there is a transition zone called the transformation zone (Figure 8) (136). 

 

Figure 8. Anatomical and histological structure of female genital tract FGT,  from (137) 
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The UGT comprises a single-layered columnar epithelium. While this could make this part 
more susceptible to infections, this anatomical section is protected by mucus and higher 
productions of mucins that play a mechanical role in trapping virus and bacterial pathogens 
(137). In addition, the columnar epithelium of the upper FGT constitutes only a tiny area 
of the total surface exposed to the infectious agents, which also reduces the chances of 
infection in this area (138,139). 

The LGT includes the ectocervix and vagina, which are covered by a stratified squamous 
epithelium that forms a more protective barrier against infectious agents. This area is 
exposed to different external Ag (including viruses, bacteria, and parasites) (138,140,141). 
To avoid the entry of all these pathogens, EP establishes close junctions: desmosomes, tight 
junctions, and adherent junctions. This mechanism reduces the permeability of the 
epithelium, greatly hindering the transfer of any small macromolecules to the lower layers 
of the mucosa (136,137). 

0.3.1 Immune functions of the female genital tract  

The immunity of the FGT is very peculiar regarding function and regulation. FGT mucosa 
has evolved to deal with different pathogens, tolerate the vaginal microbiota, semen, and 
finally, an allogenic fetus for nine months. The immune system cells carry out these 
contradictory functions in the FGT, where proper regulation is vital for the physiological 
processes (139).  

The functions of the FGT are influenced by the action of sex hormones resulting from the 
menstrual cycle. APCs' response and Ag presentation are highly sensitive to these hormonal 
changes. For example, vaginal immunization has more effect during the follicular phase 
(142,143). In general, the release of estradiol in the middle of the cycle, and the 
progesterone produced during the secretory stage, act by suppressing several immune 
functions in the mucosa. The effect of these two sex hormones is localized to the fallopian 
tubes and uterus (in the UGT), as well as the vagina and cervix (in the LGT) (139,143). 
During the secretory stage of the menstrual cycle, CD8+ cells are deactivated in the uterus 
but not in the LGT.  On the other hand, CXCR4 and CCR5 are overexpressed on CD4+ 
T cells during the same phase. Estradiol and progesterone during the secretory phase 
suppress innate functions in the uterus and vagina, including NK and APCs’ functions 
(136,144,145).  

In the FGT, leukocytes are distributed in a dispersed but localized manner. Depending on 
the anatomical section, the immune cell composition, and proportions vary in the FGT. 
The predominant ones are T cells, macrophages/dendritic cells, NK cells, neutrophils, and 
mast cells (146). 
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Table 4. The frecuency of celular inmunity mambers across the FGT,  adapted from (147). 

 Cellular Immunity 

 T cells 
NK cells 

Monocytes and 
macrophages DCs  Neutrophils  CD4+ CD8+ 

Myometrium – – – – – – 

Fallopian tubes + + + + + ++ 

Ovary + + – W W + 

Endometrium + + + + – + 

Endocervix + + + + + + 

Ectocervix ++ ++ + + + + 

Vagina ++ ++ + + + + 

–: Negative; W: Weak, +: Medium; ++: High. 

 

FGT lacks local lymphoid tissue as the primary induction site. Antibody-secreting cells have 
been found in the cervix, while CTLs have been found in both cervix and vagina (148). T 
cells are clustered in a distinct band below the epithelium and scattered in the epithelium 
and LP, while CD38+ plasma cells are present only in the LP. Still, lymphoid aggregates 
containing CD19+ and CD20+ B cells and CD3+, CD4+, and CD8+ T cells are present in 
the FGT (148). B cells play a vital role in the humoral immunity of the FGT. However, this 
study will focus on the effector cellular immune system. The following sections outline the 
different phenotypes of cellular immunity in the LGT.  

0.3.1.1 Myeloid lineage in the FGT 

FGT contains many hematopoietic cells, being CD14+ myeloid cells one of the most 
abundant cell types. These cells may also express CD11c+, associated with an interstitial 
dendritic cell or monocyte-derived phenotype or CD11cdim/–, which could be related to a 
macrophage phenotype (11,12,21,26). In the cervical mucosa, classic CD11c+ CD14 – DCs 
can also be found, and several other myeloid subpopulations with more specific functions, 
such as plasmacytoid dendritic cells (pDCs), which are mainly recruited from circulation 
during viral infections, or Langerhans cells, coexpressing CD1a and CD11c, which are  
responsible for carrying out antigenic surveillance. All these cells comprise between 10% 
and 50% of all leukocytes in the mucosal LGT, and play a key role as APCs that activate T 
cells (150–152). DCs and Langerhans cells generally activate Th2-type responses, while 
CD14+ DCs and macrophages activate Th1 responses through TLRs (153). 

The FGT mucosa mostly lacks MALT, so the priming of adaptive responses takes place in 
the draining LN (dLNs). However, cellular organizations that resemble inductive sites are 
found as endometrial lymphoid aggregates. This like-inductive site is located in the stratum 
basalis and composed of a B cell core surrounded by T cells and an outside halo of 
macrophages. During the secretory phase, this cell aggregate is bigger and contains more 
cell number; however, during the proliferative phase, cell number is decreased (154). 
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A. Dendritic cells in FGT 

DCs are located in the LP of the FGT mucosa, while Langerhans cells (LCs) are abundant 
in the epithelium of the ectocervical mucosa. The role of these two phenotypes is to detect 
the entry of pathogens through the vaginal epithelium and maintain the integrity of the 
epithelium. DCs in the LGT populations are primarily negative for the resident cell marker 
CD103. This marker is shared between resident memory T cells and other resident 
leukocytes (147).DCs are in a resting state in the FGT mucosa; encountering different 
pathogens and inflammatory stimuli, such as exposure to bacterial lipopolysaccharides 
(LPS), activates their maturation. As a result of the stimulation, DCs overexpress the MCH-
II complex and costimulatory molecules CD80 and CD86. The next step is migration to 
the secondary LNs, which are further activated by coupling their receptor CD40 to CD154 
of Ag-specific CM T lymphocytes. Notably, the endometrium DCs present a tolerogenic 
phenotype with low expression of CD83 and CD86 and low stimulation via TLR3 and 
TLR4 (152,155–157). 

B. Macrofages in the female genital tract  

Macrophages belong to the APC family with similar functions to those of DCs, and they 
have a versatile role in FGT during pregnancy, infections, and tumor development 
(158,159). Macrophages are one of the most frequent types of immune cells in the 
endometrium and myometrial connective tissue, although they are also located in the 
cervicovaginal mucosa (160–163). They help with endometrial breakdown during the early 
phases of menstruation and tissue repairing during the later stages. Their levels stabilize 
during pregnancy and remain at approximately 20% of the leucocyte population (158,162). 
It is thought that implantation is an inflammatory process influenced by macrophage 
cytokine production. Macrophages produce IL-6 and IL-8 in response to extravillous 
trophoblast, which can increase placental invasion throughout the first trimester (158,159). 
In the context of STI, the role of the macrophage in type 2 immunity, including Chlamydia-
specific Th2 response, was described (164). 

In the endometrium, macrophages are highly influenced by the action of estradiol and 
progesterone. In the vagina, their frequency is mostly stable during the menstrual cycle 
(147,152,156). CD68+ macrophages are detected in all phases of the menstrual cycle. 
However, they increase progressively during the secretory phase. The maximum frequency 
of these cells is observed during menstruation, reaching 15-20% of the leukocyte 
population. These cells also express specific markers such as CD71, CD69, and CD54. The 
maximum activation of macrophages coincides with implantation, which suggests their vital 
role in this phase, secreting TNF-α, IFN-γ, IL-1, IL-6, IL-10, and IL-12 (152,157). 

0.3.1.2 NK cells in the female genital tract  

At the FGT, NK phenotype and number vary according to tissue location. For example, in 
the endometrium, these cells express CD9, CD69, and CD94, but little CD16, and are 
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negative for CD8 or CD57 markers. They also produce granulocyte-monocyte colony-
stimulating factor (GM-CSF), IL-10, IL-8, and TGF-β1 (156). 

Similarly to DCs and macrophages, NK cells are sensitive to sex hormones and increase to 
reach their maximum at the end of the secretory phase of the menstrual cycle. In addition, 
NK cells participate in the implementation of the zygote by producing vascular endothelial 
growth factor (VEGF), placental growth factor (PLGF), angiopoietin-2, and leukemia 
inhibitory factor (LIF) (147,152,156). 

Regarding the homing profile, uterine NK cells express CXCR3, CCR5, and CCR7. 
During menstruation, the NK cells get attracted to ligands CCL4, CXCL9, and CXCL10 
overexpressed in the endometrium. NK homing profile also involves VCAM-1 
(147,152,156). 

0.3.1.3 The adaptive immune system in the female genital tract  

The adaptive immune response in the FGT is a pathogen-specific response, represented by 
activated T cells and antibodies secreted by Ag-specific B cells. T lymphocytes are found 
throughout the FGT in varying proportions. In general, within the leukocyte fraction of 
the FGT (comprising 2-10% of the cells), T cells represent 50% (165). 

In the FGT, T cells are scattered below the epithelium and LP, with a strong presence of 
CD8+ T cells with a CCR7– profile; indeed, most of these cells belong to the TRM 
phenotype (166). Furthermore, these cells are organized into lymphoid structures in the 
endometrium. These structures have a nucleus with B cells surrounded by CD8+ T cells 
and some CD4+ T cells. A halo of macrophages surrounds these aggregates. The size of 
these lymphoid aggregates varies during the menstrual cycle, reaching its largest size at the 
end of the proliferative phase (just like macrophages and DCs). Postmenopausal women 
lack these cell aggregates, confirming the hormonal influence of these inductive site-like 
structures (156,167–169).  

In the LGT, there is a strong presence of CD3+CD8+ cells with high cytotoxic and cytolytic 
capacity. Most frequently found in the transformation zone and endocervix, but also 
present in the ectocervix. In contrast, a much smaller number of immune cells are found 
in the vagina. In the case of inflammation or infection, the proportions of intraepithelial 
T lymphocytes change so that in cases of vaginitis and cervicitis, the total number of CD4+, 
CD8+ T cells, and APCs increase (138,160,162,163,170).  

Estradiol and progesterone regulate the tissue environment via cytokines, chemokines, and 
growth factors, enhancing and suppressing critical components of the humoral, cell-
mediated, and innate immune systems along the FRT (169,171). Both hormones change T 
cells’ number and phenotype during the menstrual cycle. CD8 CTL is inhibited during the 
secretory phase in the endometrium as preparation for conception and tolerance to sperm 
and fetus. However, in LGT, the cytotoxic activity of CD8 is active during all phases of the 
menstrual cycle (169).  CD4 T cells in the endometrium and endocervix are increased 
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during the secretory phase with higher expression of CCR5 with enrichment in activated 
and memory profiles(172,173). 

A. Resident memory T cells  

The TRM cell phenotype is present with high frequency in the FGT. Many studies have 
shown its involvement in surveillance and protection against pathogens. TRM cells are 
defined by the expression of CD69, CD103, and CD49a receptors, among others, that 
cause the retention of these cells in the mucosa. Additionally, TRM cells present low 
expression of egress markers such as S1PR1, CD62L, and CCR7 (174).  

TRM cells play an essential role in the context of sexually transmitted infections (STIs), 
such as the human immunodeficiency virus (HIV) and the human papillomavirus (HPV) 
infection (175) . In recent years, its phenotype has been characterized throughout the FGT. 
Generally, the ratio of CD8+/CD4+ TRM cells is higher in the FGT, but in the vagina, the 
fraction of CD4+CD103+CD69+ T cells is very high. TRM CD4+ cells are essential and 
multifaceted in FGT entry against pathogens and tumoral processes (175). 

CD8+ TRM cells close to the epithelium express CD103 and are characterized by high 
granzyme B and IFNγ production. On the contrary, the CD8+ cells in the stroma have low 
expression of CD103. Ag-specific CD8 cells are strategically localized in the FGT for long-
term protection (176). 

B. CD4+ T Cells  

In the FGT, CD4+ cells are present at low frequency (in comparison to CD8+ T cells). 
These cells orchestrate the immune response and participate in many infectious processes. 
Currently, T cells with a Th1, Th2, and Th17 profile and other Tregs have been described 
in the female genital tract. Treg cells are the ones that control the activity of the rest of the 
CD4+ T cells. TGF-β and other cytokines regulate the differentiation of Th17 and Treg 
cells (152,156,177).  

Within the T cell CD4+ population found int the FGT, the memory phenotype is the most 
abundant (167,168). They express the hallmark of tissue residency, CD69, and CD103. In 
addition to these markers, most CD4+ TRM cells are activated and express α4β7, CCR5, 
IL-17A, and IFNg (168,178,179). This phenotype is associated with productive HIV-1 
infection, which may enhance and assist in disseminating the viral infection and other STIs 
in women (137,178,179). In contrast to humans, the CD4+ TRM cells in mice’s vaginas 
decrease the risk for HSV infection (168). 

C. CD8+ T Cells 

In parallel to CD4+ T cells, the majority of CD3+CD8+ cells present in FGT are compatible 
with a TRM phenotype (175). These cells have the function of carrying out cytotoxic 
antiviral/intracellular responses. It has been reported that the activity of cytotoxic T cells 
in the uterus is inversely associated with estradiol and progesterone levels. During the 
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fertilization phase and embryo implementation, CD8+ T cell-mediated cytolytic activity is 
deactivated (147,152,169,180). FGT CD8 T cells exhibit activated phenotypes expressing 
CD38 and HLA-DR andD69 and CD103 (167,181–183).  

0.3.1.4  Unconventional T lymphocytes populations in the female genital tract  

Several populations of unconventional T cells (as previously described) lacking the αβ chain 
are found in the FGT. These cells are γδT cells, MAITs, and NKT (184). 

In a healthy state, γδT cells are present at low frequency. This cell population is found at 
the UGT, especially in the endometrium, which is related to implantation and pregnancy. 
γδT cells are found in the intraepithelial compartment. In humans, the majority are Vγ6+ 
(IFN type I producers) (184,185). In addition to its cytotoxic activity and the secretion of 
antimicrobial substances and growth factors, this population promotes trophoblast 
invasion in the maternal decidua and regulates tolerance by suppressing its apoptosis 
(79,184). The vaginal flora and estradiol play a fundamental role in activating these cells 
which can be detected in the vagina in particular during FGT infections. γδT cells are 
modulated by the vaginal flora and may enhance susceptibility to STIs, since the decrease 
in these cells in the vagina after advanced bacterial vaginosis has been described. Indeed, 
the absence of γδT cells correlates with the susceptibility of women with bacterial vaginosis 
to HIV infection and other STIs (186,187). 

MAIT and iNKT cells play an essential role in mucosa protection, linking innate and 
adaptive immunity  (188). Both cells are found in the FGT, at low frequency, and 
distributed in different zones. MAIT cells in the FGT show EM and TRM profiles. They 
can produce IL-17 and IL-22 in response to bacterial infections, in addition to TNF and 
IFNγ (184,189). In contrast to blood-derived MAIT cells, FGT's MAIT cells release up to 
22% more IL-17 in response to E. coli infection ex vivo but less TNF and IFNγ production 
(190,191). MAIT cells are located and distributed in several areas across the FGT, including 
the endometrium, endocervix, transformation zone, and ectocervix. Compared to CD4 
and CD8 T cells, they are sporadically distributed throughout the FGT and located near 
and inside the glandular epithelium in the lamina propria of the endometrium near other 
T cells. To localize MAIT cells in the tissue, the double-staining for V7.2 and IL-18R is used 
(191,192). The function of MAIT cells in FGT is still under investigation. For example, 
they respond specifically against N. gonorrhoeae, showing an antimicrobial function in FGT 
(193,194). Compared to their circulatory and endometrium counterparts, MAIT cells in 
the placenta's intervillous region express larger quantities of IFNγ and granzyme B in 
response to microbial activation (192,195). They keep stable number during pregnancy and 
present an exceptional inflammatory response to riboflavin-producing bacteria (195).  

iNKT cells share functions and some markers with MAIT cells, they are present in the FGT 
together with other T cells and NK subsets (184). iNKT in tissue expresses TRM profile, 
participates during pregnancy, and responds against STIs (192). The decidua-associated 
iNKTs play a special role in regulating immune homeostasis during pregnancy (192,196). 
iNKT interacts with extravillous and villous trophoblast cells expressing CD1d, which 



0 Introduction //  57 

increases with gestation (196). Elevated frequency of iNKT during pregnancy with Th1 
cytokine (increased TNF and IFNγ production) contribute to higher pregnancy loss rates 
(196). Additionally, local NK cells start producing IFNγ, supporting the role of iNKT in 
pregnancy loss (192). In the context of STIs, mice models of genital infection with 
Chlamydia muridarum present iNKT with Th1 response against the pathogen. In contrast, 
prolonged exposure to chlamydia infection in  FGT, iNKT cells cause oviduct dilation and 
fibrosis (197,198). 

0.3.2 Female Genital Tract in the context of STIs 

Sexually transmitted infections represent a major global health problem. The world health 
organization records 1 million cases of STIs per day worldwide. The 80% of these infections 
are represented asymptomatically, where 374 million new cases are estimated of the four 
most common STIs: chlamydia, gonorrhea, syphilis, and trichomonas vaginalis. As far as 
female sexual health is concerned, approximately 300 million women have an HPV 
infection, the leading cause of cervical cancer (199–202). HPV infection is directly 
associated with cervical cancer, causing more than 311,000 deaths yearly (203–206). 
According to data collected from the Spanish Women's Health Observatory and prepared 
with information from the Epidemiological Surveillance Network of the Carlos III Health 
Institute and the autonomous communities, up to 16.304 new cases of STIs were diagnosed 
in women in Spain in 2019 (207). During the period between 2015 and 2019, chlamydia 
increased by 480% in women. Syphilis, lymphogranuloma venereum, and hepatitis C 
infections increased by 129%, 178%, and 76%, respectively (207,208). It is important to 
note that there has been an increase of 5.6% in new HIV diagnoses, even though prior 
years show a marked decline in cases, which had really been stable for a decade at 400 to 
500 new diagnoses per year for women. The latest numbers for CT infections in Spain are 
from 2021, which were 10.286 new infected women (207,208).  

It is clear that STIs represent a threat to public health and have a direct impact on women's 
reproductive and sexual health. They cause infertility, cancer, and complications during 
pregnancy. Furthermore, STIs can have an impact beyond the infection itself since bacterial 
infections facilitate the acquisition of other STIs, such as HIV. Moreover, STIs such as 
gonorrhea and chlamydia are women's leading causes of pelvic inflammatory disease (PID) 
and infertility (152,205,209). 

The epidemiology of STIs depends on many social and individual factors, characteristics of 
the pathogen, and available treatments. Currently, there are vaccine strategies against some 
STIs, such as HPV, and other prophylaxis treatments, as for HIV. However, considering 
that the number of cases continues to increase, more research is needed to understand the 
course of these infections and develop effective diagnostic and vaccine strategies (210,211). 
In this section, I will talk about some specific STIs, focusing on the pathogenesis and the 
immune response associated with these infections. 
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0.3.2.1 Chlamydia trachomatis infections  

CT infection may cause multiple complications in the FGT partially because up to 80% of 
the infected women may have no symptoms (212). Prolonged residence of the pathogen in 
the FGT causes endometritis, salpingitis, or PID, leading to problems during pregnancy or 
even infertility. Furthermore, CT infection causes greater susceptibility to HIV infection 
and other STIs. In clinical practice, the infection is treated with macrolides antibiotics 
(mostly Azithromycin) (203,205,213,214). Like the resistance registered in other bacterial 
STIs, CT strains resistant to macrolides are beginning to be isolated. For all these reasons, 
developing effective vaccines against this bacterium is a topic of great interest for public 
health since it would save millions of euros currently used for antibiotic treatment, besides 
avoiding the problems associated with infection (152,215). 

The CT reproduction cycle (Figure 9) in the FGT has two phases. First, an elementary body 
(EB) enters the columnar epithelial cell of the endocervix using a mechanism to remodel 
actin. Once inside, the EB differentiates into RB, which are metabolically active particles 
with a high reproductive capacity. At this point, there are two possible ways forward. The 
first is to enter a persistent reversible state; the second is to continue replication within the 
inclusion structure. The end of this phase is marked by differentiation back to EB and their 
exit by exocytosis or by causing cell apoptosis (115–117). 

 

Figure 9. Phases of the reproductive cycle of CT; light blue: EN, dark blue: RB. (from (214)) 

The developmental cycle of CT directly affects the immune response by using several 
mechanisms to evade it (215,216): 

• EB has low immunogenicity, expressing low levels of LPS on the surface (215,216). 
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• The inclusion proteins used by the EBs have a suppressive effect on the mechanisms 
namely TLR2, NOD1, and cGAS/STING which detect intracellular Ags and its 
presentation. In addition, the inflammatory response is blocked with suppression 
of CXCL10 and other transcription factors like NFκB and p65 (215,216). 

• Suppression of cell apoptosis prevents Ag contact with the outside and ensures an 
environment that facilitates reproduction. These mechanisms, among others, 
include the degradation of the P65 protein (a tumor suppressor that induces 
apoptosis in affected cells) and the blockade of the pathways induced by caspases 
(215,216). 

The immune response to CT infection in the FGT involves the innate and adaptive arms. 
Therefore, in the following points, we focus only on the cellular response mediated by 
innate cells and by T lymphocytes (215,216). 

A. Innate response against CT 

The innate response led by APCs, especially DCs, and the production of IFNγ has a crucial 
role in eliminating CT infection. The TLR2 pathway is involved in signal activation and 
binding to molecular patterns from CT. These molecules are usually proteins such as major 
outer membrane protein (MOMP) and heat shock protein 60 (HSP60) and secondary 
metabolites of bacterial DNA replication. One of the pathways related to nucleic acid 
derivatives (dsDNA, cyclic di-AMP, and cyclic di-GMP) is the STING pathway, which causes 
the production of IFNγ and IFN-β. NOD-like receptors, STING and TLR, are the major 
metabolic pathways involved in DCs activation after molecular patterns uptake and 
processing. Once activated, DCs secrete pro-inflammatory cytokines such as IL-6, TNF, 
CCR7, CXCL10, IL-1α, and IL-12. Moreover, IL-12 is crucial in protecting against CT 
infection by activating a Th1 response. In addition to TLR2 activity, TLR4 has been 
reported to activate monocytes in the context of CT infections (217–219).  

B. Adaptive response against CT 

Protection against CT infection involves cellular immune responses. In several human 
studies, a Th1 response by CD4+ T cells has been associated with a specific response against 
an active CT infection. The production of IFN-γ characterizes the inflammatory response 
by CD4+ and CD8+ T cells. Studies performed on vaginal fluids from infertile women with 
active CT infection have detected CD4+ and CD8+ T cells with the production of cytokines 
characteristic of Th1 and Th2 responses. CD4+ and CD8+ T cells isolated from the 
endocervix of women with active infection are HLA-DR+ primarily of a memory phenotype. 
In addition to IFN-γ production, other cytokines such as IL-12p70 (associated with 
differentiation to a Th1 profile) and CX3CL1 (a T-cell chemoattractant ligand) are 
detected. Of note, inflammatory environments with T cell-attracting cytokines are 
associated with an increased risk of HIV coinfection (214,215,220–225). 
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0.3.2.2 Bacterial vaginosis  

The local microbiota of the FGT plays a significant role in regulating the immune response 
and protecting against STIs. Along with vaginal mucus, bacteria are a physical and 
mechanical trap against various pathogens (226–228). In the literature, the dominant 
presence of Lactobacillus Crispatus is associated with vaginal mucus and can trap even viruses 
such as HIV (229–233). In contrast, the presence of the bacterial species of Gardnerella, 
Prevotella, and Bacteroides in the context of bacterial vaginosis (BV) is associated with 
degraded vaginal mucus (due to the enzyme sialidase produced by these bacteria) and a high 
risk of contracting an STI. The vaginal flora comprises Lactobacillus spp, which includes L. 
crispatus, L. gasseri, L. jensenii, and L. iners. The presence of these bacteria lowers the pH of 
the vagina to 4.5, producing lactic acid, hydrogen peroxide, and other organic acids. The 
metabolites produced by the vaginal microbiota serve as bactericides and fungicides. An 
imbalance in the growth of these bacteria caused by an overgrowth of Gardnerella vaginalis, 
among others, is called bacterial vaginosis (234–238). 

The etiology of BV is due to the metabolic activity of the G.vaginalis bacteria, degrading 
fatty acids and vaginal mucus, producing a characteristic “fishy” vaginal discharge. This 
metabolic activity increases the pH of the vagina and thereby multiplies the growth of 
anaerobic bacteria by 100 to 1000 times. BV diagnosis is performed using the Amsel test, 
analyzing the discharge's color, odor, and pH and the presence of bacterial biofilm in cervix 
EC (by light microscopy and KOH test) (147,152). BV represents a problem for public 
health with significant economic impact since it has a high cost associated with antibiotic 
treatment and facilitates the acquisition of other STIs. In addition, the prevalence of this 
infection reaches up to 60% in fertile women with various sexual partners. Therefore, 
characterizing the immune response against BV may help understand the mechanisms 
behind coinfections and g to design better treatment solutions (236,237,239).   

Immune response in the context of bacterial vaginosis  

BV is associated with subclinical inflammation, so bacterial overgrowth generates a pro-
inflammatory response. PAMPs from G.vaginalis, in addition to degraded fatty acids, 
generate an immune response via TLR receptors on EC from the cervix. (152,156,235,236). 
The inflammatory response elicited by BV is accompanied by cytokine production. In 
several studies carried out on women, the high presence of G. vaginalis has been related to 
the high production of the cytokine IL-1β. In vitro, studies have shown that cervix EC 
produces IL-6 and IL-8 in the presence of anaerobic bacteria. However, these cytokines were 
not detected when the same cell line was cocultured with lactobacillus species. Moreover, 
TLR1, TLR2, and TLR3 pathways are downregulated under such conditions (240–242). 

Regarding cellular response, studies carried out on sex workers have recorded the presence 
of CD4+ CCR5+ and CD4+CD69+ T cells in the cervix. In another study, healthy vaginal 
mucosa has been related to a lower presence of activated CD3+ populations such as 
CD3+HLADR+ or CD3+CD4+CCR5+ cells (144,147)—all these findings associate BV 
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with higher susceptibility to contracting other STIs, especially HIV. In parallel, women with 
BV often have CT and Gonorrhea coinfections (236,238,239,243). 

0.3.3 Mice model for chlamydia infections 

There are various mouse models of CT.  These models are easy to handle and cheap to 
maintain, in addition to the existence of many knockout models for different studies. 
Female mice are susceptible to infection with CT and another species called C.muridarum. 
These two models have long been used for their similarity to FGT infection in women and 
due to the development of a similar immune response. The infection's complications are 
similar to humans, even though the mice develop a long-lived adaptive immunity against 
the infection (244–246). 

0.3.3.1 C. muridarum model  

Chlamydia muridarum infection affects the lung in mice, causing pneumonitis. In animal 
models, the pathogen is deposited intravaginally, resulting in an infection of the cervical 
epithelium, like CT infections in women. The propagation of C. muridarum starts in the 
LGT, going up to UGT towards the uterus and ovaries. The sequelae are very similar to 
those in women, infertility, fibrosis, PID, and interruption of pregnancy (244,246–248). 

C. muridarum infection in mice lasts approximately 4 weeks and generally resolves naturally 
without antimicrobial therapy. Mice' age directly influences pathogenesis, strain, bacterial 
load, and hormone levels. Young mice in the luteal phase (presence of progesterone) are 
more susceptible to C. muridarum infection. Mice develop an adaptive protective immunity 
against C.muridarum; however, this does not occur in women. In the case of reinfection, 
mice take a short time to resolve it with no associated pathology (247). 

The immune response in this model includes cells from the myeloid and adaptive lineages. 
DCs and macrophages are the first cells to infiltrate the genital tract (GT), followed by T 
lymphocytes. CD4+ T cells and B cells are critical elements for adaptive immunity against 
C.muridarum. CD4+ T lymphocytes predominate on the adaptive response; these cells are 
retained in the GT and continue to be detected after the resolution of the infection. 
Overall, the nature of the response is Th1, characterized by the production of IL-12 and 
IFN-γ. CD8+ T cells are present towards the end of infection but are not known to play an 
essential role in clearing the pathogen. Last, NK cells also infiltrate the GT towards the end 
of the infection, and they have been described as responsible for producing large amounts 
of IFN-γ in response to C. muridarum infection in mice (244–250). 

0.3.3.2 C. trachomatis model 

This model is characterized by a mild CT infection. More infective units are needed to elicit 
an inflammatory response in the GT of the mouse. Resolution takes less time than in the 
case of C. muridarum infection. Mice must be directly infected in the UGT to achieve 
complications, as in women (246,248,249).  
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Figure 10. kinetics of CT and CM infection and immune response in mice 

There is much controversy regarding the immune response to mice CT infection. The 
innate response is already sufficient to eradicate the infection in murine models (Figure 
10). Unlike the C. muridarum model, this model does not require a response from CD4+ T 
cells for infection clearance. Last, in the CT model, bacterial load declines within 3 days 
without involving an adaptive response (247). 
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1.1 Antecedents  

Mucosal immunology studies immunity and defense mechanisms in tissues that directly 
interact with the external environment through a mucosal barrier.  Continuous interaction 
with external Ags promotes the development and shaping of mucosal immune responses. 
As mentioned in this thesis, a wide variety of innate and adaptative immune phenotypes 
are represented in these mucosae. Importantly, these cells have distinct phenotypic and 
functional heterogeneity based on location and may strongly differ from blood phenotypes.  

Celular trafficking between LNs and the mucosa is a complex and dynamic process, 
especially after infection. The capacity of distinct subpopulations of T cells to traffic 
selectively into initial Ag contact compartments is termed 'homing.’ T cells sensitized to Ag 
in mucosal inductive sites leave the site of Ag presentation in the mucosa, migrate through 
the lymphatics to enter the blood, recirculate, and ultimately re-enter mucosal tissues. The 
lack of CCR7 expression allows us to identify T cell populations migrating to peripheral 
tissues (251). After recirculating to the original mucosal sites, most of these cells 
differentiate into resident memory and effector phenotypes. Thus, studying and 
characterizing homing profiles of T cell subpopulations on their way to tissues may help 
understand the type of immune response induced and established at the affected location. 
T cell homing studies have focused on the respiratory tract, gut, and skin to identify 
biomarkers and therapeutic targets for mucosal disorders associated with these peripheral 
tissues. However, the homing profile of T cells migrating towards the female genital mucosa 
is still poorly defined.  

1.2 Hypothesis and Objectives  

This project hypothesizes that lymphocytes induced by FGT infection traffic transiently in 
blood, expressing a specific set of homing markers. By isolating cells from blood soon after 
mucosal FGT infection during the brief period in which mucosal lymphocytes recirculate, 
it is possible to detect specific integrins, chemokine receptors, and other molecules 
responsible for lymphocyte entry into the FGT using differential transcriptomics analyses.  

To identify specific trafficking molecules associated with effector T cells migrating to the 
FGT, which was the main objective, we developed the following specific objectives: 

• Identify proteins and gene transcripts of molecules specific to T lymphocyte homing 
to the FGT using differential and integrative analyses from different groups of 
infected mice. 

• Confirm and validate the expression of the selected candidates on circulating T 
lymphocytes in healthy patients compared to those with mucosal conditions. 

• Characterize subpopulations of T lymphocytes with FGT-specific homing identity. 
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2.1 Mice experiments  

2.1.1 Ethics statement 

For this project, samples from animal models were used in two separate studies. Samples 
from mice in the first study consisted of blood from a Chlamydia infection mouse model 
developed at the University of California, UC-Davis, by Dr. Stephen McSorley’s team. The 
second study consisted of blood samples from uninfected mice generated in our laboratory 
at the Germans Trias i Pujol Institute, Badalona. For this purpose, the competent entities 
approved the ethical procedure in both countries.  

For study 1: all mice were maintained following the Association for Assessment and 
Accreditation of Laboratory Animal Care International Standards and the guidelines in 
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 
The Institutional Animal Use and Care Committee of the University of California, Davis, 
approved these experiments (Protocol # 18299). For study 2: all animal procedures were 
approved and supervised by the Animal Care Committee of the Germans Trias i Pujol 
Health Science Research Institute (IGTP) and by the Department of Environment of the 
Catalan Government (approval number # 7066). 

2.1.2 Animal models  

2.1.2.1 Chlamydia muridarum infective stock 

Chlamydia muridarum strain Weiss was purchased from ATCC (Manassas, VA) and 
propagated in HeLa 229 cells in Dulbecco's modified Eagle's medium (Life Technologies, 
Grand Island, NY) supplemented with 10% fetal bovine serum (FBS). C. muridarum EBs 
were purified by discontinuous density gradient centrifugation as previously described and 
stored at –80ºC (74). The number of inclusion-forming units of purified EBs was 
determined by infection of HeLa229 cells and enumeration of EBs stained with anti-
Chlamydia major outer membrane protein antibody (provided by Dr. Harlan Caldwell).  

2.1.2.2 Mouse experiments study 1 

Eight weeks old C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, 
ME). For systemic infection, mice were intravenously (IV) injected in the lateral tail vein 
with 1x105 C. muridarum. For vaginal infection, estrus was synchronized by subcutaneous 
injection of 2.5 mg medroxyprogesterone acetate (Greenstone, NJ). Seven days after, 1x105 
C. muridarum in 5µL sucrose/phosphate/glutamate buffer was deposited directly into the 
vaginal vaults with a blunted pipet tip (252). After that, 7, 10, and 14 days post-infection, 
blood was collected by retro-orbital bleeding. Immediately after collection, blood samples 
for cell sorting and validation analyses were air-shipped from the laboratory of Dr. McSorley 
(UC-Davis, CA) to the laboratory of Dr. Genescà (IGTP, Badalona, Spain). Samples arrived 
refrigerated and in good condition 48 hours later and were immediately processed. 
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Cell sorting study 1 

Circulating CD62L– CD44+ activated effector memory T cells. Cells were sorted from 7 
days of Chlamydia-infected mice (VAG group) and six contemporary sham-treated mice 
(control group). Blood samples (~500 µl) were immediately lysed using an in-house red 
blood cell lysis buffer. After washing, cells were stained with antibodies against CD3-
Vioblue (145-2C11), CD62L-PE (MEL-14-H2.100), and CD44-FITC (IM7.8.1; all from 
Miltenyi Biotec, Madrid, Spain) (Table 5). Cells suspended in cold FACS flow buffer (0.5% 
FBS-PBS with 0.5mM EDTA) were immediately sorted into 350 μl of chilled RLT buffer 
(QIAGEN, Valencia, CA) using a BD FACSAriaTM Cell Sorter (Flow Cytometry Platform, 
IGTP). Purity of sorted CD62L– CD44+ activated TEM cells was >99%. Once sorted, 
samples were mixed for a minute (min), and after a short spin, the volume of RLT was 
adjusted (3.5:1 ratio of RLT to sheath fluid) using filtered tips. Next, samples were mixed, 
spun again, and frozen at –80oC. 

2.1.2.3 Mouse experiment study 2 

Six- to eight-week-old female C57BL/6 mice were bred in-house at the animal facility for 
the IGTP, Spain experimental models. Mice were kept in ventilated cages with sterile food 
and water ad libitum under specific-pathogen-free conditions. All animals were treated 
subcutaneously with 3 mg of Depo-Provera six days before euthanizing to homogenize the 
endocrine effects on immunity by synchronizing the menstrual cycle. All mice were 
euthanized with isoflurane (inhalation excess), and blood was immediately obtained by 
cardiac puncture. 

Cell sorting study 2 

Blood samples (~500 µl) were immediately lysed, washed, suspended in PBS, and incubated 
with Aqua vital dye to distinguish dead cells (Invitrogen, Burlington, ON, Canada). Cells 
were suspended in a staining buffer (1% BSA-PBS) and incubated with an Abs cocktail 
described in Table 5. Cells were suspended in a cold FACS-flow buffer and immediately 
sorted into CD3+ CD62L– CD44high CD11c+ and CD3+ CD62L–CD44high CD11c– using a 
BD FACSAriaTM Cell Sorter. The purity of sorted cells was >99%. Each sample was sorted 
by collecting 300 cells directly into a refrigerated lysis buffer provided by the Institute for 
Research in Biomedicine (IRB, Barcelona, Spain) (74). Samples were immediately spun, 
heated at 65ºC for 15 mins, and kept at 4oC until delivery to the Institute for Research in 
Biomedicine the following day for further RNA analysis. 
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Table 5. Abs cocktail for sorting experiment 2 

Antibody Fluorochrome Clone Volume Manufactory  

CD3 Vioblue 145-2C11 5 µl Miltenyi Biotec1 

CD4 APC-H7 GK1.5 3 µl Miltenyi Biotec1 

CD62L PE MEL-14-H2.100 5 µl  Miltenyi Biotec1 

CD44 Brilliant Violet 570   IM7 5 µl BioLegend2,  

CD11c PE-Cy7 HL3 5 µl BD Biosciences3 

1. Miltenyi Biotec, Madrid, Spain; 2. BioLegend, San Diego, CA; 3. R&D Systems Inc., Minneapolis, MN 

2.1.3 Gene expression experiments   

Total RNA was isolated from cells using RNA easy Mini kit (QIAGEN). After a qualitative 
assessment of RNA integrity, samples were amplified using Whole Transcriptome 
Amplification 2 (Sigma-Aldrich, Madrid, Spain). We chose four samples in each group that 
qualified for microarray analyses, yet one sample from the VAG and control group was 
discarded as an outlier; thus, microarray analyses were performed in n=3 for the VAG 
group and n=3 for the control group (which were contemporary samples). The number of 
sorted cells in each group was similar (15,207 ± 2,339 cells for the VAG group and 20,793 
± 2,443 cells for the control group; not significant). 

Affymetrix microarray hybridization was performed using the Mouse Genome 430 PM 
Strip platform. Image intensities were extracted using GeneAtlas System software 
(Affymetrix), normalized, and summarized using the Robust Multi-array Average algorithm. 
Differential gene expression analysis was assessed by fitting an empirical Bayesian linear 
model. Statistical significance in differential gene expression was computed with a false 
discovery rate multiple testing adjustment correction. We used the Limma package and the 
R statistical programming environment (253). The 'compute overlaps' function in the 
'investigate gene sets web application 1  of the Molecular Signatures Database v4.0 
(MaSigDB) was used to explore functions enriched among the top regulated genes defined 
as having a nominal (non-adjusted) p-value <0.005. The lists of gene symbols upregulated 
and down-regulated in infected versus uninfected samples were scrutinized for significant 
overlaps with a pathway (C2: CP, KEGG) and immunologic signatures (C7) in MaSigDB 
(79).  

For study 2, additional bioinformatic analysis was done: NK-related gdTCR, iNKT CD4+, 
and iNKT CD4– specific gene sets (253) were tested by Gene Set Enrichment Analysis 
(GSEA) (79) for significant enrichment in CD11c+ cells. 

 

 
1 http://www.broadinstitute.org/gsea/msigdb/annotate.jsp 
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2.1.4 Flow cytometry analysis  

This section describes the protocols used for flow cytometry in both mouse studies. Briefly, 
three main experiments were done in the following order: 

• Confirmation and validation of the selected molecules from the microarray analysis 
in the Chlamydia mouse model 

• Analysis of specific cell phenotypes in the tissue of mice infected with Chlamydia 
• Analysis of specific cell phenotypes in the blood of mice infected with Chlamydia.  

2.1.4.1 Confirmation of candidate molecules  

Blood samples (~500	µl) were immediately lysed, washed, suspended in PBS, and incubated 
with Aqua vital dye to distinguish live from dead cells (Invitrogen, Burlington, ON, 
Canada). Following two more washes, cells were suspended in washing and staining buffer 
(1% bovine serum albumin-PBS) and incubated for 20 mins with a cocktail of pre-titrated 
anti-mouse Abs (Table 6). 

Table 6. Abs cocktail for microarrays candidate molecules validation 

Antibody Fluorochrome Clone Volume Manufactory  

CD3 Vioblue 145-2C11 5 µl Miltenyi Biotec 

CD4 APC-H7 GK1.5 3 µl Miltenyi Biotec 

CD62L PE MEL-14-H2.100 5 µl  Miltenyi Biotec 

CD44 Brilliant Violet 570   IM7 5 µl BioLegend, San Diego, CA 

CD11c PE-Cy7 HL3 5 µl BD Biosciences1 

CCR5 FITC CTC5 20 µl  R&D Systems Inc. 

CXCR6 PerCP 221002 20 µl R&D Systems Inc. 

CCR2 APC 475301 6 µl R&D Systems Inc. 

1 BD Biosciences, San Jose, CA 

All events were acquired in a BD FACSAriaTM Cell Sorter and analyzed with FlowJo 
vX.0.7 software (TreeStar, Ashland, OR).  

Tissue and blood STAINING  

Mouse tissues were harvested, and a single-cell suspension was prepared; Briefly, the mouse 
genital tract (vagina, cervix, uterine horns, oviducts), spleen, and draining lymph nodes 
dLNs were minced into small pieces and digested in 500 mg/L collagenase IV (Sigma) for 
1 hour at 37˚C with constant stirring. Leukocytes were purified by percoll density gradient 
centrifugation (GE Healthcare), washed with FACS buffer, and stored on ice until use. 
Peripheral blood was collected by retro-orbital bleeding. Red blood cells were removed by 
ACK lysing buffer (Life Technologies). Leukocytes were washed with FACS buffer (PBS 
with 2% FBS) and stored on ice until use. 

Single-cell suspensions from the spleen, dLNs, blood, and genital tract (GT) were prepared 
in FACS buffer and blocked with Fc block (culture supernatant from the 24G2 hybridoma, 
2% mouse serum, 2% rat serum, and 0.01% sodium azide). Cells were stained with anti-
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CD11b, F4/80, and B220-FITC together with MHC-II PerCP-Cy5.5 (dump channels), 
CD4-APC-eFluor780, CD8-Pacific Orange, CD44-Alexa 700 and CD11c-APC. All flow 
Abs were obtained from eBiosciences. Samples were acquired on an LSRFortessa flow 
cytometer and analyzed using FlowJo software (TreeStar). 

2.1.4.2 T cell subset analyses  

The Ab panel in Table 7 was used for T-cell subset analyses. Because of the low number of 
CD3+ events in the genital tract (GT) of naïve animals, we analyzed some of the frequencies 
as % of the total number of events (i.e., CD3+ or CD3+ CD11c+), while others, like the 
expression of specific molecules within the CD3+ CD11c+/–fractions, were analyzed as the 
% of the parent as we did for blood (i.e., CD3+ CD11c+/–TCRgd+). Boolean gating strategy 
was used for the simultaneous expression of different molecules, which were represented 
visually using Pestle (v1.7) and Spice (v5.3) software (provided by the National Institutes of 
Health) (87). 

Table 7. Abs cocktail for T cell phenotype assessment from tissue and blood in mice experiment 2 

Antibody Fluorochrome Clone Volume Manufactory  

CD4 FITC GK1.5  3 µl eBiosciences1 

CD8 FITC 53-6.7 3 µl  eBiosciences1 

NKp46 PE 29A1.4 1 µl  Biolegend 

CD49b PE DX5 3 µl  eBiosciences1 

CD103 FITC 2E 7 1 µl  eBiosciences1 

NK1.1 eFluor 450 PK136 3 µl  eBiosciences1 

CD19 APC MB19-1 2.5 µl  Biolegend 

CD159a APC 16A11 3 µl  Biolegend 

CCR10 APC 248918 1 µl  R&D Systems 

mCD1d APC PBS-57 tetramer 0.5 µl  NIH Tetramer Core Facility2 

gdTCR PE eBioGL3 2 µl  eBiosciences1  

CD11c PerCP-Cy5.5 N418 5µl  eBiosciences1  

CD3 Alexa700 eBio500A2 5 µl  eBiosciences1  

CD11b FITC F4 80  3 µl eBiosciences1 

B220 FITC RA3-6B2 0.5 µl eBiosciences1 

MHC-II PerCP-Cy5.5 M5/114.15.2  1 µl Miltenyi Biotec 

CD4 APC-eFluor780 GK1.5  3 µl eBiosciences1 

CD8 Pacific Orange 53-6.7  3 µl eBiosciences1 

CD44 Alexa 700 IM7  2 µl eBiosciences1 

CD11c APC N418  5 µl eBiosciences1 

1 eBiosciences San Diego, CA; 2 NIH Tetramer Core Facility, Emoroy University, Atlanta, GA 
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2.2 Human experiments  

2.2.1 Ethics statement  

Informed written consent was obtained from all participants, and the study protocols and 
questionnaires were approved by the University Hospital Germans Trias i Pujol (HUGTP, 
Badalona, Spain) Clinical Research Ethics Committee (reference numbers # EO-11-074 
and # PI-14-070). The study was undertaken following the Declaration of Helsinki and the 
Good Clinical Practice requirements. 

2.2.2 Participant enrolment and inclusion criteria for human blood and tissue samples 

All participants from which blood was collected (age range: 20-40 years) were classified into 
the following different cohorts: normal donors (ND, n=13, 25±1 years old), psoriasis (PS, 
n=4, 34±3 years old), ulcerative colitis (UC, n=4, 28±3 years old), and BV (n=4, 31±4 years 
old). Healthy ND volunteers were recruited from the clinical trials unit of the University 
Hospital Germans Trias i Pujol (HUGTP, Badalona, Spain). Patient recruitment for the PS 
and UC cohorts was carried out in the related services of the Dermatology and 
Gastroenterology of the HUGTP. BV patients were recruited at the Attention to Sexual 
and Reproductive Health Unit from the Primary Health Care centers of Sabadell and 
Cerdanyola in Catalonia (Spain). An additional ND cohort (n=10, 27±4 years old) was 
enrolled for a specific T cell phenotype assessment. 

Participants completed a questionnaire to detect possible exclusion criteria (other chronic 
or acute diseases, allergies or infections, immunosuppressive treatment, etc.) and to register 
menstrual cycle and birth control data. Patients in each cohort presented either an active 
burst (for PS and UC groups) or symptoms compatible with a recent infection within the 
last 7 days (for the BV group). Inclusion criteria for the PS group consisted of women with 
acute psoriasis Vulgaris that suffered a relapse of fewer than two weeks, with no treatment 
for at least six weeks. UC subjects were women with active ulcerative colitis: the extent of 
pathology was defined based on the Montreal classification (254) and the severity of the 
disease on the Mayo's Disease Activity Index (255). Only patients with an active burst (index 
>9) off immunosuppressive treatment were included. Lastly, untreated and symptomatic 
BV infections defined by Nugent scoring of >7 and suspected of Gardnerella vaginalis origin 
were confirmed by microscopic examination (which is considered by more than 20% of 
clue cells). Patients with other STIs were excluded. 

Human cervical tissue was obtained from two sets of five healthy women (age 42-47) 
undergoing hysterectomy for benign indication at the HUGTP. After the Pathological 
Anatomy Service confirmed healthy tissue status, a separate piece from the ecto and 
endocervix, identified by anatomical localization, was delivered to the laboratory. 
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2.2.3 Flow Cytometry in blood samples from patient cohorts 

Blood was collected and processed within 4 hours maximum. An ammonium chloride-
based lysing reagent (BD Pharm Lyse, BD Biosciences) was used for erythrocyte deletion of 
1 mL of blood. After washing, cells were suspended in PBS and stained with Aqua Dye 
(Invitrogen) for cell viability. Cells were rewashed, suspended in staining buffer, and 
divided into four tubes. The four assessed panels contained some common and specific 
Abs (Table 8). CD3+ CD4– phenotype was considered CD8+ T cells. 

Table 8. Abs used for patients cohorts in flow cytometry study 

Antibody Fluorochrome Volume Manufactory 

Common Abs 

CD3 eFluor 605 1μl eBiosciences 

CD4 Alexa 700 1μl eBiosciences  

CCR7 Horizon PE 0,5μl BD Biosciences 

CD38 Brillant Violet 421 1μl BD Biosciences 

HLA-DR PerCP-Cy5,5 0,5μl BD Biosciences 

CD11c PE-Cy7 1μl BD Biosciences 

Panel 1 

CCR2 PE 3μl R&D Systems  

CCR5 APC-Cy7 2μl R&D Systems 

CXCR6 APC 4μl R&D Systems 

CXCR3 FITC 3μl BioLegend 

Panel 2 

CD49d FITC 4μl BD Biosciences 

β7 APC 2μl BD Biosciences 

CCR9 PE 3μl BD Biosciences 

CD29 APC-Cy7 2μl BioLegend 

Panel 3 

CD103 FITC 2μl BioLegend 

CD54 APC 0,5μl BioLegend 

CD49a PE 0,5μl BioLegend 

CD29 APC-Cy7 2μl BioLegend 

Panel 4 

CD18 APC 4μl BD Biosciences 

CLA FITC 10μl BD Biosciences 

CCR10 PE 2μl BioLegend 

CCR5 APC-Cy7 2μl R&D Systems 

 

For unconventional T cell subset phenotyping, an additional ND cohort was used. 1 mL 
of blood was lysed by ammonium Lysis Buffer (BD Pharm Lyse, BD Biosciences) and 
processed for staining. Leftover blood (~9 mL) was used to isolate peripheral blood 
mononuclear cells (PBMC) by density gradient centrifugation over the Ficoll gradient 
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(Biochrom AG, Berlin, Germany). Both cell suspensions were stained with the same Ab 
cocktail (Table 9). 

Table 9. Unconventional T cell subset staining Abs 

Antibody  Fluorochrome Clone Volume Manufactory  

CD3 eFluor 605 OKT3 2μl eBiosciences 

CD14 V450 MΦP9 2μl eBiosciences 

CD19 V450 HIB19 2μl eBiosciences 

CD11c PE-Cy7 Bly6 2μl eBiosciences 

CCR7 PE-CF594 150503  1μl eBiosciences  

CD8- V500 RPA-T8 5μl BD Biosciences 

NK1.1 PE 191B8 2μl Milteny Biotec 

γδTCR FITC 11F2 20μl Milteny Biotec 

Vα7.2 APC REA179 2μl Milteny Biotec 

Vα24 APC 6B11 5μl BioLegend 

 

For both experiments, cells were acquired using a BD LSRFortessa SORP flow cytometer 
(Flow Cytometry Platform, IGTP) and analyzed with FlowJo 9.3.2 software (TreeStar). 
Gates were drawn based on fluorescence minus one-controls.  

2.2.3.1 PBMC activation and intracellular staining  

PBMC were cultured in RPMI 1640 supplemented with 10% FBS and 40 µg/mL 
gentamycin. Stimulation was performed with 1µl (E)-4-hydroxy-3-methyl-but-2-enyl 
pyrophosphate (HMBPP, Sigma). After 18 h of activation, Brefeldin A (GolgiPlug, BD 
Biosciences) was added. Five hours later, cells were stained with an Ab mixt, described in 
Table 10. After surface staining, cells were fixed and permeabilized with Fix/Perm Kit 
(Invitrogen) and intracellularly stained with IFNγ-Alexa700 (B27). Data were acquired and 
analyzed as described before for blood. 

Table 10. Abs for intracellular staining panel 

Antibody Fluorochrome Clone Volume Manufactury 

CD3 PerCP OKT3 2μl BD Biosciences 

CD11c PE-Cy7 B-Lye6 2μl BD Biosciences 

HLA-DR PerCP-Cy5 G46-6 2μl BD Biosciences 

CD69 PE-CF594  FN50  5μl BD Biosciences 

γδTCR PE 11F2 2μl Miltenyi Biotec 

IFN-γ ALEXA 700 B27 2,5μl Miltenyi Biotec 
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2.2.4 Cervical tissue digestion and flow cytometry 

Human cervical tissue was obtained from two sets of five healthy women, which was 
collected in refrigerated RPMI 1640 medium (Cellgro, Manassas, VA) containing 10% FBS 
(Lonza, Basel, Switzerland), 500 U/mL penicillin, 500 µg/mL streptomycin, 5 µg/mL 
fungizone and 1 µg/mL gentamycin (Life Technologies). Tissue was processed within the 
next 12 h after surgery, and 8–mm3 block dissection was performed as described (256). 
Tissue digestion of 5-9 pieces of ecto or endocervix with collagenase IV (Invitrogen) was 
immediately executed as described (256). Tissue blocks were then dissociated manually with 
a disposable pellet pestle and filtered through a 70µm-cell strainer (BD Biosciences). After 
centrifugation, the pellet was suspended in staining buffer (1% mouse serum and 1% goat 
serum in PBS) and stained with different combinations of Abs, described in Table 11. Data 
were acquired and analyzed as described for blood. 

Table 11. Flow cytometry Abs mixt for cervical tissue study 

Antibody Dye Clone Volume Manufactury 

CD3 eFluor 605 OKT3 2μl eBiosciences 

CD14 V450 MØP9 2μl BD Biosciences 

CD11c PE-Cy7 Bly6 2μl BD Biosciences 

CD8 V500 RPA-T8 5μl BD Biosciences 

HLA-DR PerCP-Cy5.5 G46-6 2μl BD Biosciences 

CD69 Horizon PE CF594 5μl BD Biosciences 

NK1.1 PE 191B8 2μl Milteny Biotec 

γδTCR FITC 11F2 20μl Milteny Biotec 

Vα7.2 APC REA179 2μl Milteny Biotec 

CD103 FITC Ber-ACT8 3μl BioLegend 

Vα24 APC 6B11 5μl BioLegend 

 

2.2.5 Statistical analysis  

Data are reported as the mean and the standard deviation (SD) for each group using Prism 
4.0 software (GraphPad Software). For animal samples, statistical analyses were performed 
by Student's t-test or by Paired t-test when comparing the positive and negative fractions of 
the same sample. For all the other analyses in human samples, which did not pass the 
normality test (p<0.05), non-parametric tests were employed. 
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2.3 Detailed protocols and buffer recipes  

2.3.1 Mouse blood protocol  

2.3.1.1 Solutions and buffers  

• RBC Lysis Buffer (always used at RT): 
o 4.15 g NH4Cl  
o 0.5 g NaHCO3  
o 0.0186 g Disodium Ethylenediaminetetraacetic acid (EDTA) 
o 200 mL distilled H2O  
o Sterile PBS 

• Staining and Washing solution (SWB, 1 L): BSA 1g in 1 L PBS solution 1X 
• FACS-Flow (PBS + EDTA 0.5mM) + 0.5–1% FBS.  Use this buffer for cell 

suspension before sorting only.  
• Notes: It is possible to use RPMI 1640, which contains serum as a staining buffer. 

Sodium azide is not needed as long as the incubation and the washes are done at 
4°C. However, we have found that RPMI can increase the autofluorescence of cells 
and is not necessary for good viability (at least for human lymphocytes). Do not use 
RPMI for staining with avidin because its biotin will bind all the avidin. 

2.3.1.2 Erythrocytes Lysis 

1. Take 500 µl from mice blood. 
2. Label 15 mL tubes necessary to separate blood in 250 µl fractions.  
3. Add 5 mL of RBC lysis buffer (at RT) per 250 µL of mouse blood. Incubate 10 

mins. 
4. Spin the cells 5 mins at 400xg at 4°C and resuspend the pellet in 5 mL SWB to 

wash. Pool samples from the same animal in the same tube. 
5. Spin the cells 5 mins at 400xg at 4°C and resuspend in 1 mL of SWB per each 500 

µl of blood since we assume it corresponds to 1x106.  

2.3.1.3 Cell labeling for flow cytometry and sorting 

1. Add 0.5µl of Aqua (dead cells staining). Incubate for 30 mins at RT, protected from 
light. Note: Because some mAb-fluorochromes and free amino acids in media can 
compete with amine-reactive dyes, all other surface stains should be added in a 
separate step to avoid the loss of dye effectiveness. In addition, PBS is used in this 
staining step, but all other wash steps can use media containing Fetal Bovine Serum 
or other enriched media containing amino acids. 

2. Spin down 5 mins at 400xg, at RT. 
3. Wash twice with 1 mL of PBS and centrifuge.  
4. Resuspend 100 µL per 500µl of blood and add the corresponding Abs cocktail. 

Incubate for 20 mins at RT in the dark. 
5. Add directly 2-3 mL of SWB and then spin down 5mins at 400x g, at RT. 
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6. Wash again with 2-3 mL and centrifuge. 
7. Resuspend in FACS Flow: in 300 µL and keep cold. 
8. Prepare RNAse-free Eppendorf with 350 µL of fresh RLT buffer and keep cold. 

2.3.1.4 Cell sorting  

1. Sort the sample as CD3+ CD62L+ CD44High (these are the activated effector T cells 
of interest).  

2. Sort all cells in the RLT Eppendorf (10,000-40,000 events): cap the tube, vortex for 
1 min, and spin a few seconds to bring everything down. 

3. Then, using a pipette with a sterile tip, measure the final volume. 
4. Calculate the exact volume of the sample sorted into RLT. Adjust the amount of 

RLT to maintain a 3.5:1 ratio of RLT to sheath fluid using filtered tips. For 
example, if we now have 550  µL (µL of total volume, 200 µL of sheath fluid is 

dropped into the collection tube during the sort: 550 µl– 350 µl we had before. 
Then 3.5*200 µL =700 µL is needed as total, so add an extra 350 µl (700 µl-350 
µl=350 µL) of chilled RLT into collected sample, and the final volume will be 900 

µL (200 µL sheath fluid+700 µL RLT=900 µL).  (from experience, 20.000 cells 350 
µl, while 40.000 about 500 µl) 

Notes: When sorting directly into RLT buffer, make sure to sort at a ratio of 100 µL of sort 

sample to 350 µL of RLT or a multiple of that. For low cell number samples, start with 
350 µL of RLT. 350 µL of RLT can lyse no more than 5 million cells, 500 µL for 5-8 
million cells. Use Eppendorf RNAsa free for every 2 x 106 cells. Pipette until there are no 
aggregates. 

1. Cap the tube, vortex for 1 min, and spin to bring everything down. Freeze 
immediately on dry ice and store at –80°C.  

2.3.2 Mouse tissue protocols  

2.3.2.1 Buffers and reagents  

• PBS 1mM EDTA 5% FBS (a minimum of 100 mL). Prepare EDTA PBS solution 
and autoclave.  

• PBS 2% FBS. Prepare 0,8 mL FBS in 39,2 mL PBS (Cold).  
• FACS-Flow (same as sorting): (PBS + EDTA 0,5mM) + 0,5-1% FBS. 0.5 mM EDTA 

(0,186 g/L) it dissolves easily in PBS (autoclave 20 mins at 131oC.)—store at RT. 
When you add 0,5–1% FBS, only on aliquots, keep at 4oC (1mL/100ml). 

• On the day: prepare 1 ml of 2 mg/mL collagenase D (Roche) and 30 μg/mL DNase 
I in HBSS. 

• HBSS (11520476 Fisher Scientific). 
• 70–μm cell strainer (11883403 Fisher Scientific). 
• Lineage FITC Abs or Isolating Kit (Stem cell). 
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2.3.2.2 mouse tissue staining Protocol  

1. Preheat HBSS for digestion at 37°C.  
2. Remove tissue pieces and place them into each Eppendorf.  
3. Clean from fatty tissues and smash with the bottom syringe or cut with scissors.  
4. Digest each tissue piece with A): 1 mL of 2 mg/mL collagenase D (Roche) and 30 

μg/mL DNase I at 37 ° C for 30 mins in HBSS. Tissue pieces are collected in 0.5 
mL of pure HBSS.  

5. Add the pre-heated digesting mixtures, vortex, and leave in agitation at 37 ° C for 
30 mins. Then, put the centrifuge at 4 ° C. 

6. Add the mixture to a pre-heated 15 mL tube containing B) 5 mL of 1 mM EDTA 
PBS with 5% FBS. Incubate at 37 ° C for 5 mins.  

7. Filter in a 70–μ m cell strainer to obtain single cells (smashing with pipette tip 
against filter) in a 50 mL conical tube on ice. 

8. Centrifuge 1400 rpm 5 mins at 4 ° C. Work fast, keep cells cold, and use pre-cooled 
solutions. 

9. Resuspend cells in 500 µl cold PBS containing 2% FBS (on ice).  

10. Count cells: on a facs tube, place 30 µl of PBC (warm up a bit PBC and vortex well 
before taking them out) and then vortex the sample and add 30 µl to the same tube.  

11. Calculate the number of cells and centrifuge again to adjust to 2,5 x106 cells per 
100 µl of FACs Flow volume.  

12. Take 100 µl (2,5 x106 cells) in a new FACS tube.  
13. Incubate for 10 mins at 4 ° C in the presence of 5 µl of anti-CD16/32 Abs to block 

Fc receptors (FcR Blocking Mouse Ref. 130-092-575 Miltenyi). 
14. Then immediately stained with Abs cocktail (24 µl each tube):  
15. Incubate for 1 h on ice (in the dark). 
16. Wash with FACS-Flow twice, centrifuge 1400 rpm 5 mins at 4 ° C. 
17. Resuspend in 100 µl FACS Flow. Acquire 300.00 to 500.000 cells for each tissue 

piece. 

2.3.3 Human blood staining   

2.3.3.1 Homing panel staining protocol 

1. Stain 100 µL of blood directly with the titrated amount of Ab. 
2. Incubate for 15 mins, covered at RT. 
3. Prepare 2 mL of Lysing Buffer: 200 µL (#555899) in 1,8 mL distilled sterile water 

at RT. 
4. Add directly after the 15 mins. Vortex and leave for 5 mins at RT covered, after 

vortex again. 
5. Incubate 5 mins more at RT covered. 
6. Centrifuge 5 mins at 300-400xg at RT. 
7. Wash and discard the supernatant and resuspend it in 3 mL PBS.  
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8. Centrifuge 5 mins at 300-400xg at RT. 
9. Resuspend in 300 µL PBS. 
10. Analyze in BD LSRFortessa™ Cell Analyzer immediately. Record the maximal 

events as maximal: 500.000 approx. 

2.3.3.2 Unconventional T cell staining protocol  

1. Separate 1 mL of blood and place it into a 50 mL conical tube. 
2. Lyse with 9 mL of Pharmalyse® (1:10) at RT. 
3. Incubate for 10 mins in the dark at RT, then spin down 7 mins at 400g, RT. Keep 

the tube on ice. 
4. Wash with 10 mL SWB (cold) and spin down again. *Spin CD1d tetramer in a 

microcentrifuge at 14,000×g for 3 mins, at 4ºC. 
5. Suspend in residual volume (50 μl aprox). 
6. Add one test (0.5µl) of fluorescently-labeled tetramer to the cells and mix by 

pipetting. 
7. Incubate at 4°C for 30 mins, shielded from light: in the refrigerator covered with 

foil. 
8. Wash cells with 1mL SWB per tube. 
9. Spin down 5 mins at 500xg 4ºC, then suspend in 100 μl. 
10. Add the corresponding Abs cocktail. 
11. Incubate tube on ice for 30 mins, shielded from light. 
12. After 30 mins, add 1mL of SWB and spin down 5mins, 500xg at 4ºC. 
13. Wash again with 1mL SWB and spin down. 
14. Suspend the sample in 100 μl PBS. 
15. Analyze in BD LSRFortessa™ Cell Analyzer immediately. Record the maximal 

events as maximal: 500.000 approx. 

2.3.4 Cervical explant staining protocol  

1. Set thermomixer at 37ªC.  
2. With forceps, pick up the tissue blocks into a 1.7–mL Eppendorf tube containing 

0.5 mL of RPMI–5% FBS. 
3. Transfer up to 8 cervicovaginal tissue blocks. 
4. Add 500 μl of collagenase IV (10 mg/mL) solution per tube containing the blocks 

to be digested. 
5. Place the tubes in the Thermomixer and agitate at 400 r.p.m. for 30 mins. 
6. Prewet and label one strainer-cap 12 × 75 tubes per experimental condition for 

analysis by addition of 500 μl of PBS. 
7. Remove 500 μl of medium from the digestion tube with a pipette and transfer it to 

the appropriate strainer tube. 
8. Carefully insert a disposable pellet pestle into the digestion tube and rotate the 

pestle while pulling it up and down without removing it from the tube. Proceed to 
two series of 20 rotations. 
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9. Transfer the content of the tube to the corresponding prewet strainer-cap tube. 
10. Rinse the tube with 500 μl of PBS; pass through the strainer. 
11. Centrifuge at 400xg for 5 mins at 16 °C; decant the supernatant. 
12. Resuspend the pellet in 1 mL of PBS and centrifuge at 400xg for 5 mins at 16 °C; 

Decant the supernatant. 
13. Resuspend the pellet in 500µl PBS for cell surface staining.  
14. Prepare and label 12 × 75 tubes—also, the Ab mix.  
15. Keep an aliquot (50–100 μl) of cell suspension (from Step 13) on ice. 
16. Add 2 μl of Live–Dead fixable blue stain solution to the remaining 500 μl or 1–μl 

to the cell suspension aliquot. 
17. Incubate at RT for 15 mins. 
18. Add 500 µl of staining buffer.  
19. Centrifuge at 400xg for 5 mins at 16 °C; decant the supernatant. 
20. Resuspend the pellet in 0.5 mL of staining buffer. 
21. Distribute 50–μl aliquots of cells into 12 × 75 FACS tubes containing specific 

volumes of the Abs mixes. 
22. Incubate at RT for 20 mins. 
23. Add 2 mL of staining buffer to the tubes containing cells to be stained. 
24. Centrifuge at 400xg for 5 mins at 16 °C; decant the supernatant. 
25. Fixation protocol:  
26. Add 100 μl of PBS to each tube and vortex gently. 
27. Add 100 μl of a 2% (wt/vol) formaldehyde solution in PBS and vortex gently. 
28. Incubate at RT for 1 h. 
29. Keep samples in the dark at 4 °C and acquire samples on flow cytometer BD 

LSRFortessa™ Cell Analyzer within 48 h. 

2.3.5 PBMC protocol 

1. Take 3 ml of blood from EDTA tube in sterile conditions.  
2. Add 3 ml sterile PBS to make a total volume of 6 ml. 
3. Spin down 15’ at 900 rpm, at RT. 
4. Remove the serum part (yellow). 
5. Add 3ml approx of PBS to make a total volume of 6 ml. 
6. Put 4 ml of Ficoll® in 50 ml conical tubs. Then carefully add the blood (from point 

5) to each tube. 
7. Spin down 30’ at 720 g with Acceleration: 9/brake: 0 
8. Take the leucocyte band (the white one) and put it in another 50 ml conical tube. 
9. Wash with 10 ml PBS twice. Spin down 5’ at 1400 rpm at RT. 
10. Add 9ml PharmaLyse® 1:10. Incubate for 10 min in the dark at RT. 
11. Spin down 5’ at 1400 rpm at RT. 
12. Wash with PBS and spin down again. 
13. Suspend in 500 µl of PBS.  
14. Take 50 µl by “reverse pipetting” and put it in Facs tube.  
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15. Add 50 µl by “reverse pipetting” from perfect count bottle after hard agitation it 
should be at RT. 

16. From this point, you can start the stimulation protocol.  

2.3.5.1 Stimulation of PBMC in vitro and intraceLlular staining 

Before starting, it is necessary to count cells following the next steps  

• Acquire at least 5000 Cells to see a defined population and verify that at least 1000 
events have been acquired in the bead gate for the count to be statistically 
significant. 

• In the same template, analyze acquisition and calculate the number of cells/ml 
according to the formula: Number of Cells (R2)/Number of FL2 Beads * Beads kit 
concentration (beads/ µl) *1000 = cells/ml 

For culture procedure:  

• Use c RPMI 1640 culture medium supplemented with 10% FBS and 40µg/ml 
gentamicin (Life Technologies) 

• Suspend fresh PBMCs at 0.5x106 in 100 µl of culture medium 
• Separate 1 tube to stain and analyze without culturing (baseline).  
• Add 100 µl per well in each well (48 well plate). 
• For stimulation, add 1 µl (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate 

(HMBPP, Sigma) at a final concentration of 100 nM  
• Incubate at 37ºC in 85º inclination (covered).  
• After 18 hours of activation, Brefeldin A (SigmaGolgiPlug, BD) was added to the 

medium to reach a final 3.0 ug/ml concentration.   
• 5 hours. Later, cells were stained following the previous intracellular staining 

protocol.  





 

 

3 Results 
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Study 1. Identification of proteins and gene transcripts of molecules specific 
to T lymphocyte homing to the FGT using differential and integrative analyses 
from different groups of infected mice 

3.1 Gene expression in mice 

In order to define the transcriptomic profile of TEM cells (CD3+ CD62L–CD44+ T) during 
early infection, the mouse model of C. muridarum infection was used. We compared two 
groups with 3 animals per group. The VAG group represents the group of vaginally-infected 
mice, and the control group represents the sham (simulating the infection by depositing 
physiological serum in the vagina). Blood was obtained 7 days post-infection (PI). The RNA 
samples extracted from blood were analyzed to assess their integrity before performing the 
microarray protocol. Microarray gene expression profiling was performed in collaboration 
with the Functional Genomics Core, Institute for Research in Biomedicine (IRB 
Barcelona). 

As a first step, DAVID gene ontology tool was used for the functional analysis of the list of 
upregulated genes. First, fluorescence data were normalized and transformed to log2 values. 
After this step, a t-test was applied to compare gene expression between control and VAG 
groups. In addition to the t-test, the fold-change of the list of resulting genes was calculated, 
considering log values greater than 0.5 as significant. After applying the two filters, the gene 
list was uploaded to the online bioinformatic tool to classify the overexpressed genes into 
functional clusters. The first results obtained using the DAVID tool (Table 12) show 
clusters related to cellular and immunological functions. In summary, functions of 
transcription (11% of genes), cell cycle (7.6% of genes), regulation of programmed cell 
death (4.7% of genes), and a small fraction of genes related to cytokine signaling (0.9% of 
genes). The first data analysis invited the application of more sophisticated bioinformatics 
analysis using the Limma package and the R statistical programming environment. The 
second round of analysis was done under the supervision of Dr. Lauro Summoy from 
Genomics and Bioinformatics Group, Institute for Predictive and Personalized Medicine 
of Cancer (IMPPC), Can Ruti Campus, Badalona, Spain.  
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Table 12. Gene ontology chart for upregulated genes using DAVID platform 

Category Term Count % P-Value Benjamini 

GOTERM_BP_FAT Transcription 58 11 4.30E-02 6.90E-01 

GOTERM_BP_FAT Cell cycle  40 7.6 1.50E-07 2.60E-04 

GOTERM_BP_FAT Phosphorus metabolic process 33 6.2 2.50E-02 6.10E-01 

GOTERM_BP_FAT Phosphate  metabolic process 33 6.2 2.50E-02 6.10E-01 

GOTERM_BP_FAT Protein localization 31 5.9 1.20E-02 4.50E-01 

GOTERM_BP_FAT Macromolecule catabolic process 28 5.3 1.10E-02 4.50E-01 

GOTERM_BP_FAT Cell cycle process 27 5.1 1.10E-02 9.10E-03 

GOTERM_BP_FAT RNA processing 27 5.1 6.60E-05 1.90E-02 

GOTERM_BP_FAT Cellular macromolecule catabolic process 26 4.9 1.50E-02 4.70E-01 

GOTERM_BP_FAT Protein transport 26 4.9 3.00E-02 6.30E-01 

GOTERM_BP_FAT establishment of protein localization 26 4.9 3.30E-02 6.50E-01 

GOTERM_BP_FAT regulation of apoptosis 25 4.7 8.90E-03 4.70E-01 

GOTERM_BP_FAT protein catabolic process 25 4.7 9.60E-03 4.60E-01 

GOTERM_BP_FAT regulation of programmed cell death 25 4.7 1.00E-02 4.60E-01 

GOTERM_BP_FAT regulation of cell death 25 4.7 1.10E-02 4.60E-01 

GOTERM_BP_FAT cell cycle phase 24 4.5 1.40E-05 5.90E-03 

GOTERM_BP_FAT death 24 4.5 8.10E-03 4.60E-01 

GOTERM_BP_FAT cytokine-mediated signaling pathway 5 0.9 5.60E-02 7.30E-01 

 

Table 13. Functions enriched among the top upregulated genes in activated effector T cells from Chlamydia-infected versus 
uninfected mouse samples with Canonical pathways 

Gene Set Name 
# Genes in 

Gene Set (K) Description 
# Genes in 
overlap (k) k/K p-value 

FDR 
q-value 

REACTOME_SYNTHESIS 
_OF_DNA 

92 
Genes involved in 
Synthesis of DNA 

7 0.0761 6.60E-08 7.02E-05 

REACTOME_INTERFERON_ 
SIGNALING 

159 
Genes involved in 

Interferon Signaling 
8 0.0503 1.87E-07 7.02E-05 

REACTOME_ANTIVIRAL_MECHA
NISM_BY_IFN_STIM._GENES 

66 
Genes involved in Antiviral 

mechanism by IFN-stim. genes 
6 0.0909 2.03E-07 7.02E-05 

REACTOME_S_PHASE 109 
Genes involved 

in S Phase 
7 0.0642 2.13E-07 7.02E-05 

REACTOME_IMMUNE_ 
SYSTEM 

933 
Genes involved in 
Immune System 

16 0.0171 6.15E-07 1.33E-04 

PID_TCPTP_PATHWAY 43 
Signaling events mediated 

by TCPTP 
5 0.1163 6.29E-07 1.33E-04 

REACTOME_CELL_CYCLE 421 
Genes involved 

in Cell Cycle 
11 0.0261 7.08E-07 1.33E-04 

REACTOME_CYTOKINE_SIGNAL
ING_IN_IMMUNE_SYSTEM 270 

Genes involved in Cytokine 
Signaling in Immune system 9 0.0333 1.02E-06 1.69E-04 

REACTOME_CELL_CYCLE_ 
MITOTIC 

325 
Genes involved in 
Cell Cycle, Mitotic 

9 0.0277 4.66E-06 6.65E-04 

REACTOME_DNA_STRAND_ELO
NGATION 30 

Genes involved in 
DNA strand elongation 

4 0.1333 5.04E-06 6.65E-04 

REACTOME_ACTIVATION_OF_T
HE_PRE_REPLICATIVE_COMPL
EX 

31 
Genes involved in activation of 

the pre-replicative complex 
4 0.129 5.77E-06 6,92E-04 

REACTOME_DNA_REPLICATION 192 
Genes involved in 
DNA Replication 

7 0.0365 9.38E-06 1,02E-03 

K indicates the number of genes in the set from MSigDB. 1; b k indicates the number of genes in the intersection of the query set with a set fromMSigDB. 
2; c k/K indicates the proportion of gene set genes in the query set. 3; d FDR corresponds to the false discovery rate. 
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The results were very similar to the ones obtained previously. Clusters of immune response 
genes were differentiated. The most significant clusters were: signaling via IFN (159 genes), 
immune response (933 genes), and signaling via cytokines (270 genes), in addition to other 
functional groups related to cell division and DNA replication (Table 13). 

Several genes related to T cell homing were found in the list of genes with higher expression 
and fold change in the VAG group compared to the control group. The genes with the 
most interest in this sense were selected for subsequent validation by flow cytometry: 
CCR5, ITGAX, CXCR6, and CCR2 (Figure 11). 

 

Figure 11. Adhesion molecule-related genes overexpressed in circulating activated TEM cells from vaginally Chlamydia-
infected mice 

Median centered log 2 intensity values derived from Affymetrix microarray hybridization experiments comparing non-infected 7 control mice (n=3, x 
symbol) vs. vaginally-infected mice (n=3, * symbol) for the CCR5, 8 Itgax, CXCR6, and CCR2 genes are shown. Fold change: average fold change of 
vaginally- infected vs. control mice. P value: nominal p-value. Adj p-value: false discovery rate adjusted 10 p-values.  

3.2 Candidate molecules validation in mice 

This section shows the confirmatory results of the findings obtained from the 
transcriptomics study. For this purpose, a panel of 10 colors was analyzed by flow cytometry. 
The results are shown separating four experimental groups: control, 7, 10, and 14 days PI. 
In each group, the CCR2, CCR5, CXCR6, and CD11c (Itgax) protein expression in CD4+ 
and CD4– Live T cells (putative CD8+) was evaluated. 

As a general trend, the expression of the receptors studied reached its maximum at ten days 
PI. In most cases, a significant difference was shown between the control and VAG groups 
regardless of the PI days (Figure 12). There was also an increase in TEM (CD62L–) cells in 
the VAG group versus controls. In addition, an exclusive increase in the frequency of 
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activated CD4+CD62L–CD44+ T cells was recorded (from 5.2% in control animals to 12-
19% in all conditions in the VAG group; p<0.01 in all the cases; Figure 12). On the other 
hand, CD8+ T cells demonstrated a significant increase in both CD44+ (from 8.7% to 
~27%) and CD44– (from 6% to ~16%), 10 and 14 days PI (p<0.02 for all; Figure 12; e and 
f ). 

 

Figure 12. Kinetics of the frequency of adhesion molecules and effector T cells after vaginal infection in mice  

The frequency of CCR5 (a), CCR2 (b), CXCR6 (c), CD11c (d), CD62LCD44+ (e), and CD62L- CD44- (f) was determined in T cells from blood by flow 
cytometry at 7, 10 and 14 days after vaginal infection with C. muridarum in mice. After gating on live CD3+ cells and CD4+ or CD4- (putative CD8+) T 
cells, the frequency of CCR5, CCR2, CXCR6, CD11c, CD62L- CD44+ and CD62L- CD44- was quantified. Each time point represents the median ± 
interquartile range of three or seven infected animals and all controls (n = 12). 

When further analyzing the expression of selected targeted molecules, only the subset of 
activated TEM cells, CD4+ CD44+ TEM cells showed a significant increase in CCR2, 
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CXCR6, and CD11c at 10 and 14 days PI, and CCR5 only at 10 days PI (Figure 13: a, b, 
c, and d). In contrast, CD8+CD44+ TEM cells increased expression of CXCR6 at 7 days PI 
and CD11c at all PI times (Figure 13; e and g). Although the expression of these markers 
was also increased in the non-activated fraction of both TEM cell subsets, the magnitude 
of expression was much lower (Figure 13; b, d, f, and h). Therefore, all selected upregulated 
genes were confirmed by protein expression. In addition, while CCR2 and CCR5 were 
only increased in the CD4+ TEM cell subset after infection, CXCR6 and CD11c expression 
were much more abundant in CD8+ TEM cells (Figure 13; a, b, e, and f). 
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Figure 13. Kinetics of CCR2, CCR5, CXCR6, and CD11c expression after vaginal 1 Chlamydia infection in mice 

The frequency of CCR5 (a, b), CCR2 (c, d), CXCR6 (e, f) 2, and CD11c (g, h) was determined in activated CD44+ (left graphs) and CD44- (right graphs) 
3 effector memory T (TEM) cells from blood by flow cytometry at 7, 10 and 14 days after vaginal infections with C. muridarum in 4 mice. After gating on 
live CD3+ cells and CD4+ or  CD4- (putative CD8+) T cells, the frequency of CCR5, CCR2, CXCR6, and CD11c was quantified in the CD62L- CD44+/CD44- 
T cell subsets. Each time point represents the mean 7 ± standard error of the mean of three infected animals and all controls (n=9). 
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Study 2. Confirmation and validation of the expression of the selected 
candidates on circulating T lymphocytes in healthy patients in comparison to 
patients with mucosal conditions 

3.3 Validation of Homing Molecules in Women  

3.3.1 Homing Molecules During Baseline Conditions 

This section addresses the expression of relevant mucosal-homing markers in TEM cells. 
On top of validating the candidate molecules obtained in Study 1, we also added other 
known adhesion molecules relevant to some of the conditions studied. The study was done 
in 4 groups of patients. Briefly, 1) PS: Women with acute psoriasis vulgaris who experienced 
a recurrence of fewer than two weeks and did not receive therapy for at least six weeks; 2) 
UC: Women with active ulcerative colitis (index >9) after stopping immunosuppressive 
therapy; 3) BV: Infected women Gardnerella vaginalis, untreated, symptomatic, and classified 
by optical microscopy and Nugent score of >7. Additionally, we add a control group 4 
named ND, represented by women without known immunological disorders, recent 
infections, or immunosuppressive treatment. Different mucosal homing markers were 
analyzed in peripheral blood in TEM CCR7–CD4+/– cell populations (CD4– cells are 
considered putative CD8+). In addition, the same markers were analyzed based on the 
expression of the cellular activation markers HLA-DR and CD38 (Figure 14). 
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Figure 14. General gating strategy and homing markers assessment in circulating TEM cells from women 

The overall gating strategy for a representative single 4 normal donor is shown. (a) General gating strategy for effector memory T (TEM) cells 5 consists 
of the following consecutive gates: lymphocytes, singlets, and live CD3+ T cells (top 6 rows); CD4+ and CD4- (putative CD8+) T cells, and the effector 
CCR7- fraction for each of 7 these subsets (bottom row). (b) Representative plots of molecules analyzed in TEM cells in 8 one of the panels are shown: 
activated CD38 and/or HLA-DR TEM cells, expression of 9 CCR5 and CCR2, expression of CXCR6, and expression of CXCR3 and CD11c for CD4+ 10 TEM 
cells (top row) and CD8+ TEM cells (bottom row). 

Significant differences were observed between CD4+ and CD8+ T cells in the expression of 
different homing markers at baseline. CCR7–CD4+ T cells from blood expressed 
significantly higher levels of the chemokine receptors CCR2, CCR9, and CCR10, in 
addition to the integrins and cell adhesion molecules α1β1, α7β4, and CLA. In contrast, 
CCR7–CD8+ T cells expressed more CCR5 and CXCR6, in addition to α4β1 and CD11c 
(Figure 15). Finally, CD103 and CXCR3 did not show differences (Figure 16).  
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Figure 15. Comparison of adhesion molecule expression in CD4 and CD8 TEM cells from 12 healthy women 

A comparison between the frequency of (a) CCR5, (b) CCR2, (c) CCR9, 13 (d) CCR10, (e) CXCR6, (f) α1β1, (g) α4β1, (h) α4β7, (i) CD11c and (j) CLA in 
CD4 14 (white bars) and CD8 (grey bars) effector memory T (TEM) cells was determined by flow 15 cytometry. The frequency of each molecule was analyzed 
in total CD3+ TEM cells, CD38+, 16 CD38+HLA-DR+, or HLA-DR+ activated fractions. Each bar represents the mean, ±standard error of the mean of 
healthy young women 18 (n=13). 
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Figure 16. Comparison of CXCR3 and CD103 frequencies in CD4 and CD8 TEM cells from healthy women  

A comparison between the frequency of (a) CXCR3 and (b) CD103 in CD4 (white bars) and CD8 (grey bars) effector memory T (TEM) cells was determined 
by Flow cytometry. The frequency of each molecule was analyzed in total CD3+ TEM cells and CD38+, CD38+ HLA-DR+ or HLA-DR+ activated fractions. 

3.3.2 Homing molecules in ND vs. mucosal disorders  

The frequency of activated CD8+ and CD4+ TEM cells (single CD38+ or HLA-DR+ and 
double CD38+ HLA-DR+) in each disorder was analyzed compared to the ND group (Figure 
17). Of note, the overall frequency of CD4+ T cells decreased in the BV group (from 57.4% 
in ND to 37.2% in BV; p=0.005, respectively; supplementary figure S1). Further, the 
different pathological groups showed the expression of at least one activation marker for 
CD4+ and/or CD8+ T cells. In this sense, both CD4+ and CD8+ T cells in the BV group 
showed significant differences for all markers compared to the control group. Likewise, in 
the PS group, there was an increase in the expression of HLA-DR in CD4+ TEM cells 
compared to ND. In addition, CD38 and HLA-DR/CD38 double-positive cells increased 
in the UC group (Figure 17). 
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Figure 17. Comparison of activation markers in CD4 (a) and CD8 (b) TEM cells from different mucosal disorders 

The frequency of activated CD38+, CD38+ HLA-DR+ or HLA-DR+ 9 CD4+ (a) and CD8+ (b) effector memory T (TEM) cells determined by flow cytometry 
is 10 shown for ND and the different groups of patients. General gating strategy 11 is shown in Fig 3. Each bar represents the mean ± standard error of 
the mean of healthy 12 young women ND; white bars, n=13), women with psoriasis (PS; grey bars, n=4), 13 ulcerative colitis (UC; checkered bars, n=4), 
and bacterial vaginosis (BV; dark bars, n=4). 

The expression of chemokine receptors and adhesion molecules in CD4+ and CD8+ TEM 
cells was significantly different between mucosal disorders and ND (Figure 18). The BV 
group showed significant differences in the expression of the markers CD11c, CXCR6, and 
CCR10 in CD8+ T cells. For CD4+ T cells in the same group of patients, we detected 
differential expression for CCR2, CD11c, α4β7, and α4β1compared to ND. The most 
notable molecule in the other groups (PS and UC) was the CCR10 marker on CD8+ T 
cells. 
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Figure 18. Comparison in the expression of adhesion molecules between the different mucosal disorders in TEM cells 

Total expression of chemokine receptors in (A) CD4+ effector memory T (TEM) cells and (B) CD8+ TEM cells determined by flow cytometry is shown for 
normal donors (ND) and the different groups of patients. Total expression of integrins and other adhesion molecules in (C) CD4+ TEM and (D) CD8+ TEM 
cells determined by flow cytometry is shown for ND and the different groups of patients. The general gating strategy is shown in Figure 3. Each bar 
represents the mean ± standard error of the mean of healthy young women (ND; white bars, n=13), women with psoriasis (PS; grey bars, n=4), ulcerative 
colitis (UC; checkered bars, n=4), and bacterial vaginosis (BV; dark bars, n=4). P values indicate: *<0.05; **<0.01; ***<0.001. 
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After evaluating different molecules in total CD4+ and CD8+ T cells, we focused on 
studying their expression on the activated fraction since these cells might be the ones that 
migrate toward the mucosa (257) (Figure 19). Starting with the BV group, CD8+ CD38+ 

HLA-DR+ TEM cells showed overexpression of CD11c and CXCR6 markers and decreased 
α4β7 compared to ND. Further, CD4+ T cells showed higher expression of the α4β1 
integrin in addition to the above markers. Of note, the decrease in α4β7 in TEM CD8+ 
cells was common to all groups of patients compared to ND. For the PS group, the only 
significant changes within the CD38+ HLA-DR+ TEM cells were: a higher frequency of 
CXCR6 (as occurred in the BV group) in the CD4 and CD8 TEM cell fractions and a 
higher frequency of α1β1 in CD4+ TEM cells. Last, the characteristic profile of the UC 
group in CD38+ HLA-DR+ TEM cells was: exclusive higher expression of CCR10 in CD8+ 
TEM cells and increased α1β1 in CD4+ TEM cells (as occurred in the PS group). 
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Figure 19. Comparison of adhesion molecule expression in CD38+ HLA-DR+ TEM cells from different mucosal disorders 

Total expression of chemokine receptors in CD38+ HLA-15 DR+ (a) CD4+ effector memory T (TEM) cells and (b) CD8+ TEM cells determined by flow 16 
cytometry is shown for normal donors (ND) and the different groups of patients. A total of 17 expressions of integrins and other adhesion molecules in 
CD38+ HLA-DR+ (c) CD4+ TEM and 18 (d) CD8+ TEM cells determined by flow cytometry are shown for ND and the different groups of 19 patients. The 
general gating strategy is shown in Fig 3. Each bar represents the mean X 20 standard error of the mean of healthy young women (ND; white bars, n=13), 
women with 21 psoriases (PS; grey bars, n=4), ulcerative colitis (UC; checkered bars, n=4), and bacterial 22 vaginosis (BV; dark bars, n=4). P values 
indicate: *<0.05; **<0.01; ***<0.001.  
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These results highlighted notable changes in the BV group for TEM cells. These changes 
are the exclusive increased expression of CD11c on CD4+ and CD8+ T cells and the higher 
expression of α4β1 on T CD4+ cells. In other data (supplementary figure S2), there was a 
trend in total TEM CD4+ cells towards a higher frequency of CCR5 in the BV group (59% 
vs. 49% in ND; p=0.076). In summary, increased CCR5, CXCR6, and especially CD11c 
expression on TEM cells in women with symptomatic BV was confirmed. 

Study 3. Characterization of T lymphocytes with FGT-specific homing identity 

3.4 CD11c expression as a candidate marker  
3.4.1 Results in infected mice 

This section was undertaken to study more in-depth the CD11c molecule and its 
association with genital tract infection. CD11c integrin expression on T cells appeared to 
be somewhat exclusive of T cell migration to the genital tract in humans and mice. To verify 
this, the first set of experiments was carried out in two new groups of infected animals: a 
group of mice infected with C. muridarum VAG and another group infected intravenously 
(IV). These new experiments were carried out to confirm that the increased expression of 
CD11c was exclusive to the productive infection in GT tissues and to rule out that it was 
not a consequence of a bacterial infection in general. It has been previously described (258) 
that IV infections induce pathogen replication in different systemic and mucosal tissues, 
including the spleen and lung. 

An interesting finding was that, seven days after infection, the frequency of CD11c+ cells 
on blood T cells was significantly greater in the IV group (median: 13.1% [IQR: 10.9-16.3]) 
than in any other group (median: 1.51%, [IQR: 0.9-2.2] in the controls or median: 5.23% 
[IQR: 3.4-8.4] in the VAG group) (Figure 20). Cell suspensions were collected from the 
genital tract from the control and VAG groups to assess the frequency of CD11c+ T cells. 
Seven days after infection, the overall frequency of CD3+ CD11c+ in the vaginal tract 
increased from a median of 0.46% [IQR: 0.28-0.74] in the control group to a median of 
4.43% [IQR: 2.68-5.33] in the VAG group, as shown in Figure 20. 
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Figure 20. CD11c expression in T cells from blood and genital tract after vaginal or systemic Chlamydia infection 

The frequency of CD11c in CD3+ T cells was determined by flow cytometry 7 days after vaginal (VAG) or intravenous (IV) infection with C.muridarum in 
blood or genital tract from mice. Each time point represents the mean ± standard error of the mean of controls (n=6), VAG-infected animals (n=8), and 
IV-infected 8 animals (n=4). 

Further evaluation of the frequency of CD11c+ CD44+ (activated) cells in different tissues 
was performed for the VAG group in comparison to the Control group at 14 days PI (Figure 
21). In the spleen, the dLNs, the blood, and especially in the genital tract, most of these 
cells were CD8+. Specifically, CD8+ CD11c+ CD44+ cells were more frequent in all tissues 
from VAG compared to controls: 6.4% [IQR: 6.3–10] in the spleen, 1.9% [IQR: 1.5–2.1] 
in the dLNs, 23% [IQR: 15– 42] in blood and 53% [IQR: 46–53] in the genital tract. In 
contrast, the CD4+ CD11c+ CD44+ population represented 0.37% [IQR: 0.47–0.85] of the 
CD4+ cells in the spleen, 0.61% [IQR: 0.40–0.82] in dLNs, 0.83% [IQR: 0.17–0.41] in 
blood and 4.2% [IQR: 2.3–4.7] in the genital tract of the VAG infected mice. On days 7 
and 14 PI, the expression of CD11c was increased in the FGT in correlation with that 
observed in the blood. Finally, the expression of CD11c was not specific to FGT infection 
since IV infection also expanded this cell population.   
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Figure 21. CD11c expression in activated CD4 /CD8 cells from different tissues after vaginal Chlamydia infection in mice 

The frequency of CD44+ CD11c+ in CD4+ (left panels) and CD8+ cells (right panels) was determined by flow cytometry 14 days after vaginal (VAG) 
infections with C. muridarum in the spleen, draining lymph nodes (dLNs), blood and genital tract (GT) from mice. Examples from one infected and one 
control animal are shown. 

3.4.2 Gene signature of CD11c+ T cells 

Considering the previous results, we were interested in further understating the specific 
nature of CD11c+ TEM. Thus, as a first step, genes significantly over-expressed in purified 
CD3+ CD62L–CD44+ CD11c+ TEM cells were compared to CD3+ CD62L–CD44+ CD11c– 
from infection naive female mice. These results showed significantly overexpressed gene 
sets in CD11c+ cells. The most remarkable genes were between 2 and 8 times over-expressed 
in activated CD11c+ T cells compared to CD11c-T cells (Table 14). The list includes genes 
related to chemokine ligands, TLRs, complement, interferon, colony-stimulating factors, 
and genes related to NK cells. To evaluate the statistical significance of the list of genes 
obtained, these lists of genes were evaluated using the Gene Set Enrichment Analysis GSEA 
platform. 

Table 14. Top upregulated genes in activated effector CD11c+ vs. CD11c– T cells in naive mice 
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Gene Symbol Gene Title 
Log Fold 
Change 

Adjusted  p 
Value 

C3ar1 complement component 3a receptor 1 6.20 0.0081 

C5ar1 complement component 5a receptor 1 5.80 0.0132 

Ccl3 chemokine (C-C motif) ligand 3 7.04 0.0050 

Ccl4 chemokine (C-C motif) ligand 4 5.23 0.0055 

Ccl6 chemokine (C-C motif) ligand 6 7.19 0.0055 

Ccl9 chemokine (C-C motif) ligand 9 6.39 0.0050 

Cd244 CD244 natural killer cell receptor 2B4 3.75 0.0081 

Cd8a CD8 antigen, alpha chain 2.36 0.0490 

Csf1 colony-stimulating factor 1 (macrophage) 5.98 0.0156 

Csf1r colony-stimulating factor 1 receptor 5.95 0.0077 

Csf2ra colony-stimulating factor 2 receptor, alpha, low-affinity (granulocyte-macrophage) 4.69 0.0240 

Csf2rb colony-stimulating factor 2 receptor, beta, low-affinity (granulocyte-macrophage) 7.74 0.0055 

Csf2rb2 colony-stimulating factor 2 receptor, beta 2, low-affinity (granulocyte-macrophage) 6.66 0.0055 

Csf3r colony-stimulating factor 3 receptor (granulocyte) 2.36 0.0300 

Gzma granzyme A 3.66 0.0055 

Gzmb granzyme B 2.93 0.0490 

H2-Aa histocompatibility 2, class II antigen A, alpha 8.91 0.0050 

H2-Ab1 histocompatibility 2, class II antigen A, beta 1 6.86 0.0065 

H2-DMa histocompatibility 2, class II, locus DMa 3.63 0.0063 

H2-DMb1 /// H2-
DMb2 

histocompatibility 2, class II, locus Mb1 /// histocompatibility 2, class II, locus Mb2 4.46 0.0055 

H2-DMb2 histocompatibility 2, class II, locus Mb2 4.76 0.0225 

H2-Eb1 histocompatibility 2, class II antigen E beta 5.93 0.0121 

Ifitm1 interferon induced transmembrane protein 1 6.42 0.0050 

Ifitm2 /// 
LOC631287 

interferon-induced transmembrane protein 2 /// interferon-induced transmembrane 
protein 

5.09 0.0063 

Ifitm3 interferon-induced transmembrane protein 3 6.20 0.0276 

Klra2 killer cell lectin-like receptor, subfamily A, member 2 3.45 0.0258 

Klrb1b killer cell lectin-like receptor subfamily B member 1B 3.43 0.0253 

Tgfbi transforming growth factor, beta-induced 5.69 0.0050 

Tlr7 toll-like receptor 7 2.47 0.0450 

Tlr9 toll-like receptor 9 2.95 0.0065 

 

The Gene Set Enrichment Analysis GSEA is a bioinformatic statistical method that 
analyzes whether a specific set of genes (up/down regulated) shows significant and 
concordant differences between two biological conditions, including phenotypes. The 
comparison is made with previously curated molecular signature databases from different 
publications and projects (Figure 22). This database encompasses annotated genes 
associated with conditions, phenotype, tissue, and cell type. In this study, a comparison was 
made with the C2 database: CP, KEGG, and immunologic signatures C7, a collection of 
genes from studies of metabolic pathways published in PubMed and sets of genes 
representative of the state of immune cells, respectively (259). 
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Figure 22. Gene Set Enrichment Analysis (GSEA) (from (260)) 

The list of genes overexpressed in CD11c+ T cells was used for GSEA analysis, comparing 
them with the MSigDB database ((C2: CP, KEGG) and immunological signatures (C7). 
Genes number involved in the molecular signature of NK was 100, representing the most 
significant number of all the sets analyzed (Figure 24). The enrichment plots (Figure 24) 
showed significant overlap with γδT, NK, and iNKT CD4– cell's molecular signatures. 
Analyzing the enrichment score (ES) (Figure 24), values of 0.89 stood out for the γδT 
signature (Figure 23; Figure 24), 0.80 for NKs, and 0.55 for iNKT CD4–. 

 

Figure 23. Example of enrichment plot of γδT cells signature and most valuable point for the analysis 
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Finally, the signature of iNKT CD4+ also gave an acceptable enrichment profile but with a 
lower value of ES and fewer genes involved than in the other three profiles (Figure 24). The 
rank at max represents how concentrated the genes are before reaching the ES value. The 
larger this value is, the less statistical significance the result has. Thus, for the NK profiles, 
iNKT CD4– and γδT showed almost the same value. On the contrary, the iNKT CD4+ 
profile showed a substantial rank at max value, which means that this result had limited 
significance (Figure 24). These data indicated that circulating T cells expressing CD11c+ 
may include subpopulations of unconventional TEM cells with an innate profile, namely 
γδT and CD4-iNKT cells. 
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Figure 24. Enrichment analysis plot for the most significant molecular signature for TEM CD11c+ cells 
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3.4.3 CD11c+ T cells profile in Mice 

The same animal model of chlamydial infection was used to study the phenotype of 
CD3+CD11c+ cells. Flow cytometry analysis was performed on blood and GT using 
different iNKT, NK, and γδT cell markers. Part of the gating strategy is shown in Figure 
25, where different markers such as γδTCR, NK1.1, CD103, and CD8α were evaluated. 
These markers were analyzed in both the CD3+CD11c– and CD3+ CD11c+ populations. 

The gating strategy consisted of a selection of lymphocytes based on FSC versus SSC, 
followed by the exclusion of doublets and a selection of CD3+ T cells. After selecting 
CD11c+ or CD11c– T cells, the surface expression of the different markers was quantified.  

 

Figure 25. Part of the gating strategy is to evaluate T cell phenotypes in the blood and genital tract of mice by CD11c 
expression 

As a general trend, seven days after infection, the frequency of T cells expressing CD11c+ 
increased in tissue and in blood. The difference in expression of CD11c in tissue was higher 
compared to blood (data shown in results section 3.4.1 Figure 20).  

In the GT, the total frequency of CD3+ T cells increased dramatically from 2.0 ± 0.4% in 
the control group to 22.1 ± 9.5% in the VAG group (p = 0.0003), CD3+CD11c+ T cells in 
the GT increased from 0.5±0.2% to 4.1±1.6% 7 days PI (p=0.0001) (see section 3.4.1). 
Total CD4 expression remained stable, whereas CD3+CD8+ T cells increased significantly 
7 days PI (from 0.9±0.3% to 13.7±4.7%; p<0.0001; data not shown).   

3.4.3.1 NK1.1 and CD8α markers 

The frequency of CD11c+ T cells expressing CD8α in blood was similar before and after 
infection, while NK1.1 expression was markedly increased after infection (Figure 26 a and 
b). In contrast to blood, CD8 expression within CD11c+ T cells was significantly increased 
in tissues after Chlamydia infection (p = 0.00005) (Figure 26; a). Further, NK1.1 was 
expressed at high levels by CD11c+ GT T cells, already before infection. Conversely, the 
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expression of NK1.1 in CD3+ CD11c+ T cells, which represent 60% of the total at baseline, 
decreased PI (p=0.001) (Figure 26; b).  

 

Figure 26. T cell phenotypes in blood and genital tract of mice by CD11c expression 

Comparison of the frequency of  (a) CD8α and (b) NK1.1 in CD11c+ (squares) and CD11c- (circles) T cells from the same individual. The gating strategy 
consisted of a lymphocyte gate based on FSC vs. SSC, followed by doublet exclusion and a CD3+ T cells gate. After gating on CD11c+ or CD11c- T cells, 
the surface expression of the different markers was quantified (see figure 25 for further details). Each bar represents the mean ± SD of control (white; 
n=3 or n=6) or vaginally (VAG)-infected mice (black; n=4 or n=8) seven days after infection. Data were analyzed using the paired Student's t-test. 

3.4.3.2 Other NK cell markers 

Since there was an enrichment for NK cell-related genes in our gene expression analyses, 
additional NK cell markers, including DX5, NKG2A, and NKp46, were also evaluated in 
the CD3+CD11c+ T cell population. Under basal conditions, more than 70% of 
CD3+CD11c+ T cells expressed DX5 and >20% NKG2A (which mostly co-expressed DX5, 
Figure 27). 7 days PI, the frequency of NKG2A within CD11c+ T cells decreased 
significantly (p=0.036), while the expression of DX5 remained identical (Figure 27). NKp46 
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expression was deficient in the control group and further decreased at 7 days PI (p=0.03; 
Figure 27).  

There were other differences in CD11c+ T cells from blood and GT: in blood, these cells 
were not particularly linked to CD8 but expressed DX5 in high proportions. While in 
tissue, DX5 was expressed at lower levels, and CD8 (and to a lesser extent CD8+ NKG2A+) 
increased significantly after infection (Figure 27).  

NK cell markers in the GT were generally less frequent in CD11c+ T cells than in the ones 
from blood. The exception was NKp46, expressed in 40% of these cells in GT (Figure 27). 
Contrary to blood, 7 days PI, the frequency of NKG2A within CD11c+ T cells increased 
significantly (p = 0.006), while NKp46 decreased (p = 0.0009), and DX5 expression 
remained the same (Figure 27).  
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Figure 27. NK phenotypes were included in the CD11c+ T cell fraction after vaginal Chlamydia infection in mice's blood 
and GT 

The frequency of the different subsets obtained from combining DX5, CD8α, NKp46, and NKG2A expression is displayed for each group as a pie chart and 
as a complementary bar graph. The gating strategy was performed as described in Materials and Methods. The frequency of CD11c positive cells in the 
T cell fraction as the mean ± SD is shown as a white number in the center of the pie chart for each group in the blood (top) and genital tract (GT, bottom). 
Each colored portion of a pie chart indicates the percentage of a specific subset detailed in the bar chart below. The arcs around the pie show the molecule 
or combination of molecules to which those proportions correspond (see color legend indicating DX5, CD8α, NKp46, and NKG2A). *Indicates p<0.05 by 
Student's t-test analyses only for values >5% of the total CD11c+ T cells in vaginally (VAG)-infected mice seven days after infection (n=4) compared to 
control (n=3) animals. 
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3.4.3.3 iNKT and γδT cells markers  

We also addressed molecules employed to identify unconventional γδT cells and iNKT 
phenotypes. The total blood count of iNKT or γδ T cells did not change after vaginal 
infection; however, it was increased in the GT of infected mice (p < 0.003; data not shown). 
When comparing the CD11c+ and CD11c– subsets, there was an apparent abundance of 
these unique T cells in the CD11c+ fraction in both tissues (Figure 28, a and b). Thus, 
under physiological conditions, CD11c+ T cells consisted almost exclusively of CD1d–
tetramer+ cells and a high proportion of γδ T cells. Among the CD3+CD11c+ T cells in the 
blood, 27-39% of them were iNKT, and 50-60% were γδ T cells, and this frequency did 
not change after vaginal infection (Figure 28, a and b). However, the frequency of CD1d-
tetramer+ cells in the CD11c+ T-cell fraction was reduced in GT after infection (Figure 28, 
a).  

 

Figure 28. T cell phenotypes in blood and genital tract of mice by CD11c expression  

Comparison on the frequency of  (a) γδ TCR and (b) CD1d-Tetramer in CD11c+ (squares) and CD11c- (circles) T cells from the same individual The gating 
strategy consisted of a lymphocyte gate based on FSC vs. SSC, followed by doublet exclusion and a CD3+ T cells gate. After gating on CD11c+ or CD11c- 
T cells, the surface expression of the different markers was quantified (see figure 25 for further details). Each bar represents the mean ± SD of control 
(white; n=3 or n=6) or vaginally (VAG)-infected mice (black; n=4 or n=8) seven days after infection. Data were analyzed using the paired Student's t-
test. 
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The CD11c+ T cell fraction presented unconventional T cell markers in blood and GT 
(Figure 29; b and c). Under basal conditions, the CD3+CD11c+ T cell fraction included 
almost exclusively all iNKT cells and high proportions of γδT cells, the latter remaining PI 
in blood and GT; however, iNKT cells decreased mainly in the GT.  When performing 
boolean gate analyses of these markers together with CD8 and NK1.1 (Figure 29), It became 
clear that γδT and NK1.1+ cells were part of the significant subset enriched in blood. 
Further, the increase in the CD3+CD11c+ population detected in the GT was mostly 
associated with a CD8+ phenotype (Figure 29). 

 

Figure 29. Unconventional phenotypes were included in mice's CD11c+ T cell fraction after vaginal Chlamydia infection 

The frequency of the different subsets obtained from combining CD1d-tetramer, CD8α, γδTCR, and NK1.1 expression is displayed for each group as a pie 
chart and a complementary bar graph. The gating strategy was performed as described in Materials and Methods. The frequency of CD11c positive cells 
in the T cell fraction as the mean ± SD is shown as a white number in the center of the pie chart for each group in the blood (top) and genital tract (GT, 
bottom). Each colored portion of a pie chart indicates the percentage of a specific subset detailed in the bar chart below. The arcs around the pie show 
the molecule or combination of molecules to which those proportions correspond (see color legend indicating CD1d-tetramer, CD8α, γδTCR, and NK1.1). 
*Indicates p<0.05 by Student's t-test analyses only for values >5% of the total CD11c+ T cells in vaginally (VAG)-infected mice seven days after infection 
(n=4) compared to control (n=3) animals. 
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3.4.3.4 Homing markers 

According to earlier research in a mouse model of colitis (261), the CD11c+ CD8+ Tregs 
are CD8 α + CD103+ NK1.1– in the small intestine but CD8 α– CD103– NK1.1+ in the 
colon. We looked at the expression of various markers, including CCR10, which would 
represent CD11c+ T cell trafficking into the GT. The vaginal tract expresses CC-chemokine 
ligand 28, and B lymphocytes that are homing there also express CCR10 (262). Thus, the 
expression of CD103 and CCR10 in blood and GT was analyzed (Figure 30).  

In GT, the co-expression of CD103 and CD11c was already very high during basal 
conditions, and only CD11c-expressing T cells also expressed CD103 before and after 
infection (p<0.01) (Figure 30; a). The same trend was observed in blood, where the CD103 
marker was highly expressed in CD11c+ T cells. It should be highlighted that the basal 
condition exhibits the largest differential expression of CD103 between CD11c+ and 
CD11c– (p>0.001) (Figure 30; a). 

When we compared the expression of the CCR10 marker in circulating CD11c T cell 
fractions, we found that CD11c+ were the only ones expressing this molecule. In blood, 
this chemokine receptor was only present in a marginal percentage of CD11c+ T cells, but 
following infection, CCR10 was approximately 7-fold higher in the positive than in the 
negative CD11c fraction (p = 0.018; (Figure 30; b). T cells from GT did not shown notable 
differences in GT (Figure 30; b). 

 

Figure 30. T cell phenotypes in blood and genital tract of mice by CD11c expression 

Comparison of the frequency of (a) CD103 and (b) CCR10 in CD11c+ (squares) and CD11c- (circles) T cells from the same individual. The gating strategy 
consisted of a lymphocyte gate based on FSC vs. SSC, followed by doublet exclusion and a CD3+ T cells gate. After gating on CD11c+ or CD11c- T cells, 
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the surface expression of the different markers was quantified (see figure 25 for further details). Each bar represents the mean ± SD of control (white; 
n=3 or n=6) or vaginally (VAG)-infected mice (black; n=4 or n=8) seven days after infection. Data were analyzed using the paired Student's t-test. 

When simultaneously representing the expression of these markers, it was evident that 
CD11c+ T cells in blood mostly presented a CCR10-CD8α-CD103+ NK1.1– phenotype 
(~47%) at baseline; however, in the GT, this profile was less frequent (~32%), since the 
CD103+ NK1.1+ phenotype was equally frequent (Figure 31). In the VAG group, circulating 
CD11c+ T cells showed an evident expansion of CD103+ NK1.1+ CD8α– cells (p=0.056). 
While in the GT, the CD8α+ CD103– NK1.1– cells were the ones that increased (p<0.002; 
Figure 31). These results do not coincide with Tregs phenotypes previously described in 
animal models of UC, where CD11c+ CD8+Tregs cells were CD8α+ CD103+ NK1.1– in the 
small intestine, and CD8α– CD103– NK1.1+ in the colon (261)(13). 

 

Figure 31. Adhesion molecules included in the CD11c+ T cell fraction after vaginal Chlamydia infection in mice 

The frequency of the different subsets obtained from combining CCR10, CD8α, CD103, and NK1.1 expressions is displayed for each group as a pie chart 
and as a complementary bar graph. The gating strategy was performed as described in Materials and Methods. The frequency of CD11c positive cells in 
the T cell fraction as the mean ± SD is shown as a white number in the center of the pie chart for each group in the blood (top) and genital tract (GT, 
bottom). Each colored portion of a pie chart indicates the percentage of a specific subset detailed in the bar chart below. The arcs around the pie show 
the molecule or combination of molecules to which those proportions correspond (see color legend indicating CCR10, CD8α, CD103, and NK1.1). *Indicates 
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p<0.05 by Student's t-test analyses only for values >5% of the total CD11c+ T cells in vaginally (VAG)-infected mice seven days after infection (n=4) 
compared to control (n=3) animals. 

3.4.4 CD11c+ T cell profile in women 

We then examined CD11c expression in CD3+ CD4+/– and CCR7+/– T cells from healthy 
young women (normal donors, ND) and found an enrichment of this marker in the CCR7– 

CD4– fraction (Figure 32).  

 

Figure 32. CD11c expression in circulating T cells from healthy young women 

CD11c+ cells were analyzed by flow cytometry in the CD4+ CCR7+/- and CD4- CCR7+/- CD3+ T cell subsets. The gating strategy consisted of the 
following consecutive gates: lymphocytes, singlets, live CD3+ T cells, CD4+ or CD4- T cells, CCR7+ or CCR7- and CD11c+. Each bar represents the mean 
± SD of normal donors (n = 13). Data were analyzed by the Kruskall-Wallis test with Bonferroni post-test correction. 

Besides the phenotypes analyzed in mice, the anti-Vα7.2 antibody was included to 
determine MAIT cells, which show high expression of CD161 (human homolog of NK1.1) 
and are associated with the FGT mucosa (12,14). Therefore, each phenotype was analyzed 
in circulating CD3+ CCR7– T cells, and we compared their expression in CD11c+ cells 
(1.9±0.7%) versus CD11c– (35.4±10.0%) by a paired non-parametric T-test. To ensure that 
we did not miss the detection of any infrequent populations by blood processing, we 
compared whole blood and PBMC staining (Figure 35). The gating strategy to perform 
these analyzes excluded CD19+ and CD14+ cells, which in other experiments contaminated 
the CD11c+ T cell fraction (Figure 34).  

3.4.4.1 Blood 

The only subsets significantly enriched in the CD11c+ fraction were CD8+ (48.3±16.5% vs. 
33.7±6.6%) and γδTCR+ (27.3±11.7% vs. 12, 0±4.2%) (Figure 35; a). CD161 expression 
was maintained at 55% in both subsets (Figure 35; a), while MAIT cells (Vα7.2+ CD161h) 
were low in the positive fraction (Figure 35; a) 

Of note, γδT cells accounted for 5.7 ± 2.7% of total CD3+ T cells in blood, and the 
frequency of CCR7-CD11c+ in this subset was approximately ~10%, of which ~78 % were 
CD161+ and ~18% were CD8+ (Figure 33). Indeed, CD161 was similarly high on γδT cells 
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regardless of CD11c expression, but CD8 expression was doubled in the CCR7-CD11c+ 
fraction of γδT cells compared to total CD3+ γδTCR+ T cells (p=0.039; Figure 33). Finally, 
in CD8+ T cells, which represented 28.8±7.7% of T cells, CCR7-CD11c+ represented 
~3.5% of cells, in which CD161 was enhanced compared to total CD3+ CD8+ T cells (43% 
vs. 28%; p=0.023; Figure 33). 

              

Figure 33. γδTCR+ and CD8+ T cells phenotype based on CD11c expression in blood from healthy women 

The percentage of CD11c in γδTCR+ and CD8+ T cells is shown in (a). A comparison of the expression of CD161 and CD8 in CD11c+ γδ T cells vs. total 
γδ T cells from the blood is shown in (b and c). A comparison of the expression of CD161 in CD11c+ CD8+ T cells vs. total CD8+ T cells from the blood 
is shown in (d). Data were analyzed using Wilcoxon matched-paired signed-ranked test. 

3.4.4.2 PBMC 

When analyzing the differences between TEM CD11c+ and CD11c– cells after PBMC 
processing, in general, they were similar to whole blood, except for MAIT and iNKT, which 
lost significance (Figure 35; b). Thus, circulating CD11c+ TEM cells represent at least two 
different populations in healthy women: a subset of γδT cells with their high constitutive 
expression of CD161 and enriched expression of CD8, and a subset of CD8+ T cells with 
high expression of CD161. However, this phenotype was not associated with the MAIT or 
iNKT lineages. 
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Figure 34. Example of gating strategy to study unconventional T cell subsets in CCR7– CD11c+/–  

Example of the frequency of CD161, CD8, Vα24, MAIT, and γδTCR in the CD11c+ and CD11c-, CCR7- CD3+ T cell fractions on fresh blood (left) and 
processed PBMC (right) from the same individual. 
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Figure 35. Comparison of specific phenotype frequencies based on CD11c expression in a) blood samples and b) PBMC 
from healthy women 

(a) Fresh blood (n=10) and (b) PBMC (n=6). Comparison of the frequency of CD8, γδTCR, MAIT, and iNKT (Vα24) in CD11c+ and CD11c-, CCR7- CD3+ T 
cells from the same individual. (a) Fresh blood (n=10) and (b) PBMC (n=6). The gating strategy consisted of the following consecutive gates: lymphocytes, 
singlets, live CD14- CD19- CD3+ T cells, and CCR7- CD11c+ or CD11c- T cells. Data were analyzed using the paired Student's t-test. 
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3.4.4.3 Human cervical tissue 

The same populations studied in blood were also studied in the GT of women. For that, 
cervical samples from women undergoing hysterectomy were processed. Before beginning 
the study, the effect of enzymatic digestion by collagenase on the expression of the different 
study markers was evaluated. As previously described (263), the loss of CD56 expression 
and a drastic reduction of CD19, CD20, and CCR7 staining were confirmed. On the other 
hand, the expression of: CD3, CD8, CD14, CD16, CD161, αβTCR, γδTCR, Vα7.2, 
Vα24, CD11c and HLA-DR was not modified. Since the majority of CD3+ T cells in these 
tissues are CCR7– (>95%), this marker was excluded due to the negative effect observed by 
the digestion process. Applying the gating strategy shown in (Figure 36; a), CD11c 
expression in CD3+ CD14-T cells represented an average of 3.3 ± 1.5% for the ectocervix 
and 3.7 ± 2.5% for the endocervix (Figure 36; b). Thus, these tissues were grouped to 
increase statistical significance. This way, the proportion of γδTCR was >9% in CD11c+ vs 
~1% in CD11c– and the proportion of CD8 was 59% in CD11c+ vs 46% in CD11c– 
(P<0.006 for both). 

 

Figure 36. The phenotype of cervically derived T cells from healthy women and analysis by CD11c expression 

(a) Representative dot plots from the T cell subsets extracted from the endocervix of healthy women. The top row shows the consecutive general gating 
strategy to select CD3+ T cells. The bottom row shows different subsets analyzed in the total CD3+ T cells and in the CD11c+ and CD11c- T cell fractions. 
(b) Frequency of CD8, iNKT (Vα24), MAIT, and γδT cells by CD11c expression in T cells obtained from cervical tissue. Each bar represents the mean ± SD 
of the ectocervix and endocervix of each donor (n=5). Data were analyzed using Wilcoxon matched-paired signed-ranked test.  
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In addition, in 3 samples, CD69/HLA-DR activation markers were analyzed (Figure 37). 
HLA-DR was highly expressed on cervical T cells with no difference based on CD11c 
expression; CD69 expression was 86.0 ± 9.5% on CD11c+ vs. 74.5 ± 10.1 % in CD11c– (p 
= 0.069; A) (Figure 37; a). Finally, analysis of CD103 frequency in another set of five 
samples showed no differences based on CD11c expression with values of 25-30% 
expression (Figure 37; b). 

 

Figure 37. Expression of CD69 and CD103 in cervix from healthy women and analysis by CD11c expression 

The frequency of CD69 (a) and CD103 (b) by CD11c expression in T cells obtained from cervical tissue is shown. Each bar represents the mean ± SD of 
the ectocervix and endocervix of each donor (n = 3–5). A comparison on the frequency of CD69 (c) or CD103 (d) in T cells from the same individual based 
on CD11c expression is shown for both cervical tissues. Data were analyzed using Wilcoxon matched-paired signed-ranked test. 

Compared to blood, γδTCR+ and CD161+ represented smaller populations of total CD3+T 
cells in women's cervix, while CD8+T cells were enriched. The frequency of CD11c+ in γδT 
cells was 20.4±10.3% (Figure 38; a), from which 44% were CD161+ and 39% CD8+. 
CD161 was again similar in γδT cells regardless of CD11c expression (Figure 38; b), while 
CD8 tended to be enriched in CD11c+ γδTCR+ T cells compared to total CD3+ γδTCR+ 
T cells (39% vs. 20%; p=0.068; Figure 38; c). Finally, CD11c+ represented 5.8±2.9% of 
total CD8+ T cells (Figure 38; a), in which CD161 was not significantly different from total 
CD3+ CD8+ T cells (33-41%; Figure 38; d). Regardless of differences in the percentage of 
CD8 and other subsets between blood and mucosa in women, similar findings were 
observed concerning the subsets enriched in CD11c+ T cells. 
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Figure 38. γδTCR+ and CD8+ T cells phenotype based on CD11c expression in GT from healthy women 

The percentage of CD11c in γδTCR+ and CD8+ T cells is shown in (a). A comparison on the expression of CD161 and CD8 in CD11c+ γδ T cells vs. total 
γδ T cells from GT is shown in (b and c). A comparison on the expression of CD161 in CD11c+ CD8+ T cells vs. total CD8+ T cells from GT is shown in 
(d). Data were analyzed using Wilcoxon matched-paired signed-ranked test. 

3.4.4.4 Homing molecules in CD11c T cells 

Following the study in section 3.3.1, Homing Molecules During Baseline Conditions, we 
studied the association of CD11c expression with a variety of cellular adhesion molecules 
and chemokines receptors in thirteen healthy women. The circulating CD3+ CCR7– CD4– 
population expressing CD11c stood out by the expression of the following markers: CCR2, 
CCR9, CCR10, CXCR6, α1β1, α4β7 (Figure 39; a and c-g). Additionally, both CXCR3 
(18, 7±2.9% vs 4.5±1.89) and α4β1 (37.4±5.2% vs 4.5±1.2%) were also overexpressed 
(p=0.0002; data not shown). In contrast, CCR5 was higher in the CD11c– fraction (Figure 
39; b), while CLA and CD103 did not show differences (data not shown). Regarding 
activation markers, HLA-DR+ and/or CD38+ were also significantly increased in CD11c+ T 
cells compared to CD11c– T cells (all p≤0.0006; Figure 39; h and some data not shown) 

Thus, compared to the animal model, CD103 was not particularly associated to CD11c+ T 
cells (3.5% vs. 3.8% in CD11c–). Still, and similarly to the mouse data, CCR10 was 
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enriched in CD11c+ TEM cells, as occurred for most of the other chemokine receptors and 
other adhesion molecules measured, except for CCR5. In conclusion, CD11c+ T cells are 
activated with a high homing potential into different tissues and mucosae. However, they 
are not exclusive to the FGT, a conclusion already obtained in the other sections. 

 

Figure 39. Comparison of adhesion molecule frequencies based on CD11c expression in CD4-TEM cells from healthy women 

Comparison of the frequency of (a) CCR2, (b) CCR5, (c) CCR9, (d) CCR10, (e) CXCR6, (f) α1β1, (g) α4β7, (h) HLA-DR+ CD38+ in CD11c+ and CD11c- 
CD4- CCR7- T cells from the same individual (n=13). The gating strategy consisted of the following consecutive gates: lymphocytes, singlets, live CD3+ 
T cells, CCR7- CD11c+or CD11c- T cells, CD4- T cells, and expression of the different molecules addressed. Data were analyzed using Wilcoxon matched-
paired signed-ranked test. 

3.4.4.5 IFN-γ production in CD11c+ γδT cells 

In the literature, the expression of CD11c in T cells has been associated with effector 
functions such as high IFNγ production (196,197). Therefore, the capacity of activated γδT 
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cells for IFNγ secretion was assessed based on CD11c expression. PBMCs were stimulated 
for 18 hours with HMBPP, which is phosphoantigen from Mycobacterium tuberculosis and 
other microbes. This compound activates and expands human Vγ2Vδ2 T cells, and the 
Vγ2Vδ2 TCR recognizes and binds to HMBPP presented by an APC (198). Control 
unstimulated samples and conventional T cell populations were unable to produce IFNγ	
(Figure 40; a)	. However, 5.9±4.1% of the CD11c+ and 3.4 ±2.1% of the CD11c– γδT cells 
secreted IFNγ after stimulation (Figure 40; a). Furthermore, when samples from the same 
individual were compared based on CD11c expression, we detected statistical significance 
in both IFNγ secretion and activation of γδT cells based on this marker (Figure 40; a and 
b). 

 

Figure 40. IFN-γ-secreting γδ T cells in PBMC from healthy women after HMBPP activation 

(a) Comparison of the frequency of γδTCR+ CD11c+/- and γδTCR- CD11c+/- T cells that secrete IFNγ in PBMC from the same individual (n=6) after 20 
hours of (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) activation. The gating strategy consisted of the following consecutive gates: 
lymphocytes, singlets, CD3+ T cells, γδTCR+/-, CD11c+/-, and IFNγ/CD69+ expression. Each bar represents the mean ± SD of control (squares) and 
HMBPP-stimulated PBMC (circles) samples. Data were analyzed using the non-parametric Friedman test for repeated measures, with Dunn's multiple 
comparisons post-hoc test. Graphs below show the comparison in the frequency of (b) IFN-γ-secreting γδT cells and (c) CD69 expression in γδT cells 
based on CD11c expression in HMBPP-activated PBMC from the same individual (n=6). Data were analyzed using Wilcoxon matched-paired
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The differential expression of adhesion molecules is known to confer site-dependent 
homing of circulating effector T cells to mucosal tissues. Lymphocytes induced by FGT 
immunization or infection will traffic transiently in blood, expressing a specific set of 
homing markers. Thus, specific homing molecules can be measured in the blood as 
surrogate markers of local immunity (e.g., α4β7 for the gut). By isolating cells from blood 
soon after mucosal FGT immunization or infection during the brief period in which 
mucosal lymphocytes recirculate, specific integrins, chemokine receptors, and other 
molecules responsible for lymphocyte entry into the FGT may be detected (264).  

The current study provided solid evidence about the differential expression of proteins and 
gene transcription of molecules involved in T lymphocyte homing to the FGT in infected 
mice. As described above, cluster genes related to cellular and immunological functions 
were analyzed using the DAVID tool. As a result, functions of transcription (11% of genes), 
cell cycle (7.6% of genes), regulation of programmed cell death (4.7% of genes), and a small 
fraction of genes related to cytokine signaling (0.9% of genes) were identified. Regarding 
the immune response, the most significant clusters were signaling via IFN (159 genes), 
immune response (933 genes), and via cytokines (270 genes). Moreover, distinct genes 
potentially related to homing were detected, including Ccr5, Itgax, Cxcr6, and Ccr2. These 
results are consistent with other findings from studies carried out in the C57BL/6 mice 
model, in which twenty-six chemokine genes expressed in the mice female reproductive 
tract were identified, many of them expressed in several component tissues, whereas some 
were restricted or, at least, enriched to a specific tissue. Xcl1 and Ccl28 were restricted to 
the uterus, while Ccl20 and genes encoding CXCR2 ligands were primarily transcribed in 
the cervix and vagina (265).  

In the current work, expression of Ccr5, Itgax, Cxcr6, and Ccr2 was higher in the VAG 
group of mice versus the control group. Further, validation in the mouse model 
demonstrated a significant increase in TEM (CD62L–), CD4+CD62L-CD44+ T, and CD8+ 
T cells CD44+ and CD44– after infection in the VAG group.  These cells showed a 
noticeable increase in CCR2, CXCR6, and CD11c 10 and 14 days after infection, while 
CCR5 only increased ten days post-infection. These results indicate that active bacterial 
infection may induce upregulation of different genes specifically related to the expression 
of different chemokines and adhesion molecules facilitating TEM and CD4+ and CD8+ T 
cell to be recruited to mucosal effector sites at the GT (167) 

Ou results from gene expression analyses detected Ccr5 as a molecule potentially involved 
in traffic to the genital tract, suggesting an essential role in protecting against infections. In 
this context,  a  study published in 2019 reported that the expression of Ccr5 is increased 
by effector CD4+ T cells in Ag-priming sites and vaginal tissue after intranasal immunization 
(266). The study was focused on determining the role of specific chemokine–receptor 
interactions in Ag-specific T cells from nasal and genital mucosa after intranasal 
immunization with live attenuated HSV-2 TK−. The main result was the upregulation of 
Ccr5 expression in effector CD4+ T cells from cervical LNs (as Ag-priming sites) and the 
vaginal tissue (266). In addition, the CCR5 ligands CCL3, CCL4, and CCL5 were 
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upregulated in vaginal tissue, and, in particular, CCL5 expression was highly enhanced in 
the stromal cells of vaginal tissue after nasal immunization. At the same time, intravaginal 
blockade of CCL5 by neutralizing antibodies diminished the number of HSV-2-specific 
effector cells in the vagina (266) Last, cells mixture from cervical LNs adoptively transferred 
from Ccr5-deficient mice failed to migrate into the vaginal tissue, consequently increasing 
the recipient mice’s susceptibility to HSV-2 vaginal infection (266). These results support 
our finding, confirming that the CCR5–CCL5 chemokine pathway is required to migrate 
and retain Ag-specific effector cells in the vagina to provide protective immunity against 
infections (266). 

CD11c expression has not been thoroughly studied in the context of T cell immunity. We 
found a consistent elevation of this molecule in all activated effector CD8+ T cell subsets 
analyzed. Even though it must be considered that CD11c is not exclusive to genital tract 
infection, its remarkable increase in response to genital tract disorders places it as a novel 
surrogate marker of mucosal immunity in women (267). Classically, the α integrin CD11c 
defines conventional DC, but it is also expressed in populations of NK cells and activated 
B and T cells. CD8+CD11c+ T cells have been related to antiviral (268) and anti-tumoral 
activity (269), where they play an essential role in the adaptive immune response, either 
performing suppressor or effector functions. Although the origins of CD8+CD11c+ T cells 
are still not well elucidated, there is evidence that activation, development, and expansion 
of CD8+CD11c+ T cells is closely linked to the activation of the co-stimulatory molecules 
41BB (also known as CD137) (269,270). In a mouse tumor model, it has been 
demonstrated that administration of anti-41BB to mice challenged with B16F10-melanoma 
cells increases the expansion of CD8+CD11c+ T cells that produced IFNγ and IL-2, 
correlating with tumor suppression (269). T cell co-stimulatory receptor 41BB, a member 
of the TNF receptor superfamily, is induced when T cells receive Ag-specific signals. Its 
ligand, 4-1BBL (CD137L), is also induced in antigen-presenting cells, such as DC, 
macrophages, and B cells (271). 41BB signaling can promote the transcription of several 
genes involved in T cell expansion, induce the expression of IL-2 and IFNγ, and co-
stimulate T cells through the NF-κB, c-Jun, and p38 pathways, independently of CD28 
(272).  

As explained above, TEM cell activation was compared among four groups of patients, 
which had active episodes of psoriasis (PS), ulcerative colitis (UC), bacterial vaginosis (BV), 
or were healthy (ND). In the PS group, there was an increase in the expression of HLA-DR 
in CD4+ TEM cells compared to ND, while CD38 and HLA-DR/CD38 double-positive 
cells increased in the UC group. Indeed, TEM cells are involved in immune response 
against mucosal infections and disorders, representing an Ag-specific response and 
particular migratory profile (273). After SARs-CoV-2 mRNA vaccination or natural 
infection, circulating SARS-CoV-2-specific CD4 T cells lack the expression of CCR7 
exhibiting TEM profile and express CXCR3 marker suggesting lung homing (274). More 
evidence about the importance of TEM cell response in the gut against Escherichia coli was 
shown in a recent study (275). When volunteers were experimentally infected with 
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Enterotoxigenic Escherichia coli, circulating CD4+ Th17-like cell populations showed a 
TEM profile with increased expression of activation, gut-homing, and proliferation markers 
(275). Other than these tissues, TEM cells have been reported in the female reproductive 
tract after vaccination against HPV in women (276). According to the study, the HPV 
vaccination response increased HPV-specific CD8 circulating cells with effector phenotype 
and CXCR3 expression, with an increase in infiltrating  HPV-specific CD8 T cells to the 
cervical mucosa with a TRM phenotype (276). 

The full expression of chemokine receptors and adhesion molecules in CD4+ and CD8+ 
TEM cells differed significantly between women with mucosal disorders and ND.  Patients 
with BV showed significant enrichment of CD11c, CXCR6, and CCR10 expression in 
CD8+ T cells, while CCR2, CD11c, α4β7, and α4β1 in the same group of patients were 
enriched in CD4+ T cells. In contrast, in the other groups (PS and UC), the most 
remarkable molecules were CCR10 expression on CD8+ cells, suggesting that CD11c and 
CXCR6 expression on T cells could indicate homing to the FGT potentially associated to 
BV in patients. In addition, circulating CD4+ TEM cells from the BV group expressed 
CCR5 and α4β1 compared to healthy donors. CCR5 is related to many mucosal infections, 
especially HIV susceptibility (277). Activated CD4+ T cells expressing CCR5, especially 
mucosal Th17 cells, appear to be the main HIV target cell during the early phases of the 
FGT infection (277–279). This finding may explain the association between HIV vaginal 
infections and BV in women. In many studies (280–285), BV was consistently linked to a 
higher risk of contracting HIV (281,283–285). A high BV prevalence could lead to a large 
proportion of HIV infections having BV as their primary cause (280,281,284). BV cause a 
pro-inflammatory environment in FGT, increasing the damage in the epithelial barrier and 
the infiltration of CD4+ T cells expressing CCR5 (286).  

 It has been described that percentages of peripheral blood CD8+ T cells expressing CXCR6 
are higher in psoriatic patients than in healthy or atopic individuals (287). In agreement, a 
consistent increase in CXCR6 expression in total and activated TEM cell subsets from PS 
patients was observed. A recent study found that CXCR6/CXCL16 signaling axis controls 
the localization of TRM cells to different lung compartments and maintains airway TRM 
cells: CXCR6 recruits CD8 TRM cells to the airways, while CXCL16 is localized at the 
respiratory epithelium (288). CXCR6 expression and IL-15 trans-presentation in the 
tumoral context are critical for the survival and local expansion of effector-like CTLs in the 
tumor microenvironment to maximize their anti-tumor activity before progressing to 
irreversible dysfunction (289,290).  

Finally, while CLA expression in total CD4+ TEM cells of the PS group was unexpectedly 
reduced compared to ND, we detected a higher frequency of CLA on CD8+ HLA-DR+ TEM 
cells from the BV group. Due to their migration to the skin, CLA+ T cells in the periphery 
decrease inversely to disease severity during acute psoriasis (291) . Further, CLA interacts 
with E-selectin expressed on venular endothelial cells not only from inflamed skin but also 
from oral mucosa and FGT, and genital HSV-specific CD8+ T cells in the peripheral blood 
express high levels of CLA (291). However, α4β7, another molecule described in 
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asymptomatic HSV-2-infected patients but not in uninfected patients, was down-regulated 
in activated TEM cells from BV patients. While this decrease could also indicate selective 
infiltration of these cells into the infected tissues early after infection, the existence of a 
mechanism that would down-regulate some of these molecules cannot be discarded.  

Overall the differential expression of specific adhesion molecules can induce a site-
dependent homing profile that may work together with other generic signals (such as 
CXCR3, CCR3, CCR5, and CCR6) (267). Previous studies have examined adhesion 
molecules necessary for homing to the upper genital tract in a mouse model of C. 
trachomatis infection by directly infecting the uterine horn (292). In this model, CXCR3, 
CCR5, and α4β1 were required for protective T cells to home to the murine upper genital 
tract (292). Other homing molecules previously suggested as required for homing to the 
genital mucosa, such as α4β1 and α4β7 (293) were also differentially expressed in these 
patients. Thus, samples from women with symptomatic BV confirmed one of these 
molecules as potentially involved in FGT homing in humans since integrin α4β1 was 
indeed up-regulated in CD4+ TEM cells, which correlated with high expression of this 
integrin in the genital mucosa of women. This scenario may be vital for developing mucosal 
vaccines against BV (292). 

Previous studies have reported that CD8+ CD11c+ cells contribute to the clearance of 
Malaria parasites by secreting IFNγ and are involved in vaccine-stimulated protective 
immune responses (294). Vaccination with a single dose of genetically attenuated malaria 
parasites induced sterile protection against sporozoite challenges in the rodent Plasmodium 
yoelii model (294). Vaccine-induced CD8+ T cell phenotype changes are characterized by 
significant upregulation of CD11c on CD3+ CD8b+ T cells in the liver, spleen, and 
peripheral blood. CD11c+ CD8+ T cells were predominantly CD11ahi CD44hi CD62L, 
indicative of Ag-experienced effector cells. Following in vitro restimulation with malaria-
infected hepatocytes, CD11c+ CD8+ T cells expressed inflammatory cytokines and 
cytotoxicity markers, including IFNγ, TNF, IL-2, perforin, and CD107a. In another study 
(295), coculture of CD11c+, but not CD11c, CD8+ T cells with sporozoite-infected primary 
hepatocytes significantly inhibited liver-stage parasite development. Tetramer staining for 
the CSP-specific CD8+ T cell epitope showed that CD11c expression was lost as the CD8+ 
T cells entered the memory phase. Together, these results suggest that CD11c marks a 
subset of highly inflammatory, short-lived, Ag-specific effector cells, which may be essential 
in eliminating infected hepatocytes and are involved in vaccine-induced immune 
mechanisms. 

This thesis showed a clear association between CD11c and NK1.1 expression, which 
strikingly increased after vaginal infection in mice. Previous work using whole-genome 
microarray datasets of the Immunological Genome Project demonstrated a close 
transcriptional relationship between NK and T cells distinguished by their expression of 
similar signaling functions. Moreover, gene expression analyses of activated 
CD11c+ TEM cells showed that up-regulation of some effector mechanisms was related to 
NK properties (296). DX5, NKG2A, and NKp46 markers were examined in the 
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CD3+CD11c+ T cell population in section 4.3 (results). More than 70% of circulating 
CD3+CD11c+ T cells under basal conditions expressed DX5 and NKG2A. After infection, 
the frequency of NKG2A within CD11c+ T cells decreased significantly. NKG2A receptor 
transduces inhibitory signaling, suppressing NK cytokine secretion and cytotoxicity (297). 
More recent studies have shown overexpression of NKG2A on CD8+ of COVID-19-
infected patients compared to healthy controls (298). NKG2A overexpression functionally 
exhausts CD8+ cells and NK cells, resulting in a severely compromised innate immune 
response (298). The literature described the expression of NKG2A by T cells (299–304). A 
subset of Vδ2 T cells expressing NKG2A was characterized by an intrinsic hyper-
responsiveness against tumor cells (301). While a recent study published this year described 
a human NKG2A+CD8+ T cell population exhibiting elevated IL-12 and IL-18 receptors 
and low expression of CCR7 with higher cytotoxicity measured by gene expression (304). 
NKG2A expression on CD8+ T cells is induced by TCR activation in a way that works in 
concert with cytokines, including IL-12, IL-15, and TGF (299,303,304). As with NK cells, 
NKG2A engagement inhibits CD8+ T cell effector activities,  NKG2A blockage enhances 
the cytotoxic activity of NKG2A-expressing CD8+ T cells (302,303). Thus in relation to our 
results, NKG2A may regulate the cytotoxic potential of circulating CD3+CD11c+ T cells. 

Although expression of NK1.1 on T cells was first employed to exclusively define NKT cells 
(305), nowadays, there is sufficient evidence indicating that other subsets of non-
conventional and activated T cells express NK1.1 or CD161 in mice and humans, 
respectively (306,307). CD4+, CD8+, and γδ+ T cells expressing CD161 share a 
transcriptional profile and exert similar innate immune functions. CD161 functions as a 
coinhibitory receptor on NK cells but can inhibit or enhance αβ T cell function depending 
on the co-stimulatory molecules involved (308). As described in section 3.4.3 (results),   
under basal conditions in mice, the CD3+CD11c+ cell fraction included almost exclusively 
iNKT cells and high proportions of γδT cells, the latter remaining after infection. However, 
PI, iNKT cells decreased, especially in the GT. After Chlamydia infection, blood γδT cells 
expressed higher levels of CD11c, while iNKT cells expressed lower levels. This could be 
related to the upregulation of the expression of the gene Klrb1b (encoding CD161) (309), 
although this was not confirmed. Of importance, gdT cells expressing NK1.1 are the main 
IFNg-producers among gdT cell populations (310). Thus, CD161 expression on γδ T cells 
is associated with enhanced IFN-γ and IL-17 production and enhanced endothelial 
transmigration (310). Additionally, MAIT cells also express CD161. MAIT and CD161+ γδ 
T produce IFN-y in response to IL-12/IL-18 stimulation regardless of TCR activation (311). 
Interestingly, the expression of killer cell lectin-like receptor B1 (KLRB1), the gene 
encoding the cell surface molecule CD161, is associated with a favorable prognosis in many 
cancers (307). Recently it was confirmed that CD161 expression and regulation defines 
rapidly responding effector CD4+ T cells associated with improved survival in HPV16-
associated tumors (312). 

From all the T cell subsets analyzed, besides CD8+ T cells, the most consistent population 
expressing CD11c was γδTCR+. γδT cells differ from other unconventional T cell 
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subpopulations in the expression of the Itgax gene, which encodes the CD11c. Earlier 
studies have reported functions as APC by γδ T cells in humans (313–315). These cells 
express CD69+ along with various costimulatory and adhesion molecules (including HLA-
DR and CD11c respectively)  (315). In agreement with these previous findings in this work, 
γδ T cells expressing CD11c were more activated. Moreover, CD11c+ and γδTCR+ cells 
also increased in the GT after infection. Because the expression of CD11c in T cells has 
previously been associated with effector functions such as high IFNγ production (316,317), 
the capacity of activated γδT cells for IFNγ secretion was assessed based on CD11c 
expression. Although a low proportion of the CD11c+ and the CD11c– γδT cells secreted 
IFNγ after stimulation, CD11c+ were more activated and secreted more IFNγ compared to 
the negative fraction from the same individual. Nevertheless, these results are preliminary 
and further studies may confirm the capacity of CD11c+ and CD11c– γδT cells to produce 
IFNγ in response to Ags and their protective role during genital infections. In human 
blood, γδ T cells quickly expand after infection in response to microbial metabolites (318). 
Thus, an increase in these cells would be expected in the context of GT disorders caused 
by Chlamydia or Gardnerella spp. Due to the production of these metabolites. The data of 
this work do not confirm if the increase of CD11c+ T cells during bacterial vaginosis in 
women is due to an augment in γδ T cells. However, CD11c expression was increased in 
circulating γδ T cells of Chlamydia-infected mice, which was demonstrated by the 
expansion of CD11c+ NK1.1+ γδ T cells in the blood seven days after infection.  

Beyond this, there was a clear association between CD103 and CD11c expression in mice. 
CD103 is an αE integrin induced by TGF-β necessary for tissue retention (319,320). 
CD103+CD8+ T cells provide critical protection against viral infections due to anatomical 
privileged location within the epithelium linked to TRM profile (321,322), they exhibit 
rapid local cytotoxic function, and induction of tissue antiviral state through the 
production of IFNγ and other pro-inflammatory cytokines (323). Interestingly, inducible 
TGF-β was upregulated 3-5 fold in CD11c+ T cells (187). TRMs' importance in local 
immunity underlines the therapeutic potential of targeting this population against cancers 
and infections. These cells are heterogeneous, forming separate effector populations with 
specific functions at various tissue localizations (324) they are characterized by the 
expression of CD103 and CD andhe absence of CCR7 (320). In this work, it was observed 
that in uninfected mice and after infection, the expression of CD103 in blood and GT was 
restricted to subpopulations expressing CD11c. Therefore, CD11c could potentially be 
another marker of TRM in mice. Although no differences were observed in the frequency 
of CD103 expression on CD11c+ cells in women's cervix, CD11c+ T cells in this tissue may 
also contain CD8+ TRM cells since not all TRM cells express CD103 (325).  In this regard, 
in humans, memory T cells with TRM characteristics have been identified at multiple 
mucosal surfaces, including the lung, the intestines, and the FGT (326). In the FGT, more 
than 95% of T cells are effector memory, with a high proportion of T cells expressing 
CD103 in the vagina, endocervix, ectocervix, and endometrium (327). Previous work has 
provided evidence indicating that in the genital skin after HSV infection, virus-specific 
TRM CD8+ T cells persist at the epidermal-dermal junction (328). Moreover, cervical 
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CD103+ T cells and DC numbers declined in postmenopausal women (329). Furthermore, 
decreased DCs correlated with decreased CD103+ T cells in the endocervix but not the 
ectocervix. These findings demonstrate previously unrecognized compartmentalization of 
TRMs in the FRT of postmenopausal women, with loss of TRMs and DCs in the cervix 
with aging and increased TRMs and DC induction capacity in the endometrium, which 
may be relevant to understanding immune protection in the FRT and to the design of 
vaccines for women of all ages (329).  

Understanding how TRM functions and responds to infections and cancer at diverse 
mucosal locations may help shape future vaccination and immunotherapeutic approaches. 
Numerous murine works have shown that long-lived CD8 + TRMs can be produced during 
infection and generated through vaccination in the FGT, where they can defend against 
infectious diseases such as HSV and HPV. Emerging data in the human field suggest that 
CD8+ TRM expressing higher levels of CD103 and cytotoxic molecules (e.g., Granzyme B) 
are located near the epithelium, whereas lower levels of CD103 are found on CD8+ TRMs 
in the stroma, indicating that distinct Ag-specific CD8+ TRM subsets are distributed 
throughout the human cervix (324,330). In the context of mucosal vaccines, TRM has 
emerged as a newly recognized memory T cell subset in the last ten years, particularly in the 
case of respiratory infection biology. Because this cell type is positioned at the site of the 
pathogen entrance and has distinct transcriptional and functional profiles, it is an excellent 
candidate for the next generation of vaccines. Multiple human and animal studies have 
established the role of these cells in disease prevention against viruses such as influenza, 
respiratory syncytial virus, and the recent SARS-CoV-2 infection (321,331–334).  

Our results suggest that the CD11c+ T cells described in this work may be candidates for 
TRM in the genital mucosa. These results may have significant applications in mucosal 
vaccines against STIs. Chlamydia trachomatis infection is the most common sexually 
transmitted disease caused by bacteria, but there is still no vaccine. To develop successful 
preclinical studies in animals, a CT vaccine composed of ultraviolet light–inactivated Ct 
(UV-Ct) conjugated to charge-switching synthetic adjuvant nanoparticles (cSAPs) has been 
described (335). CT infection induced protective immunity that depended on the 
production of IFN-γ by CD4+ T cells. In contrast, uterine exposure to UV-Ct generated 
tolerogenic Ct-specific regulatory T cells, exacerbating bacterial burden upon Ct 
rechallenge. Intrauterine or intranasal vaccination, but not subcutaneous vaccination, 
stimulated genital protection in both conventional and humanized mice. Regardless of 
vaccination route, UV-Ct–cSAP always evoked a robust systemic memory T cell response, 
but only mucosal vaccination induced effector T cells with the capacity to seed the uterine 
mucosa during the first week after vaccination, which may lead to the establishment of 
TRM. These Immune mechanisms are schematized in Figure 27 (335). Additionally, 
preclinical studies on TRM -targeted vaccination against cancer have shown a favorable 
outcome. Intranasal and mucosal administration of vaccine generated protective T cells 
resident memory cells in the lung and airway of mice (336). 
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Figure 27. Upon mucosal vaccination, dendritic cells carry UV-Ct–cSAP to LNand stimulate CD4 T cells 

Effector T cells are imprinted to traffic to uterine mucosa (first wave) and establish tissue-resident memory cells (TRM cells). Vaccination also generates 
circulating memory T cells. Upon genital Ct infection, local uterine TRM cells' local reactivation triggers the circulating memory subset (second wave) 
recruitment. Optimal pathogen clearance requires both waves of memory cells (335). 

Overall, many properties that enable T cells to traffic to specific locations are programmed 
during the early stages of the infection. Thus, to understand the homing patterns and 
dynamics of the mucosal response associated with vaccination and infection, we need to 
analyze specific and activated T-cell responses early after activation, which may provide 
biomarkers for infection and vaccine-response. In summary, in this study, adhesion 
molecules CD11c, α4β1, CCR5, and CXCR6 were identified as markers associated with 
an effector T cell mucosal response against STI. Moreover, most of these markers are also 
associated with TRM profiles. They may thus serve as indicators of TRM precursors, 
measurable in the blood, during the development and trafficking of the immune response.   
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During this work, we have studied the homing profile of T cells owards certain peripheral 
tissues, including the FGT in women and mice. We have been able to characterize the 
response of TEM cells to CT infection through transcriptomic studies in mice with their 
phenotypic validation in both mice and women. We defined adhesion molecules, namely 
CCR5, α4β1, and CD11c, which may be desirable to induce for an effective mucosal 
response in vaccine candidates against STI. Additionally, we have described and 
characterized the CD11c integrin as a new marker in the context of T cells and mucosal 
response. Particular attention should be given to this marker in the context of T-cell 
mucosal immunity in response to genital tract disorders. In summary, we can highlight the 
following points as the essential finding of this work: 

• Blood CD3+ CD62L– CD44+ T cells overexpress Ccr5, Itgax, Cxcr6, and Ccr2 
genes after vaginal infection in mice. 

• Selected up-regulated genes were confirmed by protein expression. While 
CCR2 and CCR5 were only increased in the CD4+ TEM cell subset after 
vaginal infection, expression of CXCR6 and CD11c was much more abundant 
in CD8+ TEM cells. 

• At least one marker was over-expressed during mucosal disorders compared to 
ND women in circulating TEM cells from blood. 

• The BV group had an increase in CCR5 and α4β1 expression in CD4+ TEM 

cells and CD11c in CD8+ TEM cells compared to ND. 
• Higher circulating CD11c+ CD8+ T cell frequency is detected soon after 

Chlamydia infection in mice.  
• CD11c expression increases in human circulating CD8+ TEM during 

symptomatic vaginosis. 
• CD11c expression in blood after vaginal infection correlates with an increase 

in the genital tract but is not exclusive to infection of the genital tract. 
• Murine-activated CD11c+ TEM cells are enriched for NK gene signatures. 
• Murine CD11c+ T cells include high frequencies of γδT and iNKT cells. 
• CD103 expression is exclusively associated with CD11c+ T cells in mice. 
• Circulating T cells expressing CD11c are associated with γδ T cells but not with 

iNKT cells in women. 
• Human cervical tissue contains γδ T cells expressing CD11c.  
• CD11c+ T cells are highly enriched for adhesion molecules expression but not 

for CD103 in women. 
• CD11c expression in γδ T cells is associated with higher capacity IFNγ secretion 

after activation. 
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S1: The percentage of CD4+ T cells determined by flow cytometry is shown in Figure 14.  
for ND and the different groups of patients. General gating strategy is shown in. Each bar 
represents the median ± interquartile range of healthy young women (ND; white bars, n = 
13), women with psoriasis (PS; grey bars, n = 5), ulcerative colitis (UC; checkered bars, n = 
4) and bacterial vaginosis (BV; dark bars, n = 5). P value indicates *<0.05. 
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