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Regulatory T cells (Tregs) mediate immune homeostasis, yet also facilitate nuanced immune 

responses during infection, balancing pathogen control while limiting host inflammation. Recent 

studies have identified Treg populations in non-lymphoid tissues that are phenotypically distinct 

from Tregs in lymphoid tissues (LT), including performance of location-dependent roles. Mucosal 

tissues serve as critical barriers to microbes while performing unique physiologic functions, so we 

sought to identify distinct phenotypical and functional aspects of mucosal Tregs in the female 

reproductive tract. In healthy human and mouse vaginal mucosa, we found that Tregs are highly 

activated compared to blood or LT Tregs. To determine if this phenotype reflects acute activation 

or a general signature of vaginal tract (VT)-residency, we infected mice with HSV-2 to discover 



 

that VT Tregs express granzyme-B (GzmB) and acquire a VT Treg signature distinct from 

baseline. To determine the mechanisms that drive GzmB expression, we performed ex vivo assays 

to reveal that a combination of type-I interferons and interleukin-2 is sufficient for GzmB 

expression. Together, we highlight that VT Tregs are activated at steady state and become further 

activated in response to infection; thus, they may exert robust control of local immune responses, 

which could have implications for mucosal vaccine design. 

 

Additionally, little is known about the role of Tregs in recurrent HSV-2 outbreaks or secondary 

exposure to HSV-2. Tissue-resident memory T cells (Trm), which reside in tissue sites without 

recirculation, have been shown to be crucial for protection from HSV-2 in mouse models and 

HSV-2 control. However, HSV-2 symptoms and viral load are highly variable between infected 

individuals, despite the presence of vaginal Trm. Therefore, we predicted that Tregs prevent 

immune-mediated vaginal tissue damage during HSV-2 challenge by restraining CD4+ and CD8+ 

Trm responses, possibly at the expense of impaired viral clearance. Additionally, we hypothesized 

that Tregs may directly contribute to the repair of vaginal HSV-2 lesions through production of 

amphiregulin (Areg), a growth factor known to facilitate tissue repair in other tissue Tregs. We 

used immunohistochemistry to assess vaginal pathology in mice lacking Tregs at the time of HSV-

2 challenge and found that Treg-depleted mice experienced delayed tissue healing by day 7 post-

challenge, compared to Treg-replete controls. However, PCR revealed that vaginal HSV-2 viral 

titers were comparable in both groups, suggesting that tissue damage was immune-mediated. We 

also found that vaginal Tregs in mice express Areg transcript and Areg protein by day 7 post-HSV-

2 primary infection, suggesting that Tregs may directly contribute to vaginal tissue repair of HSV-

2 lesions, but further studies are necessary to functionally link Treg-produced Areg to vaginal 



 

mucosa healing and confirm Treg production of Areg in human tissues. Experiments are ongoing 

to assess the role of Tregs on Trm abundance, activation, and cytotoxic activity after HSV-2 

challenge, as well as to define the role of Treg-produced Areg in tissue pathology using conditional 

knockout mice. Together, these findings suggest that vaginal Tregs may have vagina-specific roles 

in tissue protection and immune control during viral infection, further evidencing the need to 

consider Tregs in mucosal vaccine design. Likewise, Treg-based therapeutics could be an 

important tool for reversing pathology in mucosal infection or autoimmunity.
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Chapter 1. INTRODUCTION 

1.1 REGULATORY T CELLS 

Regulatory T cells (Tregs) are a subset of CD4+ T cells defined by expression of the 

transcription factor forkhead box P3 (Foxp3) and their ability to suppress conventional T cells 

and other immune cells1-3. Early on, Tregs were demonstrated to be an essential cell type, as 

patients with immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome 

and scurfy mice lacking a functional Foxp3 gene suffered from various autoimmune-like 

conditions involving multiple tissues and organs, plus dysregulated effector T cell activity4-6. 

Additional studies demonstrated that Foxp3 is the master regulator of Treg development and is 

indeed required for both their differentiation as well as function as suppressive cells7-12. 

Subsequently, a mouse model wherein Foxp3 is ablated in mature Tregs demonstrated that 

continuous Foxp3 expression is required to maintain the Treg developmental program and thus 

for Tregs to sustain suppressive function13. 

1.2  TREG-MEDIATED SUPPRESSION 

Several decades of active research has since confirmed these findings and demonstrated Tregs to 

be critical mediators of the immune system. Immunosuppressive mechanisms utilized by Tregs 

are diverse and varied. Tregs express several immunosuppressive cytokines, including TGFb and 

IL-1014, 15, and they have also been shown to express granzyme B, leading to death of immune 

cells including B cells, conventional T cells, and antigen-presenting cells (APC)16-18. More 

recently, this has been shown to occur under particular inflammatory conditions such as 

infection19. In addition, Tregs express high levels of CTLA-4 at steady state, which allows them 
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to limit availability of CD80 and CD86 on dendritic cells (DC) to conventional T cells20. Tregs 

also express the ectoenzymes CD39 and CD73, which facilitate the conversion of extracellular 

ATP to adenosine, which thus directly limits proliferation of effector T cells, as well as 

suppressing myeloid cells including DCs21-24. Finally, through their high expression of CD25, a 

subunit of the IL-2R, Tregs can serve as an IL-2 sink, effectively depriving effector T cells of IL-

2 and thus limiting their proliferative capacity25. Not only do Tregs utilize these 

immunosuppressive mechanisms, and many others, to limit immune responses to self and other 

innocuous antigens to prevent autoimmunity at homeostasis2, 26, 27, but they additionally mediate 

inflammatory responses to infection28, 29.  

 

1.3 NON-LYMPHOID TISSUE TREGS 

Since their discovery, Tregs have been primarily studied in the thymus, where they develop, and 

in peripheral lymphoid organs. However, a growing body of research has shown that Tregs also 

reside in non-lymphoid organs, where they can have unique phenotypes and execute highly 

specialized roles outside of the canonical regulatory functions, suggesting that Treg phenotype 

and activity is highly context dependent. In particular, tissue Tregs have been described in 

visceral adipose tissue (VAT), skin, and muscle30-32. These non-lymphoid tissue Tregs are 

transcriptionally and phenotypically distinct from Tregs in spleen and lymph node (LN) and can 

perform highly specialized, location-dependent roles. Tregs in human skin, concentrated near 

hair follicles, regulate epithelial stem cell differentiation and display an activated memory 

phenotype, limiting inflammation and pro-fibrotic responses at steady state32-34. In the mouse 

VAT, Tregs express the IL-33 receptor (IL-33R), where IL-33 expressed by mesenchymal 

stromal cells promotes Treg accumulation and proliferation35, 36. These Tregs acquire robust 
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expression of the master regulator of adipose differentiation—peroxisome proliferator-activated 

receptor (PPAR)-γ—which maintains VAT insulin sensitivity31, 35, 37. Muscle Tregs respond to 

IL-33 produced by fibroblast-like fibro/adipogenic progenitor cells during muscle damage in 

mice and in turn produce amphiregulin (Areg), a growth factor that directly acts on satellite cells 

to facilitate muscle repair30, 38.Thus, phenotypically distinct and highly specialized Treg 

populations reside in various non-lymphoid tissue sites, underscoring phenotypic and functional 

heterogeneity within Tregs based on tissue location. Furthermore, these studies suggest that 

dynamic populations likely exist throughout the body in other discrete tissue types. 

 

1.4 MUCOSAL TISSUE TREGS 

In addition to non-lymphoid organs such as the muscle, VAT, and skin, Tregs have also been 

characterized in several mucosal tissue sites. The mucosa has critical, location-dependent 

physiologic functions, including air exchange in the respiratory tract, nutrient absorption in the 

gastrointestinal tract, and reproduction in the genitourinary tract. The mucosal tissues also share 

a common barrier function in protecting the host from invading pathogenic stimuli, as the 

mucosa serves as a portal of entry for many pathogens of global health importance. The unique 

physiological and barrier roles of mucosal sites require a tightly coordinated immune response to 

allow for necessary tolerance to harmless antigens such as dietary antigens and sperm during 

reproduction, while also patrolling for and eliminating viral, bacterial, and fungal pathogens at 

infection entry sites. Given the canonical roles of Tregs as immune response regulators, as well 

as their more recently discovered location-specific functions, an increasing body of research 

demonstrates that Treg populations in mucosal tissues are crucial in both homeostasis and 

disease (Figure 1.1).  
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Figure 1.1. Tregs in mucosal tissue sites help to balance active immunity versus immunological 

tolerance in the face of diverse antigenic exposures. 

 

Mucosal barrier tissues serve as portals of entry to a wide variety of antigens, both harmful and 

harmless to the host. Thus, the mucosal immune system has the complex job of balancing 

tolerance to innocuous antigens such as food, allergens, semen, and commensals while at the 

same time patrolling for pathogens so that an appropriate immune response can be generated to 

benefit but not harm the host. Tregs, depicted here at the fulcrum of this balance, participate in 

this process of maintaining a homeostatic state of active immunosurveillance and tolerance rather 

than persistent mucosal inflammation. 

 

 

1.5 RESPIRATORY TRACT MUCOSAL TREGS 

The respiratory tract experiences constant exposure to inhaled antigens and pathogens, yet this 

uniquely delicate mucosal tissue must generally maintain a state of relative quiescence for the 
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preservation of tissue architecture and oxygen exchange. In this regard, overt immune responses 

to perturbations such as infection must be tightly regulated—striking a balance between rapid 

pathogen clearance and tissue preservation (Figure 1.1). Tregs employ multiple mechanisms to 

dictate respiratory tract tissue homeostasis, including promoting effector immune responses 

mitigating inflammation, and facilitating tissue preservation and healing15, 19, 29, 39-47. Other 

reviews have more comprehensively detailed the multifaceted roles for Tregs during infection28, 

29, 42, 48. Here, we mention only a handful of key examples of various functions of Tregs in the 

respiratory tract with the intention of setting the stage to consider the effects of respiratory tract 

tissue-specific cues on Treg phenotype and function.  

 

In the context of influenza virus infection in mice, Tregs guide the formation of antigen-specific 

T follicular helper (Tfh) cell and germinal center (GC) B cell responses in the lymph node 

through their consumption of excess IL-241. Thus, by controlling IL-2 availability, Tregs 

promote appropriate effector immune responses for viral clearance41, 49. Additionally, respiratory 

tract Tregs have been demonstrated to mount rapid and robust antigen-specific primary and 

memory recall responses to influenza virus infection, acting to appropriately limit antiviral T cell 

responses and ameliorate excess inflammation in mice39, 45. Importantly, after secondary 

influenza challenge, naïve Tregs are insufficient in recapitulating CD8+ T cell regulation39. 

Similarly, upon Mycobacterium tuberculosis (Mtb) challenge in mice, thymically derived Tregs 

specific to the immunodominant Mtb epitope expand robustly, exhibit an activated phenotype, 

and delay the priming and accumulation of effector T cells in the lung. These Mtb-specific Tregs 

are then specifically culled though Th1 inflammation-derived IL-12, which promotes high Tbet 

expression in Mtb-specific Tregs50,51. In other examples of respiratory tract infections such as 
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respiratory syncytial virus (RSV) in mice and SARS-CoV-2 in humans, disease severity and 

pulmonary pathology have been linked to functional differences among Tregs, where a loss in 

Tregs leads to accelerated viral clearance at the expense of immune-mediated tissue damage and 

worsened disease outcomes19, 52-54.  Notably, one study identified a decrease in airway Tregs in 

patients with COVID-19 compared to healthy controls54, thereby raising the possibility that a 

Treg deficit in the lung could be contributing to disease and the dysregulated immune response 

in COVID-19, though this requires further study of the mucosal immune responses to natural 

SARS-CoV-2 infection. 

  

Recent studies employing a combination of epigenetic, single-cell chromatin accessibility, gene 

expression, and T cell receptor (TCR) fate mapping methods have identified a generalizable 

tissue-specific signature for Tregs that is conserved among mice and humans55-61. At 

homeostasis, roughly 10-20% of the total Tregs found in the lungs of specific pathogen-free 

(SPF) mice exhibit a tissue-specific profile56. Phenotypically, mouse tissue Tregs, including 

those found in the lungs, can be identified by their expression of KLRG1 and IL-33R and are 

regulated by BATF56, 57. Interestingly, lung tissue Tregs expressing IL-33R appear to be 

particularly sensitive to IL-33 signaling, undergoing a 60-fold expansion in response to treatment 

with rIL-33 in vivo, as compared to other nonlymphoid tissue IL-33R+ Tregs isolated from 

peripheral tissues such as fat (10-fold) and skin (5-fold)56. Other transcription factors 

contributing to the core tissue Treg signature in the lung include Nfil3, GATA-3, and Maf, as well 

as the Delta-Notch signaling pathway, among others55-57. Notably, although tissue Tregs isolated 

from various non-lymphoid tissues share an overlapping “core” signature with lung tissue Tregs, 
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tissue-specific cues also appear to influence their overall phenotype, revealing a possible 

relationship for site-specific functions. 

 

Data elucidating a comprehensive ascription of the functional capacities for respiratory tract 

tissue Tregs is still being accumulated. However, it is clear that lung tissue Tregs play a major 

role in respiratory immunity and resolution. One prominent example is the ability of lung tissue 

Tregs (defined as CD44hiCD62Llo with increased expression of CD103, PD-1, GITR, CTLA-4 

and KLRG1) to promote tissue healing through their production of Areg after influenza infection 

in mice44. Importantly, the selective deficiency of Areg production by Tregs results in profound 

tissue damage and decreased oxygen exchange but does not impact other Treg suppressive 

functions, demonstrating a non-redundant requirement for tissue Tregs to produce Areg. Perhaps 

not surprisingly, IL-18 and IL-33 signaling are pivotal in initiating the tissue repair program, 

including among non-infectious scenarios44, 62. Conversely, when IL-18 signaling is antagonized 

by Notch4, Tregs lose their ability to produce Areg resulting in severe morbidity, as has been 

recently demonstrated for COVID-19 disease63. Themes of lung tissue-specific roles for Tregs 

are further recapitulated by a model of chronic inflammation and fibrosis established by 

repetitive Aspergillus fumigatus challenge wherein lung tissue Tregs (CD69hiCD103hi) 

ameliorate Th2-mediated pathology in mice, possibly through immunosuppressive functions 

and/or the production of amphirgulin47 (Figure 1.2). Notably, other mechanisms of tissue healing 

may also be mediated by Treg expression of the soluble growth factor, keratinocyte growth 

factor (KGF), which can be induced in Tregs derived from lung tissue in mice and humans64. 

Characterization of additional functions for respiratory tract tissue Tregs are still forthcoming, 
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but will likely include quintessential Treg functions, possibly with extra guidance from tissue-

specific cues during homeostasis and insult. 
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Figure 1.2. Mucosal tissue Tregs have both shared and specialized phenotypes and functions 

dependent on the tissue location. 

 

Foxp3+ Tregs found throughout the body have immunosuppressive roles and can limit 

inappropriate inflammatory responses to self- and foreign antigens through a variety of 

mechanisms, including but not restricted to CTLA-4, ectoenzymes CD39 and CD73, IL-2 

deprivation, and secretion of soluble regulatory mediators such as IL-10 and TGFβ. In addition, 

as has been demonstrated in non-mucosal and non-lymphoid tissues such as the visceral adipose 

tissue, skin, and muscle, Tregs can execute additional specialized functions that are induced by 

and meet the needs of their unique tissue environment. Here we highlight one example from each 

of the major mucosal tissue sites. In the respiratory tract, infection or inflammation can induce 

Tregs to produce amphiregulin, which promotes lung tissue repair. In the gastrointestinal tract, 

ingestion of dietary antigens early in life induces peripherally generated Tregs that are 

neuropilin-1 (NRP1) and Helios double-negative, as well as negative for the transcription factor 

RORγt. These cells have been shown to be critical for tolerance to dietary antigens, and so are 

major players in the prevention of food allergy. In addition, microbiota induces RORγt+ c-Maf+ 

pTregs that are crucial to maintain tolerance to both food and commensal bacteria. Finally, 

exposure to sperm and seminal fluid induces an increase in the number of Tregs present in 

uterine tissues, and Tregs have a demonstrated role in preventing pre-eclampsia and gestational 

hypertension.  
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In addition to immune responses to infection, respiratory tract Tregs have been implicated in 

restraining immune reactions to innocuous antigens to restrict allergic responses including 

asthma65, 66. In humans with loss-of-function mutations in Foxp3 resulting in IPEX, clinical 

presentation includes not only autoimmune manifestations, but also severe allergic inflammatory 

conditions67, 68, and mice with mutant Foxp3 also spontaneously develop allergic airway 

inflammation69. Indeed, mouse model studies have demonstrated that Tregs can suppress Th2 

responses to allergens through an IL-10-dependent mechanism and that Treg-mediated 

suppression of DC activation is also involved in restriction of the response70, 71. Furthermore, 

peripherally induced Tregs play a crucial role in restricting Th2-pathologies such as allergic 

inflammation and asthma in the lungs72. Consistent with this finding, patients with atopic asthma 

were documented to have decreased abundance of Tregs in bronchoalveolar lavage fluid73. 

 

Finally, whereas tissue-specific Tregs represent only a fraction of the total respiratory tract Treg 

population in SPF mice56, it remains likely that this frequency would be impacted by antigen 

experience, such as in the context of “dirty/pet store” mice74. Interestingly, the frequency and 

distribution of tissue Tregs in humans appears to be related to age, wherein pediatric tissues 

demonstrate the highest frequencies of Tregs in mucosal and non-lymphoid tissues followed by a 

shift toward accumulation in lymphoid tissues during adulthood75. In this regard, whereas the 

total frequency of Tregs among total CD4+ T cells in the lung tissue of pediatric donors has been 

estimated to be roughly 15%, in adult lung tissue that number is reduced to roughly 5%. 

Phenotypically, among both children and adults, human lung tissue Tregs are mostly CD45RA- 

and CD69+, with a smaller fraction dually expressing CD10375. Importantly, each individual’s 

past history of antigen experience is also likely to impact their current status76-78. Studies 
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examining the tissue-specific Treg TCR repertoire in the human respiratory tract will be 

influential79. Notably, among unmanipulated SPF mice, tissue context significantly impacts the 

Treg TCR repertoire wherein clonal diversity tends to be more restricted in peripheral tissues as 

compared to the spleen57. A final consideration, specific to the lung, is the elucidation of recent 

evidence demonstrating that respiratory tract tissue resident memory T cells (Trm) may, in fact, 

be more transient than has been reported for other peripheral tissues80-82. For example, the local 

draining lymph node may serve as a more permanent reservoir for respiratory Trm in lieu of 

long-term maintenance within the delicate pulmonary tissue80, thereby raising the notion that 

respiratory tract Tregs may not persist long-term within the tissue parenchyma. In conclusion, 

studies further elucidating the functional capabilities, antigen-specificities, and longevity of 

respiratory tract-specific tissue Tregs among both mice and humans will be informative.  

 

1.6 GASTROINTESTINAL TRACT MUCOSAL TREGS 

The gastrointestinal (GI) tract, including the small intestine and colon, is the site of food 

ingestion and metabolite transport in addition to hosting a complex microbiome. Therefore, the 

mucosal GI immune system has the extraordinary task of tolerating orally ingested dietary 

antigens (a phenomenon known as oral tolerance)83, 84 as well as beneficial commensal bacterial 

species (spp.), while concurrently providing barrier immunity against ingested and enteric 

pathogens (Figure 1.1). Tregs are crucial mediators of GI tract tolerance84 and are maintained in 

high numbers in the GI tract, making up 20-30% of total CD4+ cells in the lamina propria of the 

small intestine and colon85, 86. Ablation of Tregs or mutations in Foxp3 leads to systemic 

autoimmunity in mice and humans, including in the GI tract5, 26, 87, 88. Moreover, Tregs are 

necessary for prevention of GI tract inflammation and Inflammatory Bowel Diseases (IBD) such 
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as colitis89, 90. Due to the increased need for tolerance in the GI tract, Tregs have been widely 

studied in the small intestine and colon, and more than any other mucosal site, a large quantity of 

research has been published91. Here we provide a broad rather than exhaustive overview of the 

vast and nuanced field of GI tract Treg biology in both health and disease. 

 

As we have briefly introduced, Tregs canonically arise in the thymus, where Foxp3 is expressed 

during thymic differentiation following relatively high avidity interactions of the TCR with self 

antigens92-94. These thymically derived Tregs have thus been termed tTreg95 and are generally 

defined by the expression of the transcription factor Helios and cell surface receptor neuropilin1 

(NRP1)96, 97. However, Tregs also arise in the periphery (pTreg) in response to particular signals 

generated under tolerogenic conditions, including TGFβ98-101, and can sometimes express Helios 

despite having extra-thymic origins102. Given the major tolerogenic requirements of the GI tract, 

the colon and small intestine are a major site of pTreg induction85, 95. In the mouse and human 

colon, approximately 30-35% of Tregs are NRP1+ and Helios+103, 104, suggesting that the 

majority of GI tract Tregs are induced locally96, 97, 105. However, some colonic Tregs share TCR 

repertoires with Tregs in the thymus, suggesting that the colon hosts a combination of both 

pTregs and tTregs106. Likewise, Helios+ Treg proportions are mouse strain-dependent and can 

vary greatly107. Numerous studies have identified pTreg to be critical for tolerance to dietary 

antigens and the microbiota; mice lacking pTregs present with increased type 2 immunity and 

pathologies as well as dysbiosis in the GI tract72, 108, and pTreg have been shown to be important 

for preventing inappropriate responses to food antigens in the GI tract109.  
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Given the demonstrated critical roles for pTreg in the GI tract, these cells have been intensely 

studied in recent years. pTregs in the GI tract can be further classified by expression of 

transcription factors associated with CD4+ effector T cell lineages. We will first discuss RORγt, 

the transcription factor associated with T-helper 17 (Th17) lineage differentiation85. In the mouse 

small intestine and colon, around 40% and 10%, respectively, of Tregs are negative for both 

RORγt and NRP185, 109. In SPF mice weaned onto an antigen-free diet, small intestine NRP1lo 

Treg numbers are reduced, mostly due to a loss of RORγt- Tregs109. Interestingly, SPF mice 

treated with antibiotics are depleted of RORγt+, but not RORγT- Tregs, demonstrating that 

dietary, but not microbial, antigens are crucial for induction of RORγt- Tregs109. Furthermore, 

SPF mice weaned onto an antigen-free diet followed by immunization and challenge with Ova 

develop intestinal allergy, implicating RORγt- pTregs in the prevention of food allergy109 (Figure 

1.2). 

 

Thus, RORγt- Tregs in the small intestine, and, in smaller numbers, in the colon, are induced by 

dietary antigens and are also necessary for continued tolerance to food-derived antigens. 

Although preservation of dietary tolerance is mainly attributed to RORγt- Tregs, food allergy in 

human infants has been associated with a lack of microbiota-induced RORγt+ Tregs, and 

administration of oral antigen in mice increases RORγt+ Treg numbers, demonstrating a role for 

RORγt+ Tregs in maintaining tolerance to dietary antigens as well as to commensals110-112.  

Additionally, microbiota-induced pTregs arising around the age of weaning are later required to 

prevent spontaneous Th2-mediated allergic responses to dietary antigens and protect from 

dextran sodium sulfate (DSS)-mediated severe colitis in mice113-115. 
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As briefly mentioned above, a large fraction of GI tract pTregs are RORγt positive. RORγt+ 

Tregs require expression of transcription factor c-Maf for development and function as highly 

suppressive Tregs that specifically regulate distinct T-helper subsets in different inflammatory 

contexts, such as limiting pathogenic Th17 inflammatory responses to Helicobacter hepaticus103, 

112, 116-118. Many RORγt+ Tregs display a highly activated effector phenotype defined by 

expression of CD44, ICOS, and CTLA-4111, 112, 116, 119. IL-10, a critical anti-inflammatory 

cytokine, is constitutively expressed on a large percentage of RORγt+ Tregs in both the small 

intestine and colon, and a loss of IL-10 results in spontaneous colitis in mice and humans, 

demonstrating the importance of Treg-derived IL-10 in preventing GI tract inflammation and 

immunopathology15, 120-122. 

 

In the mouse colon, 40-60% of Tregs are RORγt+, while RORγτ+ Tregs make up a smaller 

fraction of small intestine Tregs85, 103, 107, 112, 116. In humans, IL-17-producing Tregs are found in 

the circulation and in the microenvironment of chronic ulcerative colitis123, and circulating 

RORγT+ memory Tregs can be found in humans124.  RORγt+ Treg abundance in small intestine 

and colon is dramatically reduced in germ-free mice or mice treated with antibiotics103, 109, 112, 125, 

demonstrating that the commensal microbiota is required for the generation of RORγt+ Tregs.  A 

loss of RORγt+ Tregs in mice results in increased Type-2 immune responses and more severe 

oxazolone-induced colitis, suggesting that commensals regulate intestinal immune responses 

through induction of RORγt+ Tregs112. Furthermore, local bacterial antigens mediate colonic 

pTreg selection, especially for RORγt+ Tregs104, 109, 125, 126. In support of Treg induction by 

commensal antigens, mouse colonic Tregs express TCR specific for Clostridium and commensal 

spp. that normally colonize the GI mucosal layer and expand in the presence of commensal 
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bacteria126. Other commensals such as lactobacilli and bifidobacteria also increase induction and 

maturation of GI tract Tregs85. In summary, the small intestine Treg compartment is 

predominantly RORγt- and responsible for dietary tolerance, while colonic RORγt+ Tregs 

facilitate tolerance to commensal microbiota, but this distinction is not finite and GI tract Treg 

phenotype and function overlap. 

 

GI tract pTregs are also heavily influenced by dietary and commensal-derived metabolites. 

Compared to Tregs in other tissues or lymphoid organs, Tregs in the mouse small intestine and 

colon express more aryl hydrocarbon receptor (AhR)—a nuclear sensor of dietary, microbiota, 

and other derivatives127— suggesting an elevated AhR-mediated metabolite dependence in GI 

tract Tregs91, 103, 128. Tryptophan, which can be metabolized by commensal microbiota into 

various AhR ligands127, promotes Treg development through various mechanisms91, 129. Retinoic 

acid (RA), the bioactive derivative of vitamin A, is abundantly found in the GI tract and induces 

pTregs in mice when in combination with TGFβ91, 130-132. Likewise, mice given Vitamin A-

deficient diets or RA inhibitors display reduced RORγT+ but not Helios+ Treg numbers, 

suggesting a specific requirement for Vitamin A in the RORγT+ Treg population in the GI 

tract91, 112. Among others, vitamins D3 and B9 promote expression of Foxp3 and anti-apoptotic 

BCL-2 on colonic Tregs85, 133, 134. Although some Treg:metabolite processes function 

independently of the microbiota, others rely heavily on bacteria. Commensals facilitate 

metabolite production by fermenting dietary fiber to produce short chain fatty acids (SCFA) and 

other products that promote pTreg induction, expansion, and function, especially in the mouse 

colon91, 112, 135-137. Bacterial products can also function as Toll-like receptor (TLR) ligands, 

adjuvanting the induction and function of GI tract pTregs85, 91, 138-141. Recently, gut bacteria have 
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been shown transform bile acids into bioactive products that modulate local Treg function and 

promote pTreg induction in mouse and humans142-144. 

 

A third population of GI Tregs expressing GATA3, the master transcription factor for T-helper 2 

(Th2) CD4+ T cell differentiation, make up around 20 and 15 percent, respectively, of mouse 

small intestine and colon Tregs85, 112, 145, 146. In humans, GATA3+ Tregs have thus far only been 

identified in blood91. GATA3 directly interacts with Foxp3 to regulate FoxP3 expression and 

transcriptional programs111, 147, 148. GATA3+ GI tract Tregs express Helios and are stable under 

germ-free conditions, suggesting thymic origins103, 112. GATA3+ Tregs express IL-33R, which 

recognizes IL-33, an alarmin produced by intestinal epithelial cells during inflammation145, 146. 

IL-33R ligation, along with TCR activation and IL-2, activates GATA3145, which drives Treg-

mediated suppression. A loss of GATA3 expression abrogates accumulation of Tregs in the 

small intestine, particularly in the context of inflammation, where GATA3+ Tregs are critical to 

protect mouse GI tissues from collateral immunopathology during enteric infection with 

pathogenic microbes145. Additionally, small intestinal Tregs maintain epithelial barrier integrity 

by preserving intraepithelial cells (IEC) though various IL-10-mediated mechanisms in mice149, 

where the IEC physically separates lamina propria immune cells and the microbiota in the 

intestinal lumen111.  Thus, GATA3+ Tregs are important for regulation of type-2 immunity and 

respond to cognate antigen and alarmins during inflammatory events to preserve GI tract 

tissues111. Further research is warranted to resolve whether GATA3+ Tregs also directly 

contribute to tissue repair, as is seen in other IL-33R+ Tregs30, 38, 44, 111.  
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In addition to maintaining tolerance to commensal and dietary antigens, GI Tregs also contribute 

to humoral mucosal functions such as control of germinal center reactions to promote secretion 

of immunoglobulin A (IgA), which blocks invading pathogens from attaching to the mucosal 

epithelium150. Conversely, a loss of c-Maf+ RORγt+ Tregs leads to excessive, Th17 and IgA 

responses118, suggesting that GI tract pTregs balance protective vs pathogenic mucosal humoral 

responses. Mouse Tregs expressing B cell lymphoma 6 (BCL-6) migrate via CXCR5 to Peyer’s 

patches germinal centers where these Follicular Tregs (Tfr) control Tfh responses, thereby 

encouraging IgA production151. Small intestine Tregs specific for commensal flagellin antigens 

dampen mucosal uptake of commensal antigens through supporting production of IgA, in turn 

limiting local T cell activation and further maintaining tolerance to the microbiota in mice152. 

Finally, some GI Foxp3+ Tregs that receive environmental cues within Peyer’s patches may 

convert into Tfh cells, in the process losing Foxp3 expression, to then interact with B cells in 

mice153.  

 

1.7 GASTROINTESTINAL TRACT MUCOSAL TREGS IN CANCER 

While Tregs in the small intestine and colon are indispensable for maintaining appropriate 

immune tolerance during homeostasis, colonic Tregs within the aberrant context of a cancer 

environment can be counterproductive. Tregs, including those expressing cytotoxic molecule 

granzyme B, are enriched in colorectal cancer (CRC), colon-draining lymph nodes, and other 

tumor sites and are associated with poorer disease prognosis in mouse and humans, likely related 

to the suppression of anti-tumor effector T cells154-159. Tumor environment-mediated immune 

dysbiosis may abnormally increase Treg recruitment to the tumor through chemotactic receptors 

or by expanding Tregs through TGFβ or IL-10160, 161, where they dampen anti-tumor immune 
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responses. To combat tumor-driven accumulation of Tregs in CRC tumors, therapeutic strategies 

to eliminate Tregs or block their suppressive functions may help to promote anti-tumor effector 

T cell immunity155. However, the role of Tregs in CRC is nuanced and context-dependent, as 

Tregs can also protect the mouse and human host from cancer-associated inflammation162, 163 and 

BLIMP-1+ Tregs and Treg-derived IL-10 have been associated with decreased polyps and 

increased CRC survival in both mice and humans164-166. Together, these conflicting results 

suggest that distinct Treg subsets may perform distinct functions in intestinal cancers167, 168. For 

example, in mice, Treg-specific loss of transcription factor TCF-1 expression, a suppressor of 

genes co-bound by FoxP3, increases Treg-mediated T cell suppression and promotes tumor 

growth in polyposis, demonstrating a role for Treg TCF-1 expression in tumor clearance169. 

Additionally, tumor-infiltrating Tregs in human CRC express low TCF-1 expression, suggesting 

that TCF-1 expression levels may predict CRC outcomes169.  Therefore, Treg involvement in 

mucosal tumor immunity warrants further study to understand which Treg subsets may predict 

improved CRC outcomes and which subsets could be targeted therapeutically to increase 

survival. 

 

Treg dysfunction has major implications for chronic and debilitating GI tract disease; therefore, 

additional research is necessary to elucidate potential Treg-targeting therapies to ameliorate IBD 

and allergy. Furthermore, oral vaccine delivery is an attractive route as a non-invasive vaccine 

strategy that could induce protective immune responses at the mucosal barrier, as tissue-resident 

memory T cells (Trm) are known to be indispensable for protection from mucosal infections 

such as herpes simplex virus 2 (HSV-2)170. However, further studies are needed to understand 
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how to best leverage mucosal immune responses, including Tregs, at the site of infection while 

overcoming the tolerogenic tendencies of the oral mucosa and GI tract84, 171-174. 

 

1.8 GENITOURINARY TRACT MUCOSAL TREGS 

The genitourinary (GU) tract, comprised of the urinary and reproductive organs, requires  

paradoxical immune responses. The mucosal GU tissues such as the vagina, cervix, and uterus 

serve as the entry point for both reproductive sperm and sexually transmitted infections (STIs). 

Therefore, the GU tract must be at once tolerant to select foreign antigens and commensal 

bacteria, while hostile to invading STI, poising the GU tract as a unique and complex 

immunological site. Mucosal Tregs are likely to be critical for facilitating the balance between 

tolerance and immunity. 

 

A healthy mammalian pregnancy requires careful immune tolerance at every stage, from the 

introduction of male sperm to the end of successful gestation. During sexual reproduction, the 

GU tract immune system must allow sperm, a foreign antigen, and a fetus— essentially a semi-

allogeneic graft—to be tolerated for an extended period. Tregs in the blood and at the maternal-

fetal interface in the placenta increase during pregnancy and are known mediators of fetal 

tolerance, preventing spontaneous abortion, fetal resorption, and preeclampsia in mice and 

humans175-178. Given the critical need for Treg-mediated tolerance during pregnancy, it is 

unsurprising that Tregs resident in the mucosal GU tract also play a role in pregnancy. As early 

as first exposure to male seminal antigens and before embryonic implantation, Tregs accumulate 

in the uterus and uterine-draining lymph nodes in mice179-181. During pregnancy, CD25+ cells 

increase two-fold in the mouse iliac and inguinal lymph nodes and make up 30% of uterine 
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CD4+ T cells, and in both allogeneically and syngeneically mated mice, uterine Foxp3 mRNA 

concentration is 1000-times higher than in age-matched non-pregnant mouse uterine tissue, 

suggesting a robust increase in uterine Tregs during pregnancy175. A reduction in Tregs in early 

pregnancy causes uterine artery dysfunction in mice, demonstrating a tissue-specific role for 

Treg-mediated prevention of gestational hypertension and preeclampsia182 Given that immune 

responses in both mouse and human have been shown to be dampened during the luteal phase of 

the estrus cycle and in response to seminal extracellular vesicles, it is possible that GU mucosal 

Tregs in the uterus and vagina have additional immunosuppressive roles to promote pregnancy at 

the early stages of conception183-187. Treg-focused cellular therapies could be useful in preventing 

and treating preeclampsia and other pregnancy complications, but further research in humans is 

needed to design diagnostic tests for Treg function in early pregnancy and to identify the 

temporal window in which intervention is safe and effective188. 

 

Historically, Tregs are understudied in the cervical and vaginal mucosa. However, as a barrier 

tissue site with constitutive exposure to commensal microbiota, plus the potential for exposures 

to male seminal antigens and microbial pathogens, the dynamics of the vaginal immune system 

must be carefully orchestrated, likely in part by Tregs. In humans, the healthy vaginal mucosa 

hosts a microbiome dominated by lacotobacillus, and dysbiosis of the vaginal microbiome 

causes harmful overgrowth of fungal and bacterial pathogens, leading to bacterial vaginosis 

(BV), vaginal candidiasis, urinary tract infections, and dysregulated vaginal pH, all of which 

increase susceptibility to STIs and infertility189, 190. As in the GI tract, the vaginal immune system 

must remain tolerogenic to commensal bacteria while allowing for appropriate immune 

responses to deleterious microbes; therefore, we hypothesize that Tregs in the vagina may also 
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facilitate tolerance to commensal microbiota. In support of this, vaginal isolates of Lactobacillus 

crispatus, a predominant species of healthy vaginal bacteria, induces Tregs from conventional 

CD4+ T cells in a human mixed leukocyte reaction191. Vaginal dysbiosis such as BV or abnormal 

vaginal dominance by anerobic bacterial communities is associated with increased pro-

inflammatory cytokines in the vagina and decreased peripheral Treg numbers, suggesting that a 

breach in normal vaginal commensals triggers a switch from tolerogenic to anti-microbial 

immune responses190, 192, 193. Thus, further studies are necessary to determine how Tregs may 

facilitate the tolerance:inflammation axis based on the presence of either commensals or harmful 

bacterial spp. 

 

Vaginal and uterine Tregs help maintain a healthy mucosal environment during homeostasis and 

pregnancy, but they also facilitate appropriate immune responses to harmful pathogens.  In 

vaginal herpes simplex virus 2 (HSV-2) infection in mice, Tregs in the vaginal-draining lymph 

nodes (dLN) are necessary to promote proper antigen-bearing dendritic cell (DC) migration from 

the vagina to the dLN, and a loss of these Tregs delays HSV-2-specific CD4+ T cell priming and 

results in worsened disease194, 195. This demonstrates that Tregs in the dLN tune the antiviral 

CD4 T cell responses in the nearby vaginal tissue. Moreover, Tregs accumulate in the mouse 

vaginal mucosa early after HSV-2 infection, suggesting an additional need for Treg-mediated 

immune regulation at the site of infection194, 195. Given the multitude of pathogens that may 

contact the vaginal mucosa, vaginal tissue Tregs likely have important roles in immune response 

coordination, such as limiting excessive inflammation during infection to prevent collateral 

immune-mediated tissue damage. In support of this, Treg-related cytokines exert anti-

inflammatory effects during infection with Trichomonas vaginalis196. In the human endocervix, 
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Tregs are inversely correlated with inflammatory cytokine concentrations and abundance of 

CD4+ T cells, suggesting that Tregs in the GU tract prevent genital inflammation and could 

potentially lower HIV acquisition risk through limiting HIV target cell availability197. 

Importantly, the roles of vaginal and uterine Tregs must be considered when designing mucosal 

vaccines, as Tregs promote anti-pathogenic immunity in some contexts, but dampen mucosal 

Trm responses in others. For example, mice given intra-uterine immunization with non-

adjuvanted UV-killed Chlamydia trachomatis induces uterine Tregs that abrogate the effects of 

local effector T cells elicited by the vaccine198. Additionally, vaginal Tregs may directly 

contribute to tissue repair through production of Areg after infection or injury, as has been shown 

in lung and muscle-resident Tregs in mice30, 38, 44. Further vaginal Treg studies in both mouse and 

especially in human are necessary to determine how vaginal Tregs modulate local anti-pathogen 

immune responses, prevent mucosal tissue damage, and potentially execute unique, location-

specific functions. 

 

1.9 IMPLICATIONS FOR MUCOSAL TREGS 

Peripheral Tregs are key mediators of systemic immune tolerance and immune orchestration, and 

mucosal tissue Tregs are no exception. In fact, Tregs at mucosal sites are charged with the 

paradoxical and highly nuanced role of facilitating protective immune responses to invading 

pathogens, while also allowing for immune quiescence in the context of sexual reproduction, 

inhaled or ingested harmless antigens, and commensal microbiota (Figure 1.1). This immune 

balance is especially critical within the very delicate and highly specialized mucosal tissues. 

Interestingly, although Tregs found in various mucosal tissues share the responsibility of 

balancing inflammatory immune responses, residency in distinct tissues is associated with 
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previously unappreciated location-specific functions that lie beyond canonical Treg roles (Figure 

1.2). These specialized mucosal Tregs have implications for conditions such as allergy, 

autoimmunity, and cancer, where aberrant mucosal immune responses drive disease progression. 

 

1.10 FUTURE DIRECTIONS AND THESIS GOALS 

The role of mucosal Tregs in anti-microbial immunity—especially in STIs—should not be 

underestimated. Importantly, immunity elicited by mucosal vaccination, depending on the 

context, may be either hindered or helped by Tregs. Therefore, further studies are necessary to 

elucidate how to best leverage Tregs to overcome oral tolerance and elicit protective resident T 

cells responses at the sites of bacterial and viral infection. Based on this growing body of 

mucosal Treg data, there is precedent to continue to characterize Tregs in other mucosal and non-

lymphoid tissue sites, which they may perform distinct, yet-unknown tissue-specific functions. 

 

This thesis aims to investigate the previously uncharacterized Treg population in the vaginal 

mucosa of mice and humans, a barrier tissue that has important roles in both tolerance to 

pregnancy and immunity to STIs. This thesis will contribute to the existing body of mucosal 

Treg literature, summarized in Chapter 1, by defining a previously unknown location-specific 

phenotype and function of vaginal Tregs in both health viral infection, which is highly nuanced 

and context-dependent. Additionally, this thesis explores how vaginal Tregs may have non-

canonical roles in the vaginal mucosa during infection or inflammation, which has implications 

for mucosal vaccine design and Treg-focused therapeutics for mucosal infection.   
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Using both human tissues and mouse models, Chapter 2 will describe the phenotype and function 

of vaginal Tregs during both homeostasis and after primary infection with HSV-2. Additionally, 

this chapter investigates the signals that drive the phenotype of vaginal Tregs. Chapter 3 will 

explore the role of Tregs in limiting immune-mediated vaginal pathology during HSV-2 

challenge. Chapter 4 will discuss the implications of these findings as well as limitations and 

future directions raised by this body of work. 
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Chapter 2. MUCOSAL VIRAL INFECTION INDUCES A 

REGULATORY T CELL ACTIVATION 

PHENOTYPE DISTINCT FROM TISSUE 

RESIDENCY IN MOUSE AND HUMAN 

TISSUES 

2.1 INTRODUCTION 

Regulatory T cells (Tregs) are a subset of CD4+ T cells defined by the expression of 

transcription factor forkhead box P3 (FoxP3)1, 7-9, 13. Tregs are potent suppressors of other 

immune cells, and extensive research has shown Tregs to be critical in preventing aberrant 

immune responses to self as well as to dietary and commensal antigens. A loss of Tregs or FoxP3 

leads to lethal autoimmunity, chronic inflammation, and allergy3-6, 26, 85. Early Treg studies 

focused on their development in the thymus and Tregs in lymphoid organs, where they promote 

peripheral tolerance, but more recently, Treg subsets have been identified in discrete tissue 

compartments such as hair follicles, skin, muscle, and visceral adipose tissue (VAT)30-35, 37, 38, 199. 

Although these tissue Treg populations share hallmarks of tissue residency, these populations 

have distinct transcriptional profiles, phenotypes, and clonally expanded T cell receptor (TCR) 

repertoires that do not overlap with lymphoid Treg counterparts or conventional T cells from the 

same tissue compartment30, 32, 37, 51, 200. Additionally, tissue Tregs carry out location-specific 

functions outside of their canonical suppressive roles. For example, in response to Interleukin-33 

(IL-33) released by stromal cells during skeletal muscle injury, Tregs directly contribute to tissue 

healing by producing growth factor amphiregulin (Areg)30, 38.  In the VAT, Tregs facilitate 

adipocyte metabolism and maintain insulin sensitivity through expression of peroxisome 

proliferator-activated receptor (PPAR)-g, the master regulator of adipocyte differentiation31, 35, 37.  
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Thus, Treg functions extend beyond classical suppressor roles and are highly location-dependent, 

suggesting that other tissue sites may host their own specialized Treg populations. 

 

More recently, distinct Treg phenotypes and functions have also been identified in mucosal 

tissues.  The mucosa serves as a barrier against pathogens as well as the site of specialized 

functions such as nutrient and air exchange, necessitating that Tregs orchestrate carefully 

controlled, specialized immune responses. In the small intestine and colon, both thymically 

derived and peripherally induced Tregs contribute to gut homeostasis by facilitating oral 

tolerance to dietary antigens, commensal bacteria, and preventing Inflammatory Bowel Diseases 

(IBD)85, 111. Likewise, lung Treg populations are implicated in preventing allergy and airway 

inflammation65-68, 70-73, and like muscle Tregs, have been shown to produce Areg in response to 

lung damage44.  These discoveries suggest that specialized Tregs may be overseeing immune 

responses and performing yet-unknown functions in other mucosal tissues.  

 

While Tregs have been extensively studied in homeostasis and the context of autoimmunity, the 

role of Tregs during infection is less defined and varies by infection2, 29. In the GI tract, GATA3+ 

Tregs prevent excessive inflammation during enteric infection, protecting the delicate mucosal 

tissues of the colon and small intestine85, 145. Likewise, lung Tregs promote influenza-specific T 

cell responses by regulating interleukin 2 (IL-2) availability, while concurrently preventing T 

cell-mediated lung pathology and producing Areg to resolve lung damage after infection39, 41, 44, 

49.  During vaginal infection with herpes simplex virus 2 (HSV-2), peripheral Tregs facilitate 

proper migration of antigen-bearing dendritic cells (DCs) to the vaginal-draining lymph node 

(dLN), and systemic Treg ablation causes a delay in antigen-specific T cell priming, associated 
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with worsened viral-mediated disease194, 195. Additionally, CD25+ Tregs limit T cell-mediated 

stromal keratitis in the cornea of mice infected with ocular herpes simplex virus type 1 (HSV-

1)201. In other infection scenarios, the role of Tregs is highly nuanced. During lung infection with 

mycobacterium tuberculosis (Mtb) or respiratory syncytial virus (RSV) and during skin infection 

with Leishmania major (L. major), Tregs inhibit productive T cell responses, resulting in 

compromised pathogen clearance50, 51, 202, 203. However, removal of Tregs in these contexts leaves 

effector responses unchecked, resulting in T cell-mediated tissue damage and disease50, 51, 202, 203. 

In the case of RSV, Tregs have been reported to utilize granzyme B (GzmB) to kill effector 

CD8+ T cells19, suggesting a possible additional mechanism for Tregs in preventing 

immunopathology. Together, these findings demonstrate that in infectious contexts, Tregs serve 

as a fulcrum between immunity and tolerance, tasked with allowing for productive effector 

immune responses while also limiting collateral tissue damage caused by aggressive 

inflammatory responses. 

 

Tregs have now been described in various mucosal tissues and infections, but Tregs in the female 

genitourinary (GU) tract, including the uterus, cervix, and vaginal mucosa, are understudied in 

both health and infection. GU tissues are extraordinary in that they are the home of the 

tolerogenic processes of conception and pregnancy, but also the entry site of sexually transmitted 

infections (STIs). Therefore, the GU tract must facilitate tolerance to commensal bacteria, 

reproductive antigens, and the fetus, while also mounting early immune responses against 

invading infection. Although there is some evidence for uterine Treg-mediated tolerance during 

pregnancy175, 179-181, GU tract Tregs, and more specifically vaginal tract (VT) Tregs, remain 
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poorly characterized. Considering the paradoxical immunological requirements of the vagina, it 

is likely that Tregs are crucial in maintaining the tolerance:immunity axis in this mucosal site.  

 

Given the precedent for mucosa-localized Treg populations and the unique tolerogenic 

environment of the vagina, we hypothesized that VT Tregs are a unique, tissue-resident 

population that perform specialized functions in homeostasis and infection. To test this, we used 

flow cytometry and RNA-sequencing (RNA-seq) to interrogate the previously uncharacterized 

vaginal Treg compartment at homeostasis in mouse and human tissues. We then compared 

baseline Treg phenotypes to Tregs during active, local viral infection in mice. Finally, we 

investigated the inflammatory signals that drive differential phenotypes in vaginal Tregs. In 

summary, we demonstrate that vaginal mucosal Tregs in healthy mice and humans are more 

activated compared to circulating Tregs, suggesting that vaginal tissue localization alone confers 

a distinct phenotype on local Tregs. However, we also show that upon vaginal infection with 

HSV-2, vaginal Tregs become further activated, including the acquisition of robust, cytotoxic 

GzmB expression. We found that IL-2 in combination with type-I interferons (IFN-I) induce 

expression of GzmB on Tregs, uncovering the inflammatory cues that orchestrate Treg 

expression of GzmB. Overall, our findings demonstrate that the previously unstudied vaginal 

Treg population is constitutively activated in homeostasis but becomes further activated after 

infection, gaining expression of GzmB. These Tregs may be poised with cytotoxic potential to 

regulate local inflammation upon viral challenge. 
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2.2 RESULTS 

2.2.1 Vaginal mucosal Tregs in healthy women are activated compared to circulating Tregs 

To phenotype human VT Tregs, we analyzed collection time-matched vaginal mucosal biopsies 

and peripheral blood mononuclear cells (PBMC) from 14 healthy Seattle-area women without 

any known genital tract infections (Figure 2.1A, Table A). Using flow cytometry, Tregs were 

identified as CD3+CD4+CD25+CD127-FoxP3+, conventional CD4 T cells (CD4Tconv) as 

CD3+CD4+CD25-, and CD8 T cells as CD3+CD8+ (Figure 2.1B; Figure 2.2 and Table B). The 

average Treg frequency, quantified as the percentage of CD25+CD127-FoxP3+ cells of total 

CD4+ cells, was similar at approximately 3% in PBMC and VT, suggesting that a sizeable 

population of Tregs comparable to blood Treg frequency reside within healthy human vaginal 

tissue (Figure 2.1C). CD69 and integrin αE (CD103) canonically define tissue-resident memory T 

cells (Trm)204. We quantified CD69 and CD103 expression on Tregs, CD4 Tconv, and CD8 T 

cells from PBMC and vaginal mucosa. As expected, T cells from blood were largely CD69-

CD103-, while a majority (60%) of CD8 cells in the VT were double-positive for CD69 and 

CD103 (Figure 2.1D), consistent with our previous report205. A smaller fraction of CD4Tconv 

(30%) and only 3% of Tregs were CD69+CD103+, while the majority of vaginal Tregs were 

CD69+CD103- (67%), suggesting that CD103 expression may not be necessary for Treg 

mucosal tissue residency, as has been shown for other CD4+ Trm206, 207 (Figure 2.1E).  

 

We next sought to further phenotype these tissue Tregs. We performed surface and intracellular 

flow cytometry staining for markers of Treg activation and suppressive capacity, including 

glucocorticoid-induced tumor necrosis factor-related receptor (GITR), T-cell immunoglobulin 

and ITIM domain (TIGIT), Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4), Inducible 
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T-cell costimulator (ICOS), and CD39208. We found that a significantly higher percentage of VT 

Tregs compared to blood Tregs expressed each of these markers (ICOS:5-fold increase, p 

=.0035; TIGIT: 1.5-fold, p <.0001; CD39: 1.7-fold, p <.0001; CTLA-4: 3.2-fold, p <.0001; 

GITR: 80-fold, p <.0001), demonstrating that human vaginal tissue Tregs, at baseline, appear 

more activated than their circulating counterparts (Figure 2.1F). Together, these findings suggest 

that a pool of highly activated tissue-localized Tregs are maintained in the vaginal mucosa of 

healthy women and are poised to rapidly modulate immune responses.  

 

Table A. Human study participant demographics. 

 

Age Race Ethnicity

HSV type 

1 HSV type 2

Estradio

l unit Progesterone unit

Date of 

biopsy Comments

32 White Not hispanic or latino Positive Negative 62 pg/mL 0.3 ng/mL 8/5/19

21 White Not hispanic or latino Positive Negative 125 pg/mL 11.7 ng/mL 7/24/19

23 Asian Not hispanic or latino Negative Negative <30 pg/mL 1.3 ng/mL 7/17/19

37

American Indian, 

Asian, White Hispanic or latino Negative Negative <30 pg/mL 0.3 ng/mL 9/18/19

23 Asian Not hispanic or latino Negative Negative <30 pg/mL 0.4 ng/mL 9/24/19

45 White Not hispanic or latino Positive Negative 34 pg/mL 1 ng/mL 10/1/19

27 White Not hispanic or latino Positive Negative 40 pg/mL 1.2 ng/mL 9/30/19

29

American Indian, 

Black, White Not hispanic or latino Positive Negative 245 pg/mL 0.6 ng/mL 11/5/19

47 White Not hispanic or latino Positive Negative 40 pg/mL 0.8 ng/mL 1/22/20

27 White Not hispanic or latino Negative Negative 72 pg/mL 0.5 ng/mL 1/29/20

Presence of candida 

on pap smear

26 Black, white Not hispanic or latino Negative Negative 61 pg/mL 1.8 ng/mL 2/11/20

5/6 biopsies 

collected

26 White Not hispanic or latino Negative Negative <30 pg/mL 0.6 ng/mL 2/18/20

26 White Not hispanic or latino Positive Negative <30 pg/mL 0.3 ng/mL 2/27/20

29 White Not hispanic or latino Negative Negative 51 pg/mL 0.8 ng/mL 2/27/20

Human study participant demographics
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Figure 2.1. Human regulatory T cells in the vaginal mucosal display increased activation 

potential compared to circulating Tregs. 

 

A) Peripheral blood mononuclear cell (PBMC) and paired mucosal biopsies from the vaginal 

tract (VT) were obtained from 14 healthy adult women with no genital tract infections. B) Tregs 

were identified by flow cytometry as CD4+CD127-CD25+FoxP3+ cells. C) Donor-matched 

frequency of Tregs out of total CD4+ T cells in PBMC and VT . D) Representative CD69 and 

CD103 staining, gated on Tregs (left), and CD69+ and CD103+ fractions of CD8, CD4 Tconv, 

and Treg populations from PBMC and VT, as a percentage of parent population (right). E) 

CD69+CD103- (left) and CD69+CD103+ (right) fractions of CD8, CD4 Tconv, and Tregs from 

VT. Significance determined by One-way ANOVA followed by Tukey’s multiple comparisons 

test, p <.05. F) Representative Treg activation marker staining on PBMC (red) and VT (blue), 

gated on Tregs (top). Donor-matched frequencies of activation markers in PBMC and VT, gated 

on Tregs (bottom). n=14, Significance defined by paired t test; p<.05. 
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Table B. Human Treg flow cytometry panel. 

Antibodies used for human blood and tissue flow cytometry analysis in Figures 2.1 and 2.2. 
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Figure 2.2. Human flow cytometry gating 

 
Gating strategy for identifying Tregs, CD4Tconv, and CD8 T cells from A) blood and B) vaginal biopsies 

in flow cytometry from Figure 2.1. 

 

2.2.2 Vaginal tissue Tregs are activated compared to lymphoid Tregs in healthy mice 

However, although the biopsies were collected from women without any active infections, we 

could not rule out the possibility that local inflammation due to environmental antigens or sexual 

activity was driving activation in vaginal Tregs. To determine if the distinct VT Treg phenotype 

resulted from vaginal tissue residency alone, or alternatively, arose in response to active 

inflammatory signals, we employed a mouse model wherein inflammation and antigen exposure 

could be tightly controlled. To characterize VT Tregs, naïve C57BL/6J mice were synchronized 



 45

in the diestrus phase of the estrus cycle with a subcutaneous (s.c.) injection of 

medroxyprogesterone acetate (depo provera) 5-7 days before harvest209. VT and vaginal-draining 

lymph nodes (dLN) were harvested and stained with fluorescent antibodies for flow cytometry 

analysis (Table C). To exclude T cells derived from the circulation that could be contaminating 

VT tissues, mice were injected with intravascular (i.v.) CD45.2 antibody 3 minutes prior to 

sacrifice210, 211 (Figure 2.3) and i.v. label+ cells were excluded from flow cytometry analysis in 

VT samples. Tregs, identified as CD4+FoxP3+, were assessed by flow cytometry and quantified 

as a percentage of total CD4+ T cells in each tissue (Figure 2.4, Figure 2.3). As previously 

reported194, 195, Tregs in the dLN accounted for approximately 11% of total CD4+ cells; however, 

we found that they constituted an average of 21% of total vaginal CD4+ cells, demonstrating that 

Tregs make up a disproportionately large, albeit not statistically significantly different, fraction 

of vaginal CD4+ T cells (Figure 2.4A). Similar to our analysis of human Tregs, we then 

phenotyped VT and dLN Tregs and found that a significantly higher frequency of VT compared 

to dLN Tregs expressed activation markers CTLA-4 (1.5-fold increase; p = .0012) and GITR 

(1.6-fold increase, p = .0004) at steady state and although not significant, ICOS trended similarly 

(1.6-fold, p >.05 Figure 2.4B). However, CD69, which is also an indicator of recent activation212 

in addition to being a tissue residency marker, was comparably expressed in VT and dLN Tregs 

(Figure 2.4B). Thus, the VT Treg phenotype in naïve mice mirrored the heightened activation 

observed in healthy human VT Tregs, suggesting that VT tissue localization alone is at least 

partially responsible for the elevated activation potential. 
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Figure 2.3. Mouse flow cytometry gating. 

 

Flow cytometry gating strategy for identifying Tregs, CD4Tconv, and CD8 T cells from A) dLN 

and B) VT in flow cytometry from Figures 2.4, 2.5, 2.7, and 2.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 47

Table C. Mouse Treg flow cytometry panel. 

 

Antibodies used for mouse dLN and VT flow cytometry analysis in Figures 2.3, 2.4, 2.5, 2.7, 2.8. 
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Figure 2.4. Vaginal tissue Tregs are highly activated compared to lymphoid tissue Tregs in 

healthy mice. 

 

C57BL/6J mice were administered Depo provera s.c. in the neck ruff, and VT and vaginal-

draining lymph nodes (dLN) were harvested 5-7 days later. A) Tregs were identified as 

CD4+FoxP3+ by flow cytometry. B) Representative staining for CTLA-4, GITR, ICOS, and 

CD69 on FoxP3+ Tregs (left; VT plot is the concatenated image of 5 individual VT tissues), 

quantified as a percentage of total FoxP3+ Tregs (right). n=5; data representative of 3 replicate 

experiments. Significance defined by paired t test; p<.05. 
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2.2.3 Vaginal HSV-2 infection increases the accumulation of highly activated Tregs at the 

site of infection and drives increased expression of select activation markers consistent 

with a tissue signature. 

Our lab and others have previously used a mouse model of vaginal herpes simplex virus 2 (HSV-

2) infection to study anti-viral T cell responses in primary infection194, 195, 213. To characterize 

murine VT Treg dynamics upon mucosal HSV-2 infection, mice were injected s.c. with depo 

provera 5-7 days before intravaginal infection to synchronize estrus cycle phases for consistent 

susceptibility to HSV-2 infection209. On days 3 and 7 post-infection (p.i.), frequency and 

phenotypes of dLN and VT Tregs were assessed by flow cytometry. VT Treg frequencies at day 

3 p.i. were stable compared to Treg frequencies at day 0 , but absolute numbers of Tregs were 

dynamic, increasing 2-fold by day 3 and significantly increasing by 10-fold at day 7 (p = .0089, 

Figure 2.5A). Despite the increase in number of Tregs in the VT, by day 7, Treg frequency 

decreased by 2-fold due to the influx of CD4 effector cells194, 195 (Figure 2.4A). Conversely, dLN 

Treg number increased insignificantly p.i. and their frequency as a percentage of total CD4+ T 

cells remained stable out to day 7 (Figure 2.5A). These results demonstrate the dynamic nature 

of Treg in the VT following HSV-2 infection. 

 

We next assessed the Treg phenotype at day 3 and 7 p.i., and found that the frequency of Tregs 

expressing CTLA-4 and GITR increased only a small amount compared to uninfected mice, as 

over 80% of Tregs in the uninfected VT were already CTLA-4+ and GITR+ at day 0 (Figure 

2.5B, Figure 2.4B). However, the absolute numbers of VT Tregs expressing CTLA-4 and GITR 

both increased 10-fold by day 7 compared to uninfected mice (Figure 2.5B).  Conversely, dLN 

CTLA-4+ and GITR+ Treg numbers remained stable, and a significantly higher fraction of VT 

Tregs expressed CTLA-4 and GITR compared to dLN Tregs at both day 3 (CTLA-4: 2.5-fold, p 



 50

= .000498; GITR: 1.4-fold, p = .000128) and day 7 pi (CTLA-4: 2-fold, p = .000001; GITR: 1.5-

fold, p = .000247Figure 2.5B).  Thus, although CTLA-4 and GITR are constitutively expressed 

on nearly all VT but not dLN Tregs, infection with HSV-2 increases the numbers of these highly 

activated Tregs in the tissue, and a higher frequency in the VT compared to dLN Tregs 

consistently express CTLA-4 and GITR after infection.   

 

Notably, the frequency of VT Tregs expressing ICOS was significantly increased over 1.5-fold at 

day 7  compared to uninfected (Figure 2.5B), and the number of VT Tregs expressing ICOS 

increased significantly by 16-fold (p = .0140) by day 7 compared to uninfected (Figure 2.5B). A 

higher frequency of VT Tregs expressed ICOS compared to dLN Tregs at both day 3 (1.7-fold, p 

= .005676) and day 7 (2.3-fold, p = .000285, Figure 2.5B), suggesting that HSV-2 infection 

drives potent ICOS expression in local Tregs. We also noted that the frequency of CD69+ VT 

Tregs  is significantly (p=.001282) elevated 4-fold compared to LN Tregs  at day 3 p.i. (Figure 

2.5B). This result highlights the challenge of interpreting CD69 expression, which can be a 

marker of either tissue residency or activation, outside a well-defined infection model. Together, 

these findings demonstrate that viral infection exacerbates the activation phenotype of VT tissue 

but not dLN Tregs and significantly increases Treg numbers in the VT.  
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Figure 2.5. Vaginal HSV-2 infection increases the accumulation of highly activated Tregs at the 

site of infection and drives increased expression of select activation markers consistent with a 

tissue signature. 

 

C57BL/6J mice were administered Depo provera s.c. in the neck ruff, and infected 5-7 days later 

with intravaginal (ivag.)  HSV-2. On days 0 (uninfected [uninf.]), 3, and 7 post-infection, VT 

and dLN were harvested for flow cytometry analysis. A) Tregs were identified as CD4+FoxP3+ 

by flow cytometry. Representative Treg staining in dLN (grey) and VT (blue) on day 3 post-

infection (left). Treg frequency was quantified as a percentage of total CD4+ T cells and absolute 

number of Tregs on days 0, 3, and 7 (right). B) Representative staining for CTLA-4, GITR, 

ICOS, and CD69 on FoxP3+ Tregs on day 7 post-infection (left), quantified as a percentage of 

total FoxP3+ Tregs and absolute number on days 0, 3, and 7 (right). n=5; data representative of 3 

replicate experiments. Significance defined by paired t test or Kruskal-Walllis test followed by 

Dunn’s multiple comparison test; p<.05. 
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2.2.4 The vaginal Treg population is transcriptionally distinct from lymphoid Tregs 

To supplement our target flow cytometric analysis of canonical Treg markers of activation and 

suppression, we next sought to further interrogate VT and dLN Tregs at the population level 

through unbiased transcriptional analysis. We infected FoxP3GFP mice214 intravaginally with 

HSV-2 and harvested VT and dLN on day 7 p.i.. We then sorted Tregs (CD4+GFP+) from VT 

and dLN from infected (n=4) and uninfected (n = 3) mice and performed bulk RNA sequencing. 

Uninfected mice contained very few T cells in the VT; therefore, we did not recover sufficient 

Tregs from uninfected VT to obtain reliable sequencing results and this population was excluded 

from downstream analysis. When comparing Tregs from the VT and dLN of infected mice, we 

found differential expression of over 30 genes based on tissue location (Figure 2.6A). In VT 

Tregs, the transcripts for canonical Treg genes such as IL-10 were elevated, as was transcription 

factor Tbx21 (Tbet). Tbet+ Tregs represent a subset of Tregs that are known to be highly 

suppressive and selectively inhibit T helper type 1 (Th1) responses and CD8+ T cells215. 

Additionally, transcripts for Ccr2, a tissue-homing chemotactic receptor found on other non-

lymphoid tissue Tregs that increases Treg CD25 expression in VAT Tregs, was significantly 

increased in VT Tregs. We also compared the transcriptional profile of Tregs from infected mice 

to the transcriptional program of Tregs resident in VAT and found that VT, but not dLN Treg 

signatures were significantly ( FDR = 2.94E-14) enriched for genes in a previously published 

VAT Treg signature, suggesting overlap in the transcriptional profile and functions between non-

lymphoid tissue Tregs31 (Figure 2.6B, APPENDIX A). Altogether, our bulk RNA-seq results 

further confirmed the VT Treg compartment as a distinct population, with both phenotypic and 

transcriptional differences, compared to lymphoid Tregs. 
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Figure 2.6. Vaginal Tregs are transcriptionally distinct from dLN Tregs and enriched for visceral 

adipose tissue Treg gene signature. 

 

FoxP3GFP mice were administered Depo provera s.c. in the neck ruff and infected ivag 5-7 days 

later with WT HSV-2. On day 7 post-infection, VT and dLN were harvested and prepared for 

fluorescence-activated cell sorting (FACS) to isolate CD4+ FoxP3+ Tregs. Bulk RNA-

sequencing was performed on Tregs from dLN and VT. A) Differentially expressed genes (DEG) 

in dLN and VT Tregs were defined by a log2FC greater than 1 and a false discovery rate (FDR) 

< .05 and visualized in a heatmap. n= 4, DEG defined by FDR < .05. B) Gene set enrichment 

analysis (GSEA) of dLN and VT Tregs day 7 post-infection compared to a previously published 

gene signature for visceral adipose tissue Tregs31. n=4; FDR = 2.94E-14.  
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2.2.5 Vaginal Tregs express Granzyme B after HSV-2 infection 

Thus far, our data demonstrated that VT tissue Tregs are transcriptionally and phenotypically 

distinct from dLN Tregs, and that phenotype is further exacerbated after HSV-2 infection, 

although it was generally difficult to distinguish changes in VT tissue Tregs after infection 

compared to steady state. We hypothesized that the vaginal Treg population might be 

heterogenous, with distinct subsets expressing distinct genes, which. Might ultimately suggest 

distinct functions between vaginal Treg subsets. To test this, further explored VT Tregs through 

unbiased transcriptional analysis on a single-cell level. We sorted CD4+GFP+ Tregs from the 

VT or dLN of FoxP3GFP mice on day 7 post-HSV-2 infection, or from uninfected control mice 

for transcriptional analysis Figure 2.7). We used the Seurat pipeline216 to perform graph-based 

clustering of Tregs in the VT and dLN, visualized with Uniform Manifold Approximation 

Projection (UMAP)217. As with our bulk RNA-seq, we were unable to recover sufficient VT 

Tregs from uninfected mice for sequencing. However, we found that VT Tregs from infected 

mice (shown in blue) grouped largely independently, with some overlap with dLN Tregs from 

infected mice (shown in grey) and little overlap with Tregs from uninfected dLN (green;Figure 

2.7A). When we compared differentially expressed genes (DEG) using Model-based Analysis of 

Single-cell Transcriptomics (MAST)218 in VT Tregs compared with dLN (Figure 2.7B), 

visualized in a heatmap with the top 20 DEG shown for each population, VT Tregs were 

enriched for genes related to Treg suppression and activation. For example, Tnfrsf18 (GITR), 

Tigit, and Ctla4 were differentially expressed in VT Tregs compared to dLN Tregs from infected 

or uninfected mice, as were tissue-homing chemokine receptors Cxcr3 and Ccr2, as well as 

growth factor Areg, which other mucosal Tregs produce to mediate tissue repair30, 38, 44 
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(APPENDIX B). Notably, we previously observed by flow cytometry that GITR, TIGIT, and 

CTLA-4 were increased on vaginal Tregs compared to PBMC or dLN in both humans and mice 

(Figure 2.1, Figure 2.4, Figure 2.5) supporting our findings at the protein level.  

 

In addition to these genes known to be important for tissue Treg function, we were surprised to 

find that Gzmb was the most highly upregulated gene in VT compared to dLN Tregs (2.4-fold, 

adjusted p value = 1.45E-46; Figure 2.7B, C). This trend was mirrored by Nkg7 (1.2-fold, 

adjusted p value = 2.92E-13), a regulator of cytotoxic granule exocytosis which was also 

increased in VT Tregs by bulk RNA-seq (1.4-fold, FDR = .029)219, 220 (Figure 2.7B-C, Figure 

2.6A). After finding Gzmb transcript highly differentially expressed in VT Tregs after infection, 

we used flow cytometry to confirm GzmB protein expression on vaginal Tregs, compared to 

vaginal CD8+ or CD4+ Tconv from VT and dLN. In uninfected mice, neither VT (2.5%) nor 

dLN (.06%) Tregs highly expressed GzmB (Figure 2.7D). CD8+ T cells, which robustly express 

GzmB in response to viral infection or immunization221-223, also expressed little to no GzmB in 

healthy mice (VT: 5.6%; dLN: .09%; Figure 2.7E). However, by day 7 p.i., 19% of VT Tregs 

expressed nearly 20-fold more GzmB than dLN Tregs (p= .000789, Figure 2.7D). Likewise, by 

day 7, absolute numbers of VT Tregs expressing GzmB increased 100-fold (p = .0011) compared 

to uninfected mice, and absolute numbers of dLN Tregs expressing GzmB increased 10-fold (p = 

.0071, Figure 2.7D).  These results show that VT Tregs have the ability to produce GzmB in a 

similar pattern to CD8+ CTLs (Figure 2.7E). However, our data show that GzmB production is 

only induced after local infection and is not a general characteristic of vaginal tissue-resident 

Tregs.  
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Figure 2.7. Vaginal tissue Tregs differentially express Granzyme B after HSV-2 infection. 

 

FoxP3GFP mice were administered Depo provera s.c. and infected 5-7 days later ivag with WT 

HSV-2; controls received Depo provera only. On day 7 post-infection, VT and dLN were 

harvested and prepared for FACS to isolate CD4+ FoxP3+ Tregs. Single-cell RNA-sequencing 

was performed on dLN and VT Tregs and analyzed with the Seurat pipeline in R. n = 5 HSV-2+ 

and n = 3 uninfected. A) UMAP visualization of graph-based clustering of VT and dLN Tregs 

from infected mice and dLN Tregs. B) Heatmap showing the top 20 DEG in VT and dLN Tregs. 

DEG were determined by log2FC > .5 and FDR <.01. A full DEG list can be found in 

Supplemental Table 3. C) Violin plots of GzmB and Nkg7 expression in Treg populations. D-E) 

C57BL/6J mice were administered Depo provera s.c. in the neck ruff and infected ivag 5-7 days 

later with HSV-2. On days 0 (uninf.), 3, and 7 post-infection, dLN and VT were harvested for 

flow cytometry analysis. Tregs and CD8 T cells were identified as CD4+FoxP3+ and CD8+, 

respectively. Representative granzyme B (GzmB) ex vivo staining in dLN (grey) and VT (blue) 

in D) Tregs and E) CD8 on days 0 and 7 post infection (left), quantified as a percentage of total 

Treg or CD8+ and by absolute number (right). n=5 HSV-2+ and n = 5 uninfected. Data 

representative of 3 replicate experiments. Significance defined by multiple paired t test or 

Kruskal-Walllis test followed by Dunn’s multiple comparison test; p <.05. 
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2.2.6 Inflammatory cytokines induce GzmB expression in Tregs  

We next sought to identify the signals that regulate expression of GzmB in VT Tregs upon local 

mucosal infection. We hypothesized that local inflammatory signals induced by infection 

selectively act on Tregs to induce GzmB during the peak effector phase of the antiviral immune 

response to HSV-2. Given the high expression of CD25—the interleukin-2 (IL-2) receptor (IL-

2Rα)—on Tregs and their dependency on IL-2 for development and function7, 208, we 

hypothesized that IL-2 together with other inflammatory cytokines could induce GzmB. Along 

these lines, we hypothesized that Type-1 interferons (IFN-I), interferon-α (IFN-α) and 

interferon-β (IFN-β), which are critical antiviral cytokines produced early in HSV-2 infection by 

plamacytoid dendritic cells (pDCs)224, 225, might act on Tregs through the IFN α/β receptor 

(IFNAR) to induce GzmB in infected tissue contexts. To test this, we cultured splenocytes from 

uninfected WT mice for 24 hours with IL-2 alone, IFN-α and IFN-β, or all three cytokines 

together (Figure 2.8). At 24 hours, Tregs, CD4+ Tconv, and CD8+ T cells were assessed for 

GzmB expression by flow cytometry. In media alone, Tregs expressed no GzmB. However, we 

found that IL-2 in combination with IFN-α and IFN-β significantly induced GzmB expression on 

Tregs compared to media alone (6%, p <.00001), comparable to 5.8% Treg expression of GzmB 

in response to TCR stimulation (p >.05; Figure 2.8A). In contrast, CD4+ Tconv cultured with IL-

2 and IFN-I expressed a small but significant increase in GzmB compared to CD4 Tconv 

cultured in meida alone (1.4-fold, p = .023; Figure 2.8A). Notably, neither IL-2 nor IFN-α/β 

alone induced significant Treg GzmB expression compared to media controls, suggesting that 

dual cytokine signals are necessary for controlled Treg expression of GzmB Figure 2.8A).  
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Figure 2.8. Inflammatory cytokines induce Granzyme B expression in Tregs. 

 

Bulk splenocytes from a healthy C57BL/6J mouse were cultured in various cytokine 

conditions as indicated. A) After 24 hours, CD4+FoxP3+ Tregs (top), CD4+FoxP3- CD4Tconv 

(middle), and CD8+ T cells (bottom) were stained for GzmB expression by flow cytometry. 

Example staining (left) Tregs, CD4 Tconv, or CD8 expressing GzmB as a percentage of total 

FoxP3+, CD4+FoxP3-, or CD8+, respectively (right). B) Bulk splenocytes from a healthy mouse 

were enriched for T cells using magnetic separation and cultured in various cytokine conditions. 

After 24 hours, CD4+FoxP3+ Tregs (top), CD4+FoxP3- CD4Tconv (middle), and CD8+ T cells 

(bottom) were stained for GzmB expression by flow cytometry. Example staining (left) and 

Tregs, CD4 Tconv, or CD8 expressing GzmB as a percentage of total FoxP3+, CD4-FoxP3+, or 

CD8+, respectively (right). Data representative of two replicate experiments. Significance 

defined by one-way ANOVA followed by Tukey’s test for multiple comparisons; p <.05. 
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2.2.7 Inflammatory cytokines act directly on Tregs to induce GzmB expression 

We demonstrated that IL-2, in combination with IFN-I, could induce potent GzmB expression on 

lymphoid Tregs from naïve mice. However, these experiments were performed with bulk 

splenocytes where Tregs were cultured with other immune cells. To parse whether these 

cytokines can act directly on Tregs or instead were also activating other immune cells that could 

then produce additional inflammatory cytokines to secondarily activate GzmB expression in 

Tregs, we repeated these stimulations in cultures lacking antigen presenting cells (APCs) by 

purifying splenic T cells from naïve mice using pan-T cell negative selection. Although to a 

lesser degree than our bulk splenocyte cultures, a significant percentage (2%) of Tregs in the 

pure T cell cultures exposed to IL-2 and IFN-I produced GzmB compared to Tregs cultured in 

media, which produced no GzmB (p< .001; Figure 2.8B). IL-2 alone induced a very small but 

significant increase in the frequency of Tregs expressing of GzmB (0.88%, p =.0038) on Tregs 

compared to media control. This suggests that IL-2 and IFN-I work synergistically on Tregs to 

induce GzmB, but when other immune cells are present, this effect is indirectly augmented, 

likely through the activation of APCs or other immune cells which in turn act on Tregs to 

increase GzmB expression. 

 

2.3 DISCUSSION 

We found that vaginal mucosal Tregs in healthy humans express increased CTLA-4, GITR, and 

ICOS compared to circulating (blood) Tregs. We similarly observed increased expression of 

CTLA-4, GITR, and ICOS in VT Tregs compared to dLN Tregs in uninfected mice, suggesting 

that this activated phenotype is driven by vaginal tissue localization.  The differences that we 
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observed between vaginal and dLN Tregs are consistent with existing tissue Treg literature 

showing discrete tissue sites such as skin, lung, muscle, and VAT host Treg populations with 

unique, activated phenotypes30-35, 37, 38, 199. The increased expression of CTLA-4, GITR, and 

ICOS has been previously reported for steady-state VAT, lung, and skin Tregs, and like VAT 

Tregs, VT Tregs had a predominantly CD69+CD103- phenotype37.  

 

To assess whether this VT Treg phenotype is further altered in the context of a local viral 

infection, we infected mice intravaginally with HSV-2. We found that the vaginal Treg 

population further increased expression of CTLA-4, GITR, and ICOS indicating a highly 

activated phenotype consistent with increased suppressor potential. The VT Treg population 

significantly expanded by day 7 post-infection, while Treg numbers in the dLN remained stable. 

Although absolute numbers of VT Tregs increased after infection, the frequency of VT Treg 

expressing GITR and CTLA-4 at steady state was largely unchanged after infection, while the 

frequency of VT Tregs expressing CD69 was only transiently increased at day 3 p.i.. Together, 

these findings highlight that distinguishing acutely activated VT Tregs from those that are simply 

localized in the vaginal mucosa is challenging. This is particularly the case if etiological stimuli  

are not well defined such as in human mucosal barrier tissues.  

 

We next wanted to determine if there are biomarkers in the mouse model system that are able to 

identify markers of acute VT Treg activation using an RNAseq approach. Notably, we found that 

after infection with HSV-2, vaginal Tregs differentially express cytotoxic GzmB at both the 

transcriptional and protein level, demonstrating an inflammation-dependent Treg phenotype that 

is not induced by vaginal residency alone. Tregs in mouse have been previously shown to 
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express GzmB in response to TCR stimulation and in specific contexts, including roles in 

colorectal and other cancers16, 18, 19, 154, 226-228. Related to our findings, Loebbermann et al. have 

previously shown that in the lung, but not in lung-draining lymph nodes, Tregs express GzmB 

after RSV infection, and that Tregs help to attenuate lung immunopathology by killing CD8+ T 

cells through a GzmB-mediated mechanism19. Thus, similar to their role in the lung, vaginal 

Tregs may degranulate GzmB to cull aggressive tissue T cell responses during the height of the 

anti-HSV-2 immune response, preventing collateral tissue damage. This putative GzmB+ Treg 

function warrants further study, as does the relationship between GzmB+ Treg and HSV-2 viral 

clearance, as Treg restraint of vaginal T cells may prevent mucosal damage at the expense of 

efficient viral control.  Additionally, our detection of Areg in VT Tregs after infection potentially 

indicates an ability to directly contribute to tissue repair through IL-33-mediated Areg 

production30, 38, 44. However, elucidation of whether or not VT Tregs can exert repair functions 

akin to lung and muscle Tregs, either at steady state or following local infection, will require 

further investigation. 

 

Previous studies have indicated a critical role for TCR signaling to acquire GzmB expression227, 

229, 230. Given the large fraction of GzmB+ VT Tregs, we hypothesized that inflammatory cues 

could be sufficient to drive GzmB expression231. We found that in combination with IFNα and 

IFNβ, IL-2 induced GzmB expression in Tregs isolated from naïve mice. However, neither IL-2 

nor IFN-I alone induced comparable GzmB expression. This suggests that Tregs require at least 

two separate signals to acquire GzmB expression, which may prevent aberrant cytotoxicity in 

inappropriate contexts. Although our study used in vitro stimulations to test the effects of IL-2 

and IFN-I on Treg GzmB expression, these cytokines are present in the VT during HSV-2 
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infection. CD4+ T cells are early responders to local infection, where they produce interferon γ 

(IFN-γ) and IL-2194, 195, 232, 233. Likewise, pDCs produce IFN-I early after infection with HSV-

2225. Thus, our findings demonstrate a mechanism by which vaginal Tregs acquire GzmB in 

HSV-2.  

 

We acknowledge that our study is constrained by low T cell numbers in vaginal tissue, 

precluding certain analyses. In an effort to compensate for this constraint, we confirmed results 

in multiple experiments containing large groups of mice and validated our findings at both the 

transcriptional and protein levels.  

We were not able to test the direct function of GzmB+ Tregs, as follow up experiments to 

address if and how GzmB+ Tregs can kill target cells were not feasible due to the low absolute 

number of Tregs recovered from murine VT.  Given that GzmB acquisition occurs in the absence 

of agonist TCR signals, potential target cells may be recognized in a TCR-independent 

manner231, 234. Likewise, we recovered insufficient cell numbers to perform informative TCR 

repertoire analysis from any VT Tregs. Finally, due to the ongoing SARS-CoV-2 pandemic we 

were unable to obtain additional vaginal biopsies from HSV-2+ women, which could confirm, in 

parallel with our mouse data, the exacerbated activation phenotype we observed in infected 

animals compared to uninfected. We hope to interrogate the vaginal immune compartment of 

HSV-2+ women once recruitment of study participants is again feasible.  

 

In summary, we show that vaginal Tregs are transcriptionally and phenotypically distinct from 

vaginal-draining lymph node Tregs at steady state. We propose a model wherein a small 

population of Tregs reside within the vaginal mucosa at homeostasis and are moderately 
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activated compared to lymphoid Tregs. However, vaginal mucosal infection greatly augments 

vaginal Treg numbers and leads to acquisition of a cytotoxic phenotype, including expression of 

GzmB in vaginal Tregs, suggesting that viral infection drives a differential phenotype in vaginal 

Tregs. Additionally, we show that IL-2, in combination with antiviral IFN-I, induce in vitro 

GzmB expression in Tregs from naïve mice, highlighting a two-signal mechanism by which the 

acquisition of GzmB is tightly controlled in Tregs, allowing for precise expression during highly 

inflammatory environments. Our findings demonstrate that the previously uncharacterized 

vaginal Treg population is dynamic and poised to respond to locally acquired infections with 

highly suppressive and cytotoxic potential, possibly to restrain aggressive effector T cell 

responses that may cause collateral tissue damage. 

 

Together, these findings also have implications for mucosal vaccines design. Extensive research 

has shown that a successful mucosal vaccine must elicit Trm at the site of infection204, 223, 235-238, 

but so far, these studies have not considered how Tregs may help or hinder local anti-viral T cell 

responses. Therefore, it is critical to understand how Treg function could be therapeutically 

leveraged to increase vaccine-elicited antigen-specific Trm responses. Going forward, further 

work is needed to interrogate the origins, TCR requirement, and functions of vaginal Tregs 

during HSV-2 and determine how Tregs could be harnessed to support effective viral clearance, 

Trm responses, and tissue healing. 
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2.4 MATERIALS AND METHODS 

2.4.1 Study population 

Healthy, assigned female sex at birth, HIV-1 negative adults (n=14) were recruited at the 

Vaccine Trial Unit (Fred Hutchinson Cancer Research Center) in Seattle, WA.  Informed consent 

was obtained from all participants for the collection of blood and vaginal biopsies and was 

approved by Fred Hutchinson Cancer Research Center internal review board 

(IR5640).  Eligibility criteria included aged > 18 and < 45, non-menopausal, not pregnant, 

currently using reliable contraceptives, negative for Hepatitis C, HSV-2, and vaginal N. 

gonorrheae and C. trachomatis and normal PAP smear. A normal vaginal exam at time of biopsy 

was required. The ages of study participants were 21-47, with a median age of 27. Vaginal 

biopsies were obtained from the fornices using a Baby Tischler Biopsy Forceps (Wallach 

Surgical, Trumbull, CT, USA) and lidocaine was not used. All biopsies were transported to the 

laboratory on wet ice and processed on the day of collection. 

 

2.4.2 Human sample processing 

PBMCs were isolated from whole blood by Lymphoprep (Stemcell) gradient and centrifuged for 

20 minutes at 800xg. Biopsies were prepared for flow cytometry as follows: after mincing, 

biopsies were digested in collagenase II (700U/ml; Sigma) and DNAse (400U/ml; Sigma) at 37 

degrees C for 30 minutes. The digested tissues were passed through a 70um strainer to create a 

single-cell suspension and prepared for flow cytometry analysis.  
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2.4.3 Mice 

6-8 week-old female wildtype C57BL/6J (Jackson Laboratories, Bar Harbor, ME) or FoxP3GFP 

214 (bred at Fred Hutch) mice were used for experimental groups. All animal experiments were 

approved by Fred Hutch IACUC and the study was conducted in strict compliance with the PHS 

Policy on Humane Care and Use of Laboratory Animals.  

 

2.4.4 Infections 

Mice were injected subcutaneously in the neck ruff with 2 mg of medroxyprogesterone acetate 

(Depo-Provera) 5-7 days prior to intravaginal (ivag.) infection with 104 PFU of HSV-2 derived 

from a human clinical isolate239.  

 

2.4.5 Intravascular labeling 

3 minutes prior to sacrifice with CO2, mice were administered an intravascular (i.v.) tail vein 

injection of CD45.2 antibody (3ug in 200ul PBS) in PBS to label circulating lymphocytes for 

exclusion from VT samples.  

 

2.4.6 Mouse tissue processing 

Vaginal tract (VT), including the vagina and cervix, was harvested and minced with scissors 

followed by a 30-minute incubation in RPMI containing collagenase D (2mg/ml; Sigma) and 

DNAse (15ug/ml; Sigma) at 37 degrees C. Following incubation, collagenase reaction was 

quenched with 5mM EDTA in HBSS without calcium and magnesium and passed through 70um 
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strainer to prepare a single-cell suspension. After harvesting, vaginal-draining lymph nodes 

(dLN), including the inguinal and iliac lymph nodes, were harvested and passed through 70um 

filter to prepare a single-cell suspension.  

 

2.4.7 Cell sorting and flow cytometry 

Cells were incubated in fixable viability dye (Invitrogen) and blocked for non-specific Fc 

binding in PBS for 30 minutes. Cells were then stained for surface proteins in FACS buffer (PBS 

containing .02% sodium azide and 2% fetal calf serum) for 20 minutes, fixed for 30 minutes with 

Foxp3 Transcription Factor Staining Buffer Set (eBioscience) fixative, followed by 2 washes 

with Foxp3 Transcription Factor Staining Buffer perm buffer and stained for 30 minutes with 

intracellular antibodies in perm buffer. Cells were acquired with the FACSymphony (BD 

Biosciences, San Jose, CA) and data analyzed with FlowJo software version 10.6.1 (Treestar, 

Ashland, OR). For this list of all antibodies used, reference Table B and Table C. 

 

Cell sorting for RNA-sequencing experiments was performed on the FACSAria (BD 

Biosciences, San Jose, CA). Tregs and CD4+ Tconv  isolated from vaginal tissue and vaginal-

draining lymph nodes were sorted from FoxP3GFP mice on CD4+ GFP+ and CD4+ GFP-, 

respectively. Tregs and CD4+Tconv from vaginal tissues were additionally sorted on intravascular 

label- population to exclude blood T cell contamination. To estimate total cell counts, 2x104 

AccuCheck Counting Beads (Thermo Fisher Scientific) were added to each sample prior to 

acquisition on the cytometer. 
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2.4.8 In vitro T cell stimulation assays 

For T cell stimulation assays, spleens were harvested from uninfected C57BL/6J mice. Pan-T 

cells were enriched with magnetic T cell negative selection kit (Stem Cell Technologies, 

Vancouver, Canada) from healthy mouse splenocytes. Single cell suspensions from spleen were 

either lysed for red blood cells and plated whole or enriched for T cells as described above. 

Whole splenocytes or purified T cells were then cultured at 1e6 cells/well in 200ul in 96-well 

plates. Both groups were cultured for 24 hours in the presence of recombinant IFNα (Pacific 

BioLabs; 50U/ml), recombinant IFNβ (Pacific BioLabs; 50U/ml), and recombinant IL-2 

(Biolegend; 20ng/ml). Golgiplug (BD Biosciences) was added at 1:1000 after 20 hours of 

culture. For TCR stimulation positive control wells, 96-well plates were coated with 1ug/ml 

purified anti-CD3 and 2ug/ml anti-CD28 (Biolegend) for 24hours at 4 degrees C before plating 

cells. Negative controls were cultured in media alone.  

 

2.4.9 Statistical analysis 

For flow cytometry data, statistical analyses were performed with Prism software version 9.1 

(GraphPad Software, San Diego, CA). Paired data were assessed with paired t tests. When 

comparing groups within datasets containing greater than two groups, Kruskal-Wallis followed 

by Dunn’s test for multiple comparisons or one-way ANOVA followed by Tukey’s test for 

multiple comparisons was used. Significance was defined by a p value less than .05. 
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2.4.10 Bulk RNA-sequencing 

We performed bulk RNA-sequencing on 110-200 sorted CD4Tconv and Treg from the dLN of 

infected and uninfected mice and the VT of infected mice. Cells were not pooled between mice. 

22 samples were sequenced: 4 from CD4+FoxP3+ from infected dLN; 4 from CD4+FoxP3+ 

from infected VT; 4 from CD4+FoxP3- from infected dLN; 4 from CD4+FoxP3- from infected 

VT; 3 CD4+FoxP3+ from uninfected dLN; 3 from CD4+FoxP3- from uninfected dLN. Briefly, 

as previously described240, cells were sorted into SMART-seq v4 Ultra Low Input (Takara Bio 

USA, San Jose, California) lysis buffer and reverse transcription was performed followed by 

PCR amplification to generate full length amplified cDNA. Sequencing libraries were 

constructed using the NexteraXT DNA sample preparation kit (Illumina) to generate Illumina-

compatible barcoded libraries.  Libraries were pooled and quantified using a Qubit® Fluorometer 

(Life Technologies).  Dual-index, single-read sequencing of the pooled libraries was carried out 

on a HiSeq2500 sequencer (Illumina) with 58-base reads, using HiSeq v4 Cluster and SBS kits 

(Illumina) with a target depth of 5 million reads per sample.  FASTQs were aligned to a mouse 

reference genome, using STAR v.2.4.2a and gene counts were generated using htseq-count.   

 

2.4.11 Bulk RNA-seq analysis 

QC and metrics analysis was performed using the Picard family of tools (v1.134). The RNA-seq 

data were aligned to the mouse genome (reference sequence mm10) using STAR (v2.4.2a)241 and 

gene expression quantification was performed using RSEM (v1.2.22)242. Genes with less than 

seven nonzero read counts were discarded, leaving 12,317 expressed genes for the analysis. 

Libraries (samples) with less than 2,000,000 reads; 9,000 detected genes; and an exon rate < 75% 

were also removed. Twenty-one of the 22 prepared libraries passed these quality criteria.  
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Raw count data from RSEM was imported into R. The edgeR Bioconductor package was used to 

calculate normalization factors243, followed by the voom transformation from 

the limma Bioconductor package for normalization244, 245. Statistical analyses were performed 

with the limma R package. A linear model was fitted to each gene, and empirical Bayes 

moderated t-statistics were used to assess differences in expression246. We subsetted the whole 

dataset into one subset corresponding to the cell type Treg & the treatment HSV-2+, and looked 

at the constrast between vaginal tract and lymph node. Intraclass correlations were estimated to 

account for measures originating from the same mice. An absolute log2-fold change cutoff of 1 

and a false discovery rate (FDR) cutoff of 5% were used to determine differentially expressed 

genes (DEGs). Gene set enrichment analysis (GSEA) was performed using the R 

function Camera implemented within the limma R package247. An FDR cut-off of 5% was used 

to determine significant gene sets.  

 

2.4.12 Single-cell RNA-sequencing  

Sorted cells from dLN and VT were processed using the 10X Genomics Platform with the 5’ 

Chromium Single Cell V(D)J Enrichment Kit v2 following manufactures instructions. Sorted 

populations from each mouse (infected: n= 5; uninfected: n=3) were pooled with the following 

total cell numbers were loaded into the Chromium Controller: infected dLN CD4+FoxP3+: 

20,000; infected VT CD4+FoxP3+: 2,855; infected dLN CD4+FoxP3-: 20,000; infected VT 

CD4+FoxP3-: 20,000; uninfected dLN CD4+FoxP3+: 20,000; uninfected dLN CD4+FoxP3-: 

20,000; uninfected VT CD4+FoxP3-: 1,562. As per manufacturer’s instructions, the target cell 

number for each population was calculated as half the number of cells loaded. cDNA was 
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generated within oil emulsion droplets made by the Chromium Controller. cDNA was purified 

using DynaBeads MyOne Silane magnetic beads (thomerFisher, #370002D). cDNA 

amplification was performed by 10 rounds of PCR using Chromium Single Cell 5’ Reagent kit. 

Amplified cDNA was then purified with SRPIselect magnetic beads (Beckman Coulter). After 

cDNA was fragmented and size selected, library construction was performed by end repair, A-

tailing, adaptor ligation and PCR (12 cycles). Prior to sequencing, quality of libraries was 

determined by using Aglient 2200 TapeStation with High Sensitivity D5000 Screen Tape 

(Agilent). Libraries were quantified by digital droplet PCR with Library Quantification Kit for 

Illumina TruSeq (BioRad, #1863040). Libraries were diluted to 3 nM and paired-end sequencing 

was performed on a NovaSeq 6000 sequencer (Illumina). 

 

2.4.13 Single-cell RNA-sequencing analysis 

As previously described240, sequencing data were processed to per-cell read and unique 

molecular identifier (UMI) counts with Cell Ranger software (10x Genomics, Pleasanton, CA). 

The reads were converted from BCL to FASTQ, demultiplexed, filtered, aligned to mouse 

genome assembly GRCm38 (mm10), collapsed to UMIs, and assigned to cell barcodes. Default 

settings in Cell Ranger were used to call cells vs. background. Data from each sample were 

aggregated without normalizing. 

 

The R package Seurat was used to analyze count data216, 248-250. Genes detected in fewer than 400 

and greater than 35,000 cells were removed, as were cells that had fewer than 400 and greater 

than 5000 genes detected based on natural breaks in data visualization. Cells with greater than 

5% mitochondrial reads were also removed. As previously described240, the UMI counts were 
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log transformed and total UMIs and % mitochondrial reads per cells were regressed out. With 

UMAP, cells were projected on the first 50 principal component axes from 2000 highly variable 

genes identified using default cutoffs. Seurat objects were created for each sample and re-scaled 

using all genes. Each cell’s expression of defined gene sets was summarized by the mean 

normalized expression across the set in each cell. To remove noise around 0 introduced by 

normalization, 0 values for each gene in each cell with a raw UMI count of 0 were restored. 

Differential expression was quantified among populations using the hurdle model in MAST, with 

total UMIs per cell as a covariate. MAST identifies DE genes that overlap with those found by 

other methods with high precision and low false positive rates 218, 251. 

 

2.4.14 Data availability 

The sequencing data from this publication have been deposited in the NCBI’s Gene Expression 

Omnibus and are accessible through the series accession number GEO: (GSE189375). 

All scripts used for data processing and figure generation are available at GitHub: 

https://github.com/Brianna-Traxinger/scRNAseq_vaginalTreg_HSV-2 
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Chapter 3. TREGS IN HSV-2 MEMORY RESPONSES 

3.1 INTRODUCTION 

3.1.1 HSV-2 pathogenesis 

HSV-2 is a common and globally pervasive STI, for which there is currently no vaccine HSV-2 

is a large double-stranded Herpesviridae family member252. HSV-2 initially infects the vaginal 

epithelium through Nectin-1209 and other receptors before ascending to the sensory nerve root 

ganglia, where it becomes latent252. HSV-2 periodically reactivates both randomly and in 

response to cytopathic factors such as ultraviolet exposure, sending infectious virus down the 

axon to exit at the nerve ending, causing lesions and viral shedding in the mucosa and skin252. 

HSV-2 is highly contagious, and even asymptomatic patients regularly shed infectious virus252. 

HSV-2, in addition to causing painful lesions, increases HIV susceptibility by three-fold, and 

vertical transfer of HSV-2 during childbirth accounts for 14,000 annual global cases of often-

fatal neonatal HSV-2 cases252-254. A vaccine is urgently needed for HSV-2 and other mucosally 

acquired STIs. 

 

3.1.2 Tissue resident memory T cells in HSV-2 

Tissue-resident memory T cells (Trm) are T cells that traffic to non-lymphoid tissue sites and do 

not recirculate, express unique transcriptional profiles and are classically defined by expression 

of CD69 and CD103204, 255, 256. Trm in the vaginal mucosa have been shown to be indispensable 

for protection from HSV-2 and other infections and are known controllers of HSV-2 viral load 

during shedding events204, 223, 235-237. Encouragingly, a vaccine model in mice protects from HSV-

2 infection by recruiting Trm to the site of infection213. However, HSV-2 vaccines have so far 
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been unsuccessful in humans257-259, even in cases where HSV-2-specific antibodies or circulating 

memory T cells have been generated, suggesting that circulating memory cells are insufficient for 

protection and that blood represents a poor marker of HSV-2 immunity. Therefore, vaccine efforts for 

HSV-2 and STIs rely on eliciting potent Trm responses that are poised at the site of infection259. 

However, despite the protective properties of Trm in HSV-2259, some patients experience 

frequent viral shedding and lesions, while others are asymptomatic252. Given that Tregs are 

known mediators of T cell responses and are found within HSV-2 lesions260 in skin, we 

hypothesized that Tregs may influence Trm to be more protective or less protective against HSV-

2. 

 

3.1.3 Tregs limit effector T cell responses in mucosal infection 

Tregs are known regulators of other T cells and have been shown to restrain immune responses 

during infection. This restraint often limit immune-mediated tissue pathology at the expense of 

efficient viral clearance, as has been shown in RSV, influenza, Mtb, and Leishmania infection, 

both in primary infection and memory responses19, 40, 42, 48, 50, 51, 201, 202. Tregs mediate this 

restraint through secreted factors such as inhibitory cytokines such as IL-10, GzmB-mediated 

inhibition or even killing18, and through suppressive mechanisms such as CTLA-4208. Given this 

precedent, we hypothesized that vaginal Tregs established after primary HSV-2 infection could 

be poised to restrain aggressive Trm responses in the vagina, with unknown consequences to 

viral load and tissue pathology.  

 

Tregs have also been implicated in memory responses to pathogens. During secondary infection 

with influenza in mice, antigen-specific Tregs accumulate in the lung-draining lymph node and 
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lung with accelerated kinetics compared to primary infection, where they control antigen-specific 

CD8+ T cell proliferation39. Likewise, Treg depletion before challenge with influenza results in 

an increased antigen-specific CD8+ responses, leading to aggressive chemokine responses and 

inflammation in the lung and airway39. However, the increased suppressive ability of antigen-

experienced Tregs may eventually wane following loss of antigenic stimulation, possibly to 

prevent a chronic suppressive state that could leave to aberrant, generalized 

immunosuppression261. In support of this, Mtb-specific Tregs expand during primary Mtb 

infection but are subsequently culled during later stages of infection50. However, antigen-

experienced Tregs maintained a long-lived preference for accumulation in non-lymphoid tissues, 

suggesting that constitutively suppressive Tregs may be specifically important in tissue 

compartments, where they prevent immune-mediated tissue damage261. Further studies are 

needed to assess whether non-lymphoid Treg phenotypes are a result of continual stimulation 

through antigen or cytokine and which roles these non-lymphoid memory Tregs perform during 

infection261.    

3.1.4 Tregs promote tissue healing during injury and infection 

In addition to preventing T cell-mediated tissue damage from occurring, Tregs can also directly 

heal tissue. In muscle tissue injured by cardiotoxins, a transcriptionally distinct population of 

Tregs accumulate in the muscle within days of injury and potentiate muscle repair30, 38. Through 

expression of the IL-33R, these Tregs respond to fibro/adipogenic progenitor cell production of 

IL-33 alarmin by producing growth factor Areg, which directly promotes skeletal muscle repair. 

Likewise, lung Tregs in influenza infection produce Areg and limit acute lung damage and 

decreased blood oxygen concentration44. Notably, loss of Areg expression on these lung Tregs 



 75

did not alter Treg suppressive function or viral titer, suggesting that Tregs specifically heal tissue 

through production of Areg44. 

 

3.2 STUDY GOALS 

We sought to understand the previously unstudied role of vaginal Tregs in secondary exposure to 

HSV-2 and define the kinetics of vaginal Treg populations after primary infection with HSV-2. 

We also interrogated how the Tregs that persist in the vagina influence tissue pathology, Trm 

responses, and tissue healing upon challenge with HSV-2.  

 

3.3 RESULTS 

3.3.1 Tregs persist in the vaginal mucosa of mice immunized with thymidine kinase-deficient 

HSV-2 

The experiments in Chapter 2 employed wildtype HSV-2 (HSV-2 WT), which is lethal in 

within 7-14 days, precluding long-term experiments. Alternatively, thymidine kinase deficient 

HSV-2 (HSV-2 TK-) is an attenuated strain of HSV-2 that causes less severe disease, is non-

lethal, and is cleared from the vaginal tissue, allowing for experiments at memory timepoints239. 

To study the role of Tregs in memory responses to HSV-2, we infected FoxP3DTR26 mice with 

HSV-2 TK- and harvested the VT and dLN at days 0, 43, and 90 post-infection. By flow 

cytometry, we identified Tregs as CD4+ FoxP3+ and calculated the absolute number of Tregs 

and total CD4+ T cells in the dLN and VT. By day 43 post-HSV-2 TK- infection, Treg numbers 
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in the VT were significantly increased compared to baseline, as were total CD4+ T cells ( 

 

Figure 3.1A). By day 90, Treg numbers in the VT had diminished compared to day 43, but 

were maintained at a (non-significantly) higher number than at baseline, suggesting that a 

vaginal Treg population persists in the tissue after HSV-2 infection and that vaginal Tregs may 
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be important for secondary HSV-2 exposures (
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Figure 3.1A). Likewise, total CD4+ T cell numbers at day 90 in the VT decreased compared 

to day 43 but persisted at significantly higher numbers than uninfected mice (

 

Figure 3.1A). In contrast, neither Treg nor CD4+ T cell numbers were significantly increased 

in the dLN at day 43 or day 90 compared to baseline, demonstrating that the dLN CD4+ and 

Treg compartment are relatively undynamic compared to the VT, suggesting a specific role for 
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CD4+ T cells and Tregs in the tissue at the site of HSV-2 infection ( 

 

Figure 3.1A).  

 

Additionally, the frequency of vaginal Tregs expressing CTLA-4 after infection remained 

significantly elevated at day 43 compared to uninfected mice and was nearly significantly 
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elevated at day 90 (p = .0502, Figure 3.1B). In contrast, CTLA-4 expression on dLN Tregs was 

not significantly increased at day 43 or day 90 (Figure 3.1B). These findings suggest that the 

pool of memory Tregs that persist in the vaginal tissue retain heightened activation potential. 

Interestingly, Tregs expressing GITR followed a similar pattern, although GITR expression was 

not significantly increased on vaginal Tregs until day 90 (Figure 3.1B). This could suggest that 

GITR+ Tregs are preferentially retained in the tissue long-term while GITR- Tregs decay, 

skewing the vaginal Treg pool towards highly activated tissue Tregs that are poised to respond to 

HSV-2 re-encounter. 
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Figure 3.1. Tregs persist in the vaginal tissue after infection with HSV-2 TK-. 

C57BL/6J mice were administered Depo provera s.c. and infected 5-7 days later ivag with HSV-

2 TK-; uninfected controls received Depo provera only. On days 0, 43, and 90  post-infection, 

VT and dLN were harvested and prepared for flow cytometry. Tregs were identified as CD4+ 

FoxP3+. A) Top: Absolute number of Tregs (left) and total CD4+ T cells (right) in the VT.  

Bottom: Absolute number of Tregs (left) and total CD4+ T cells (right) in the dLN. Significance 

determined by Kruskal-Wallis test with Dunn’s multiple comparison test, p < .05. B) Frequency 

of Tregs in the VT or dLN expressing CTLA-4 (left) or GITR (right). Significance determined 

by One-way ANOVA with Tukey’s multiple comparison test, p <.05. 



 82

 

 

3.3.2 Tregs restrain Granzyme B expression on vaginal CD8+ T cells during HSV-2 

challenge 

Given that we observed that activated Tregs persist in the vaginal tissue up to 90 days post-

infection with HSV-2 TK-, we hypothesized that these memory Tregs might function to rapidly 

respond during HSV-2 challenge, limiting the cytotoxic responses of vaginal CD8+ T cells. To 

test this, we infected FoxP3DTR mice with HSV-2TK- and challenged with HSV-2 WT 30 days 

later. We simultaneously administered i.p. DT or PBS control on days -1 and 0 of HSV-2 

challenge to deplete Tregs. On day 3 post-challenge, we harvested the VT and dLN of both 

groups to compare CD8 responses in the presence or absence of Tregs. Although preliminary, we 

found that Treg depletion significantly (p = .0051) increased the frequency of vaginal CD8+ T 

cells expressing GzmB by approximately 4-fold compared to Treg-replete mice (Figure 3.2A-B). 

Interestingly, we did not observe a significant increase in GzmB+ expression on dLN CD8+ T 

cells, highlighting the importance of the tissue-localized Treg response at the site of infection 

(Figure 3.2A-B). However, further studies are needed to confirm this result, as well as to assess 

additional effects of Treg depletion on the overall CD4+ and CD8+ Trm compartment. 
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Figure 3.2. Tregs restrain Granzyme B production during HSV-2 challenge in vaginal CD8+ 

T cells 

FoxP3DTR mice were administered subcutaneous (s.c.) Depo provera in the neck ruff, and 

infected 5-7 days later with intravaginal (ivag.) infection HSV-2 TK-. On day 30 post-infection, 

mice we re-administered s.c. Depo provera in the neck ruff. 5-7 days later, mice were 

administered intraperitoneal (i.p.) diphtheria toxin (DT) or PBS mock on days -1 and 0 of ivag. 

HSV-2 WT challenge. Mice were harvested on day 3 post-infection and VT and dLN harvested 

for flow cytometry. A) Representative GzmB staining on CD8+ T cells in the VT (top) and dLN 

(bottom) in Treg-replete (left) and Treg-depleted (right) mice. B) GzmB+ CD8 frequency of total 

CD8+ T cells in the VT (left) and dLN (right) of Treg-replete or Treg-depleted mice. 

Significance determined by t test, p <.05. 
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3.3.3 Vaginal tissue healing is delayed in mice depleted of Tregs during HSV-2 challenge 

In humans, HSV-2 infects the vaginal epithelium before ascending the dorsal root ganglia where 

it becomes latent; HSV-2 can then periodically reactivate, traveling back down the neurons to 

cause lesions and viral shedding in the vaginal mucosa and skin238, 262. Although there is 

currently no model of HSV-2 reactivation in mice, we circumvent this limitation by initially 

infecting mice with HSV-2 TK- and later challenging with HSV-2 WT. HSV-2 TK- generates 

protective immunity, preventing death in WT-challenged mice263-266, allowing us to study 

immune responses to secondary HSV-2 exposure. Given that Tregs have been shown to limit 

tissue pathology by restraining effector immune responses to mucosal infection19, we 

hypothesized that a loss of Tregs during HSV-2 challenge would lead to increased vaginal 

pathology. To test this, FoxP3DTR mice were synchronized in the diestrus phase of the estrus 

cycle with a s.c. injection of depo provera 5-7 days before ivag. infection with HSV-2 TK-. At 

30 days post-primary infection, mice were re-synchronized with depo provera 5-7 days before 

challenging with ivag. HSV-2 WT. On days -1 and 0 of challenge, mice were treated with 

intraperitoneal (i.p.) injection of diphtheria toxin, which selectively depletes Tregs within 2 days 

of treatment26, or PBS control. The vaginal cavity was swabbed daily for subsequent PCR 

analysis of HSV-2 virus. On days 3, 7, 10, and 14 post-challenge, we harvested the VT and 

performed by Hematoxylin and Eosin (H&E) staining to assess vaginal pathology (Figure 3.3). 

Previously, we established a scoring rubric for HSV-2-mediated vaginal pathology (Figure 3.3A) 

based on H&E visualization of cellular infiltrate and loss of tissue integrity of the vaginal 

epithelium, lumen, muscularis, and lamina propria. Using this system, we blindly scored the 

vaginal pathology in the presence or absence of Tregs. Pathology scores were highest at day 3 
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post-challenge, with no significant difference in the scores between Treg-depleted and Treg-

replete groups (Figure 3.3B). However, by day 7 post-challenge, Treg-depleted mice scored 

significantly higher than Treg-intact mice, suggesting that a loss of Tregs delays tissue healing 

after HSV-2 challenge. By day 10 post-challenge, pathology scores in both groups continue to 

decrease, and by day 14 post-challenge, vaginal pathology was nearly returned to baseline 

scores. At both days 10 and 14, Treg-depleted scores were not significantly elevated compared to 

Treg-replete mice, suggesting that Tregs have important early roles during the peak memory 

response to HSV-2. Mice treated with DT alone showed minor increased pathology compared to 

untreated mice, but significantly less than mice treated with both HSV-2 and DT (Figure 3.3B). 

Together, these data suggest that Tregs might prevent tissue damage during HSV-2 challenge. 
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Figure 3.3. Treg depletion delays vaginal tissue healing after HSV-2 challenge. 

A)Vaginal tissue pathology scoring system by Hematoxylin and Eosin (H&E) staining. Vaginal 

pathology is assessed by totaling discrete pathology scores within the lumen, muscularis, 

epithelium, and lamina propria, based on cellular infiltrate and loss of tissue integrity. Images 

shown are vaginal epithelium from FoxP3DTR mice treated with HSV-2 WT or HSV-2 TK-. B) 

FoxP3DTR mice were administered subcutaneous (s.c.) Depo provera in the neck ruff, and 

infected 5-7 days later with intravaginal (ivag.) infection HSV-2 TK-. On day 30 post-infection, 

mice were re-administered s.c. depo provera. 5-7 days later, mice were administered 

intraperitoneal (i.p.) diphtheria toxin (DT) or PBS mock on days -1 and 0 of ivag. HSV-2 WT 

challenge. Mice were harvested on days 3, 7, 10, and 14 post-challenge and vaginal sections 

were taken for H&E staining and pathology scoring. Left: total pathology scores after challenge 

and in untreated mice. Right: Total pathology scores on day 7 post-HSV-2 challenge. 

Significance determined by Mann-Whitney test, p <.05. C) FoxP3DTR mice were administered 

s.c. Depo provera in the neck ruff, and infected 5-7 days later with intravaginal ivag. Infection 

with HSV-2 TK-. On day 30 post-infection, mice administered intraperitoneal (i.p.) DT or PBS 

mock on days -1 and 0 of ivag. HSV-2 WT challenge. On days 2, 3, and 4 post-challenge, the 

vaginal lumen was swabbed into titration buffer and HSV-2 viral load assessed by PCR. 

Significance determined by Mann-Whitney test, p <.05. 
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3.3.4 Treg depletion during HSV-2 challenge does not affect vaginal viral titer 

Tissue Tregs have been shown to limit collateral damage to the host by limiting immune 

responses to several pathogens, often at the expense of efficient pathogen control19, 50, 51, 201, 202, 

267, 268. Alternatively, Treg removal in other infections delays viral clearance194, 195, 269 270, 271, 

suggesting that the role of Tregs during infection is highly context-dependent. Thus, we 

predicted that Treg removal during HSV-2 challenge might either 1) exacerbate viral clearance 

due to unrestrained effector responses or 2) delay viral clearance due to dysregulation of the 

immune response to HSV-2 without Tregs194, 195. However, when we assessed the vaginal viral 

load by PCR on days 2 through 4 post-challenge, viral titers were comparable between groups 

(Figure 3.3C) and virus was cleared below the level of detection by days 5-6 (data not shown). 

This finding shows that although vaginal tissue pathology is increased without Tregs during 

HSV-2 challenge, this increased pathology is not the result of increased viral replication, and 

Treg depletion does not affect vaginal viral load.  

 

3.3.5 Vaginal Tregs produce Areg early after primary HSV-2 infection 

Based on these findings, we hypothesized that vaginal Tregs may limit pathology by restraining 

excessive memory immune responses, and that Tregs may also directly contribute to tissue 

repair. As previously mentioned, Tregs in both muscle and lung have been shown to produce 

Areg to contribute to tissue repair during muscle damage and lung infection with influenza30, 38, 

44. Therefore, we hypothesized that vaginal Tregs could contribute to vaginal healing post-HSV-

2 lesion by producing Areg. To test this, we revisited data from an earlier experiment where we 

sorted CD4+GFP+ Tregs or CD4+GFP- CD4Tconv from the VT of FoxP3GFP mice on day 7 
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post-HSV-2 infection, or from uninfected control mice. We then performed single-cell RNA-seq. 

We used the Seurat pipeline216 to perform graph-based clustering of Tregs and CD4 Tconv in the 

VT and compared differentially expressed genes (DEG) between vaginal Tregs and CD4Tconv 

using Model-based Analysis of Single-cell Transcriptomics (MAST)218. Although we recovered 

insufficient Tregs from uninfected VT to sequence, we found that VT Tregs from infected mice 

differentially upregulated Areg compared to dLN Tregs from HSV-2-infected and uninfected 

mice (APPENDIX C, Figure 3.4A). To confirm this finding on the protein level, we treated 

C57BL/6J mice s.c. with depo provera 5-7 days before intravaginal infection to synchronize 

estrus cycle phases for consistent susceptibility to HSV-2 infection209. On days 0 and 5 post-WT 

HSV-2 primary infection, we stained for Areg in the dLN and VT44. Cell numbers at day 0 were 

low, precluding accurate quantification of Areg+ Tregs as a percentage of total Tregs. However, 

by day 5 post-infection, VT Tregs expressed Areg, although not significantly more than dLN 

Tregs or VT CD4 Tconv. (Figure 3.4B-D). Together, these results demonstrate that vaginal 

Tregs express Areg transcripts and protein after HSV-2 infection, suggesting that vaginal Tregs 

may have a unique role in Areg-mediated tissue repair after HSV-2 infection. However, further 

research is needed to confirm Areg production by Tregs after HSV-2 challenge and to 

functionally link Treg-produced Areg to vaginal tissue healing.  
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Figure 3.4. Tregs express Areg after primary infection with HSV-2 WT. 

A) FoxP3GFP mice were administered Depo provera s.c. and infected 5-7 days later ivag with WT HSV-2; 

uninfected controls received Depo provera only. On day 7 post-infection, VT were harvested and 

prepared for FACS to isolate CD4+ FoxP3+ Tregs and CD4+ FoxP3- CD4 Tconv. Single-cell RNA-

sequencing was performed on VT Tregs and CD4 Tconv and analyzed with the Seurat pipeline in R. n = 5 

HSV-2+ and n = 3 uninfected. Violin plots of Areg expression in vaginal Treg (HSV-2+) and CD4 Tconv 

(HSV-2 +/-) populations. B) C57BL/6J mice were administered Depo provera s.c. in the neck ruff, and 

infected 5-7 days later with intravaginal (ivag.) HSV-2 or PBS mock. On days 0 and 5 post-infection, VT 

and dLN were harvested for flow cytometry analysis. Representative staining for Areg on FoxP3+ Tregs 

(top) and CD4+ Tconv (bottom) on day 5 post-infection in VT (left) and dLN (right), C-D) quantified as a 

percentage of parent population. n=5. Significance determined by multiple paired t test, p <.05.  

 

 

3.4 DISCUSSION 

Previously, investigations of Tregs in viral infection, including memory Treg responses, have 

been sparse, while the vaginal Treg compartment has remained completely unstudied. We sought 

to define contributions of Tregs during HSV-2 secondary exposure or recurrence and to assess 

how Tregs might either augment or hinder immune responses to HSV-2 and the consequences of 
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this immunoregulation in the host tissue compartment. We first confirmed the establishment and 

persistence of an activated vaginal Treg population after HSV-2 infection, and then used a 

secondary HSV-2 infection model in mice to assess vaginal immunopathology and HSV-2 

control in mice depleted of Tregs during viral challenge. We also used transcriptional analysis 

and flow cytometry to measure vaginal Treg production of Areg, a growth factor known to repair 

injured tissues. 

 

Although vaginal Trm are known to be important for protection from and control of HSV-2, little 

consideration has been given to Treg-mediated regulation of Trm. Importantly, despite the 

presence of Trm in HSV-2 lesions in human vaginal tissue, HSV-2 symptoms are highly variable 

between infected people and higher Treg:CD4Tconv ratios are associated with higher viral 

shedding260, suggesting that Tregs may influence Trm-mediated immunity to HSV-2. We 

hypothesized that Tregs could be a missing link between vaginal Trm and viral control. In 

support of this, our preliminary data found that Treg depletion at the time of HSV-2 challenge 

significantly increased the CD8+GzmB+ pool in the vagina, suggesting that memory vaginal 

Tregs restrain potent CTL responses during HSV-2 challenge, possibly to protect the local tissue 

from aggressive memory T cell responses.  We further sought to investigate immune responses 

and tissue pathology when Tregs were removed during HSV-2 challenge in mice. Consistent 

with other infection models19, 39, 40, 201, these experiments revealed that Treg ablation results in 

delayed tissue healing of HSV-2 lesions. However, unlike other infection models19, 50, 51, 202, Treg 

removal did not improve viral clearance, suggesting that the pathology observed is not virus-

mediated and that Tregs do not impede viral clearance during HSV-2 challenge. Together, these 

findings led us to conclude that vaginal Tregs limit collateral damage during HSV-2 challenge 
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without affecting viral load. We hypothesized that Tregs could exert this protective effect by 

restraining highly activated Trm and/or by actively contributing to lesion repair. 

 

To test whether Tregs could be directly contributing to vaginal tissue healing through production 

of Areg, a growth factor secreted by muscle and lung Tregs to heal damaged tissue30, 44, we 

revisited previous single-cell RNA seq analysis of vaginal Tregs and CD4Tconv after primary 

HSV-2 infection. This data revealed that vaginal Tregs from HSV-2-infected mice differentially 

express Areg transcripts compared to vaginal CD4 Tconv (from both infected and uninfected 

mice), suggesting that vaginal Tregs may acquire Areg transcripts after either localization in the 

tissue or in response to viral infection. Additionally, we confirmed Areg production in Tregs, and 

to a lesser degree in CD4 Tconv, in the mouse vagina after HSV-2 primary infection. This 

suggests a tissue-specific non-regulatory function for Tregs in promoting lesion healing after 

HSV-2 infection. Further studies are needed to confirm Treg Areg production in HSV-2 

challenge and in human Tregs, as well as functional studies to test whether Areg specifically—

instead of Tregs in general—are necessary for preventing tissue pathology after HSV-2 infection. 

For example, our Treg depletion experiments could be repeated with Aregflox/flox44 mice crossed 

to FoxP3Cre272 mice will produce offspring that lack Areg only on Tregs, revealing whether Treg-

produced Areg is specifically responsible for the pathology discrepancies we observed. 

Alternatively, Areg could be one of several functions, such as production of inhibitory cytokines 

and restraint of CTL or antigen-specific Trm, that Tregs employ to limit local pathology. 

However, if true, the beneficial functions of Tregs in preserving delicate mucosal tissues must be 

considered in vaccine design or therapeutics, where Tregs have been classically considered a 

hindrance to pathogen or tumor clearance. 
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In addition to further Areg studies, experiments are ongoing to assess how conventional effector 

T cell responses are affected by Tregs during HSV-2 challenge. We are currently investigating 

how the number, activation status, and cytotoxic potential of both CD4+ and CD8+ T cells in the 

VT and dLN of Treg-depleted mice compare to Treg-replete mice during HSV-2 challenge. 

Although we have thus far found that Tregs restrain GzmB expression on vaginal CD8+ T cells 

during HSV-2 challenge, we are further assessing Treg-mediated control of Trm, such as 

whether Tregs preferentially limit HSV-2-specific Trm responses through the use of an HSV-2 

tetramer that identifies CD8+ T cells that recognize glycoprotein B on HSV-2273.  

 

In summary, our work further defines the previously unstudied vaginal Treg compartment and 

identifies a role for Tregs in preventing excessive vaginal pathology during HSV-2 challenge, 

quantified through the development of a vaginal immunopathology scoring system, which has 

not been previously used to measure HSV-2 disease. We also found evidence that vaginal Tregs 

produce Areg in response to local infection, identifying a putative non-regulatory role for vaginal 

Tregs and linking this population to muscle and lung Tregs, which have been previously shown 

to promote tissue repair through Areg production30, 38, 44. Lastly, this work investigates the 

kinetics and functions memory Tregs during infection, a subject which has not been extensively 

studied. This work has important implications for mucosal therapeutics and vaccine 

development, as these interventions generally aim to boost host immunity at all costs. However, 

the Treg-mediated balance of immunity:immune restraint should be considered, as the protective 

effects of Tregs may outweigh the consequences of their immune restraint during mucosal 

infection.  
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3.5 MATERIALS AND METHODS 

3.5.1 Mice 

6-8 week-old female wildtype C57BL/6J (Jackson Laboratories, Bar Harbor, ME), FoxP3DTR26, 

or FoxP3GFP 214 (bred at Fred Hutch) mice were used for experimental groups. All animal 

experiments were approved by Fred Hutch IACUC and the study was conducted in strict 

compliance with the PHS Policy on Humane Care and Use of Laboratory Animals.  

 

3.5.2 Infections 

For primary infections, mice were injected subcutaneously in the neck ruff with 2 mg of 

medroxyprogesterone acetate (Depo-Provera) 5-7 days prior to intravaginal (ivag.) infection with 

104 PFU of WT HSV-2 derived from a human clinical isolate or 105 PFU of HSV-2 TK-239. 

For memory infections, mice were injected subcutaneously in the neck ruff with 2 mg of 

medroxyprogesterone acetate (Depo-Provera) 5-7 days prior to intravaginal (ivag.) infection with 

105 PFU of HSV-2 TK-. 30 days following infection, mice were again injected subcutaneously in 

the neck ruff with 2 mg of Depo Provera 5-7 days prior to ivag. infection with 104 PFU of WT 

HSV-2. 

 

3.5.3 Mouse tissue processing 

Vaginal tract (VT), including the vagina and cervix, was harvested and minced with scissors 

followed by a 30-minute incubation in RPMI containing collagenase D (2mg/ml; Sigma) and 
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DNAse (15ug/ml; Sigma) at 37 degrees C. Following incubation, collagenase reaction was 

quenched with 5mM EDTA in HBSS without calcium and magnesium and passed through 70um 

strainer to prepare a single-cell suspension. After harvesting, vaginal-draining lymph nodes 

(dLN), including the inguinal and iliac lymph nodes, were passed through 70um filter to prepare 

a single-cell suspension.  

 

3.5.4 Cell sorting and flow cytometry 

Cells were incubated in fixable viability dye (Invitrogen) and blocked for non-specific Fc 

binding in PBS for 30 minutes. Cells were then stained for surface proteins in FACS buffer (PBS 

containing .02% sodium azide and 2% fetal calf serum) for 20 minutes, fixed for 30 minutes with 

Foxp3 Transcription Factor Staining Buffer Set (eBioscience) fixative, followed by 2 washes 

with Foxp3 Transcription Factor Staining Buffer perm buffer and stained for 30 minutes with 

intracellular antibodies in perm buffer. Cells were acquired with the FACSymphony (BD 

Biosciences, San Jose, CA) and data analyzed with FlowJo software version 10.6.1 (Treestar, 

Ashland, OR).  

 

Cell sorting for RNA-sequencing experiments was performed on the FACSAria (BD 

Biosciences, San Jose, CA). Tregs and CD4+ Tconv  isolated from vaginal tissue and vaginal-

draining lymph nodes were sorted from FoxP3GFP mice on CD4+ GFP+ and CD4+ GFP-, 

respectively. Tregs and CD4+Tconv from vaginal tissues were additionally sorted on intravascular 

label- population to exclude blood T cell contamination. To estimate total cell counts, 2x104 

AccuCheck Counting Beads (Thermo Fisher Scientific) were added to each sample prior to 

acquisition on the cytometer. 
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3.5.5 Single-cell RNA-sequencing  

Sorted cells from VT were processed using the 10X Genomics Platform with the 5’ Chromium 

Single Cell V(D)J Enrichment Kit v2 following manufactures instructions. Sorted populations 

from each mouse (infected: n= 5; uninfected: n=3) were pooled with the following total cell 

numbers were loaded into the Chromium Controller: infected VT CD4+FoxP3+: 2,855; infected 

VT CD4+FoxP3-: 20,000; uninfected VT CD4+FoxP3-: 1,562. As per manufacturer’s 

instructions, the target cell number for each population was calculated as half the number of cells 

loaded. cDNA was generated within oil emulsion droplets made by the Chromium Controller. 

cDNA was purified using DynaBeads MyOne Silane magnetic beads (thomerFisher, #370002D). 

cDNA amplification was performed by 10 rounds of PCR using Chromium Single Cell 5’ 

Reagent kit. Amplified cDNA was then purified with SRPIselect magnetic beads (Beckman 

Coulter). After cDNA was fragmented and size selected, library construction was performed by 

end repair, A-tailing, adaptor ligation and PCR (12 cycles). Prior to sequencing, quality of 

libraries was determined by using Aglient 2200 TapeStation with High Sensitivity D5000 Screen 

Tape (Agilent). Libraries were quantified by digital droplet PCR with Library Quantification Kit 

for Illumina TruSeq (BioRad, #1863040). Libraries were diluted to 3 nM and paired-end 

sequencing was performed on a NovaSeq 6000 sequencer (Illumina). 

 

3.5.6 Single-cell RNA-sequencing analysis 

As previously described240, sequencing data were processed to per-cell read and unique 

molecular identifier (UMI) counts with Cell Ranger software (10x Genomics, Pleasanton, CA). 
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The reads were converted from BCL to FASTQ, demultiplexed, filtered, aligned to mouse 

genome assembly GRCm38 (mm10), collapsed to UMIs, and assigned to barcodes. Default 

settings in Cell Ranger were used to call cells vs. background. Data from each sample were 

aggregated without normalizing. 

 

The R package Seurat was used to analyze count data216, 248-250. Genes detected in fewer than 400 

and greater than 35,000 cells were removed, as were cells that had fewer than 400 and greater 

than 5000 genes detected based on natural breaks in data visualization. Cells with greater than 

5% mitochondrial reads were also removed. As previously described240, the UMI counts were 

log transformed and total UMIs and % mitochondrial reads per cells were regressed out. With 

UMAP, cells were projected on the first 50 principal component axes from 2000 highly variable 

genes identified using default cutoffs. Seurat objects were created for each sample and re-scaled 

using all genes. Each cell’s expression of defined gene sets was summarized by the mean 

normalized expression across the set in each cell. To remove noise around 0 introduced by 

normalization, 0 values for each gene in each cell with a raw UMI count of 0 were restored. 

Differential expression was quantified among populations using the hurdle model in MAST, with 

total UMIs per cell as a covariate. MAST identifies DE genes that overlap with those found by 

other methods with high precision and low false positive rates 218, 251. 

3.5.7 Treg depletion 

Tregs were depleted from FoxP3DTR mice by administering 30mg/kg and 10mg/kg i.p. 

diphtheria toxin (DT)26 on days -1 and 0, respectively, of HSV-2 WT challenge.  
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3.5.8 Vaginal pathology scoring 

Vaginal tissues were fixed in 4% paraformaldehyde for 4 days and then paraffin embedded for 

sectioning. Tissues were sectioned into the lumen and stained with hematoxylin and eosin (H&E) 

and blindly scored for vaginal pathology by an animal pathologist. A scoring rubric was created 

by an animal pathologist for this project by comparing H&E-stained vaginal sections from mice 

with known, increasing levels of vaginal pathology (uninfected, infected with HSV-TK-, infected 

with HSV-2 WT). Experimental pathology scores were then obtained by blind scoring of vaginal 

slides, based on the established rubric. Total pathology scores are the sum of the scores from the 

epithelium, lamina propria, muscularis, and lumen compartments.   

 

3.5.9 HSV-2 quantification by PCR 

HSV-2 viral titers were quantified by PCR at UW Virology. DNA was extracted from 200 ul 

specimen using QIAamp 96 DNA blood kit and eluted into 100 ul of AE buffer (Qiagen). Real-

time Taqman PCR detects HSV gB gene was applied to quantify HSV in the samples (Jerome 

paper).  Each 30 ul PCR reaction contains 10 ul of purified DNA , 833 nM primers, 100 nM 

probe, 15 ul of 2x QuantiTect Multiplex PCR master mix, 0.03 units of UNG. To monitor PCR 

inhibition, EXO internal control was spiked into all the reactions. The thermocycling conditions 

are as following: 50oC for 2 minutes, 95oC for 15 minutes, followed by 45 cycles of 94oC for 1 

minute and 60oC for 1 minute. The limit of detection is 3 viral copies/reaction. 

3.5.10 Statistical analysis 

For flow cytometry data, statistical analyses were performed with Prism software version 9.1 

(GraphPad Software, San Diego, CA). Ordinal data were assessed with Mann-Whitney U test, 
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and parametric data were assessed with multiple paired T tests. Non-parametric multiple 

comparisons were assessed with the Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. Significance was defined by a p value less than .05. 
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Chapter 4. CONCLUDING REMARKS 

4.1 CONCLUSIONS AND IMPLICATIONS 

Tregs were originally discovered and studied in the thymus, circulation, and secondary lymphoid 

organs, demonstrating their indispensable role in maintaining peripheral tolerance and preventing 

autoimmunity26. Building on this research, Tregs were later discovered in various non-lymphoid 

tissues, where they performed surprising, extra-regulatory roles and location-specific functions, 

demonstrating the dynamic and context-dependent nature of Tregs30-32, 35. More recently, Tregs 

have been described in mucosal barrier tissues such as the GI tract and lung, where they also 

carry out both classic immunoregulation and specialized, location-appropriate roles such as 

promoting oral tolerance and maintaining mucosal tissue integrity44, 85.  However, the 

investigation of Tregs in the female reproductive tract has been limited. Additionally, while 

Tregs are well-studied in autoimmunity and cancer, the role of Tregs in anti-pathogen responses 

has only been investigated by a few groups, yielding varied and context-dependent results. 

Therefore, we sought to characterize the vaginal Treg compartment in both health and viral 

infection, combining two understudied areas of Treg biology. 

 

We found that vaginal Tregs in both healthy mice and humans are relatively rare, but highly 

activated population compared to blood or dLN Tregs, where most of the population expressed 

activation and suppression markers such as CTLA-4, GITR, ICOS, CD39, and TIGIT. This 

suggests that tissue localization alone confers a distinct, activated phenotype on Tregs. 

Interestingly, we found that the expression of classical markers of tissue residency-CD69 and 

CD103- are difficult to interpret in vaginal Tregs and may not be necessary for vaginal tissue 

localization or retention. For example, we found that vaginal Tregs expressed little CD103, and 
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CD69 expression was dynamic, transiently increasing during acute activation and waning days 

later. Consistent with other literature suggesting that CD4+ Trm may not be constrained by 

CD69 and CD103 expression206, 207, these findings suggest that CD69 and CD103 cannot be 

universally interpreted outside of a defined tissue and infection model. 

 

We also investigated vaginal Tregs after HSV-2 infection. Other studies of Tregs in infection, 

including in mucosal sites, have revealed that Treg roles are extremely context-dependent, as 

varying models have yielded differing results. For example, Tregs restrain immune-mediated 

tissue damage in some infection, while also inhibiting efficient pathogen control50, 51, 201, 202. 

Conversely, other groups, including our own, have previously shown that Tregs limit viral-

mediated disease40, 194, 195. In fact, our lab has shown that Tregs in the vaginal dLN are crucial for 

proper coordination of the immune response to primary HSV-2 infection, and that a loss of Tregs 

delays viral clearance and augments disease194, 195. However, the phenotype and role of Tregs in 

the vagina, at the site of HSV-2 infection, have not been studied until now. We found that HSV-2 

infection increased the number of vaginal Tregs in mice, including highly activated CTLA-4+ 

and GITR+ Tregs, as well as induced ICOS expression on vaginal Tregs. Interestingly, we found 

that HSV-2 infection specifically induced GzmB on a subset of vaginal, but not dLN Tregs, and 

that we could reproduce this Treg GzmB acquisition ex vivo by stimulating either bulk 

splenocytes or T cells with inflammatory cytokines IFN-a, IFN-B, and IL-2. Together, these 

results suggest that vaginal Tregs further activate during local viral infection and acquire 

cytotoxic potential that could be used to restrain effector T cell responses, limit 

immunopathology, or for some additional, undefined role. GzmB+ Tregs in acute infection have 

important implications for clinical therapeutics or vaccines. GzmB+ Tregs could serve as a 
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marker of acute infection, and the dynamic role of Tregs in the mucosal tissue should be 

considered when designing mucosal vaccines, as Tregs may not simply hinder anti-pathogen 

immune responses, as previously thought, but also crucially prevent irrevocable tissue damage. 

Tregs must be leveraged in the clinic to harness the best balance of immunoregulatory and non-

canonical functions.  

 

Additionally, we studied memory Tregs—which are largely undefined-- in HSV-2 reinfection, 

demonstrating that vaginal the vaginal Treg population established after HSV-2 infection persists 

up to at least 90 days in mice. These Tregs are poised to respond to HSV-2 recurrence, where 

they limit vaginal pathology following HSV-2 challenge lesions. The increased pathology 

observed is not virus-mediated, as HSV-2 titers are comparable between Treg-depleted and Treg-

intact mice, suggesting that Tregs instead limit collateral self-damage by the host immune 

system, although this subject requires further investigation. These findings relate to HSV-2 

recurrence in humans, as HSV-2 becomes latent, causing periodic reactivations accompanied by 

viral shedding and lesions, which have been difficult to treat in some patients. Tregs could be a 

factor that influence why some HSV-2+ people experience painful lesions, while others remain 

asymptomatic. Lastly, we preliminarily showed that vaginal Tregs can produce Areg after HSV-

2 infection, highlighting a potential shared role with lung and muscle Tregs30, 44 and an important 

tissue-preserving function for vaginal Tregs. Again, these findings underscore that in addition to 

Trm, Tregs must be considered in mucosal vaccine design, as they may influence Trm responses 

in order to protect the mucosa, and that either blocking or augmenting Tregs may exacerbate one 

extreme at the expense of the other. 
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Although not specifically studied in this thesis, uterine, cervical, and vaginal Tregs likely have a 

large role in pregnancy. The mother’s immune system must remain tolerant to both reproductive 

antigens as well as the semi-foreign fetus and circulating and placental Tregs are well-known 

mediators of this phenomenon175. However, given the tolerogenic requirements of the 

reproductive tissues, it is very likely that vaginal and uterine Tregs are indispensable for 

conception and gestation. If so, these Tregs have large implications for therapeutics relating to 

infertility, miscarriage, and preeclampsia.  

 

In summary, this thesis characterizes for the first time vaginal Tregs in both health and viral 

infection, situating vaginal Tregs within the greater context of tissue and mucosal Tregs. This 

work makes several discoveries about the nuances of Tregs in the specialized tissues of the 

female GU tract: even within HSV-2 infection, Tregs within the vaginal tissue behave quite 

differently than Tregs in the dLN, as previously shown by our lab194, 195. Overall, this work 

further emphasizes that the phenotype and function of Tregs is highly dependent on context, 

including the location, infection, and time post-infection. 

 

4.2 LIMITATIONS AND FUTURE DIRECTIONS 

Our studies in both Chapter 2 and 3 are limited by low cell numbers in the vagina, a constraint 

that is inherent to this tissue compartment in addition to other mucosal tissues. Our work 

revealed that very few T cells in general are present in the VT in naïve mice, suggesting that 

antigenic stimuli or inflammation is necessary to initially draw T cells and Tregs to the vagina, 

consistent with other mucosal T cell literature274. After infection, T cell numbers are boosted into 
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the hundreds or sometimes thousands, but as Tregs make up only 10-20% of the vaginal T cell 

compartment, these numbers remain limiting for downstream analysis. For example, we were not 

able to recover sufficient Tregs from the VT of uninfected mice to perform bulk or single-cell 

RNA-seq on this population, leaving us unable to transcriptionally compare vaginal Tregs before 

and after infection.  

 

Likewise, we attempted to perform TCR sequencing on vaginal Tregs to assess their antigen 

specificities and clonality to circulating Tregs, but we did not recover sufficient Tregs for 

adequate analysis. Further studies investigating the TCR repertoire of vaginal Tregs are needed, 

especially to determine if the vaginal Tregs that become hyper-activated and express GzmB after 

HSV-2 infection are potentially pathogen-specific. Alternatively, these Tregs could be self-

reactive Tregs that have previously received a TCR signal and are able to quickly respond to 

HSV-2 infection in a cytokine-dependent, TCR-independent manner. Other studies have revealed 

that tissue Tregs have TCR repertoires that are non-overlapping with local CD4 Tconv or 

circulating Tregs, and that these TCR repertoires are highly clonal, suggesting expansion after 

specific antigenic stimulation30, 32, 37, 50, 51, 200.  As an alternative approach, we are currently 

exploring Treg TCR usage during HSV-2 infection through the Nur77GFP mouse reporter 

strain275, which express GFP after TCR ligation through peptide:MHC complexes. These studies 

will reveal if GzmB+ Tregs during HSV-2 infection have recently experienced TCR activation or 

if they acquire this phenotype through inflammatory cytokines alone, as our data in Chapter 2 

suggest. 
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The low cell numbers in vaginal Tregs also precluded some functional analyses. We found that 

in mouse, only vaginal Tregs expressed GzmB after infection, limiting the availability of GzmB+ 

Tregs to extremely small numbers. This prevented us from performing suppression or killing 

assays to test the functional capacity of GzmB+ Tregs to restrain or kill other T cells. This 

obstacle could be circumvented by a GzmBflox/flox mouse bred to FoxP3Cre 272mice, which would 

yield offspring who lack GzmB only on Tregs and allow for targeted, functional experiments to 

determine how Tregs use GzmB. Tregs could limit or even kill other T and B cells with contact-

dependent or contact-independent cytotoxic GzmB activity as has been shown in both mouse and 

human18, 19; alternatively, Treg GzmB could have non-apoptotic, extracellular activity276-278. 

Given the cytokine-dependent acquisition of GzmB we observed in Tregs from uninfected mice 

in Chapter 2, we hypothesize that vaginal Tregs may use GzmB in a non-targeted manner. 

However, we have not yet assessed vaginal Treg expression of perforin, which is necessary for 

targeted, contact-dependent killing279 and could illuminate whether Tregs deploy contact-

dependent or extracellular GzmB functions. 

 

Although we were able to corroborate the highly activated phenotype observed in naïve mice to 

the vaginal Tregs in healthy women, at the time of this work we did not have access to vaginal 

biopsies from HSV-2+ women, preventing us from comparing human Treg production of GzmB 

after infection (we did not observe GzmB on Tregs from healthy human tissue). In the future, we 

hope to obtain HSV-2+ biopsies to compare mouse versus human Granzyme production in 

Tregs. However, studies are ongoing to stimulate Tregs from healthy human vaginal tissue to 

assess cytokine-dependent GzmB production, as well as production of Areg.  
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Our studies of Areg in mouse Tregs are promising, yet still preliminary. Going forward, we plan 

to measure vaginal Treg production of Areg through enzyme-linked immunoassays (ELISA) 

quantification of Areg in the vaginal lumen in mice with and without Tregs, as well as functional 

studies with Aregflox/flox44 x FoxP3Cre272 mice. While vaginal Tregs may heal tissue damage 

through Areg, it is likely that they also prevent tissue damage by restraining aggressive memory 

Trm responses during HSV-2 challenge. To test this, we are pursuing Treg depletion experiments 

during HSV-2 challenge where we will assess the effects of Treg ablation on both CD4+ and 

CD8+ T cells in the VT and dLN through flow cytometry analysis of effector T cell numbers, 

activation, HSV-2-specificity, and GzmB production.  

 

Together, our novel investigation of the vaginal Treg compartment during health and disease 

provides a strong foundation for studying this unique and important barrier tissue Treg subset, 

while introducing many more exciting questions for future study.  

 

4.3 FINAL THOUGHTS 

Tregs in the female GU tract have previously been unstudied, while few (albeit prolific) research 

groups study general T cells the female reproductive tissues. This deficiency is representative of 

a larger theme of the lack of both bench and clinical research relating to women’s health. 

Globally, women carry a higher burden than men of STIs and HIV280, 281, as the vaginal mucosa 

is more permissive to infection, especially during the “window of vulnerability,” where the GU 

tract becomes more immunosuppressive and tolerant to allow for conception and reproduction183, 

187. Additionally, STI infections in women can lead to secondary complications with fertility and 

cancer282, 283. These inequities highlight the need for preventative strategies and vaccines for HIV 
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and STIs, which are dependent on a high volume of both bench and clinical research in GU tract 

immunology. Additionally, understanding GU tract immune responses, including Tregs, could 

potentially inform prevention, treatments, or cures for issues in women’s health, including 

urinary tract infections, complications with menopause, viral-related cancers, sexual health, 

infertility, and miscarriage. Ultimately, the chronic under-investigation of the biology and 

immunology relating to women’s health projects a general cultural and scientific devaluation of 

women and a dismissal of the emotional and physical pain that women disproportionately bear 

relating to sexual health and pregnancy. 

 

Although women’s health and the study of GU tract biology and immunology is inherently 

important, there is also much to be learned from GU tract immunology that can be extrapolated 

to other health problems. First, as STIs are more transmissible from male to female, interrupting 

the chain of infection in women with vaccines would disrupt this pattern, decreasing overall 

infections and infection-related cancers (such as human papilloma virus-derived oral and cervical 

cancers). Second, the GU tract is an extraordinary mucosal compartment that must 

simultaneously remain tolerant to foreign antigens and commensal bacteria, while also thwarting 

infections before they enter cells or invade the body. While other barrier mucosal surfaces are 

similarly tasked with this paradoxical challenge, the GU tract holds the added responsibility of 

allowing for conception and pregnancy on both an immunological and structural capacity. The 

immune responses that facilitate this exceptional and dynamic balance—if better understood—

could be leveraged in conditions such as autoimmunity, where aberrant self-responses are 

extremely pathogenic, but many available treatments introduce the extreme opposite by causing 
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non-targeted, heavy immunosuppression. Specifically, GU tract Tregs may be the key for this 

dynamic immune balance and warrant aggressive study.  

 

Although a small part of what could be a very vast field of study, this work proudly contributes 

to the collective understanding of immune cells within the female reproductive tissues and how 

Tregs may specifically be leveraged to maintain health and prevent disease.  
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APPENDIX A 

Table A.1. Genes co-clustered with PPARγ in VAT Treg, per Cipolletta et al., Nature 2021. 

Genes Co-clustered with Pparg in VAT Treg (Cipolletta et al. Nature 2012) 

Ablim3 

Adam8 

Alcam 

Alox8 

Anxa1 

Ar 

Areg 

Atf3 

Bcl2a1c 

Cabyr 

Car5b 

Cass4 

Ccr1 

Ccr2 

Ccr3 

Ccr5 

Ccrl2 

Cd200r4 

Cdkn1a 

Cnnm2 

Cobll1 

Coq10b 

Cpm 

Crem 

Crisp1 

Csf2 

Csrnp1 

Ctla2a 

Ctla2b 

Ctsh 

Cxcl10 
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Genes Co-clustered with Pparg in VAT Treg (Cipolletta et al. Nature 2012) 

Cxcl2 

Cxcl3 

Cxcr6 

Cyp11a1 

Cysltr1 

Cysltr2 

Dennd4a 

Dgat1 

Dusp1 

Egln3 

Ehd4 

Ell2 

Enkur 

Evi5 

Fam183b 

Fgl2 

Fos 

Fosb 

Fosl2 

Frmd5 

Gadd45b 

Gem 

Gla 

Gm10008 

Gm5068 

Gna15 

Gp49a 

Hip1 

Hpgd 

Hspa1a 

Id2 

Ier3 

Ifrd1 

Il10 

Il18rap 

Il1rl1 

Il5 

Itga1 
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Genes Co-clustered with Pparg in VAT Treg (Cipolletta et al. Nature 2012) 

Jag1 

Junb 

Jup 

Kcna4 

Kdm6b 

Klf4 

Klrg1 

Lgals3 

Lilrb4 

Lmna 

Lpcat2 

Lrrn4 

Ltb4r1 

Lyn 

Mmp25 

Mmp9 

Mt1 

Mt2 

Muc1 

Myadm 

Myd116 

Nebl 

Nfil3 

Nfkbid 

Npnt 

Nr4a2 

Nr4a3 

Olfr1259 

Padi2 

Pcsk1 

Pcyt1a 

Phlda1 

Plin2 

Plk2 

Plod2 

Pparg 

Raph1 

Rassf6 
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Genes Co-clustered with Pparg in VAT Treg (Cipolletta et al. Nature 2012) 

Rgs2 

Rnf128 

Rora 

Ryk 

S100a4 

S100a6 

Serpinb6a 

Sik1 

Slc15a3 

Spty2d1 

Sytl3 

Tc2n 

Tmbim1 

Tnfaip3 

Tnfrsf10b 

Ttc39c 

Zeb2 

 

 

 

 

 

 

 



APPENDIX B 

Table B.1. Differentially expressed genes in vaginal Tregs compared to dLN Tregs. 

List of DEG in Treg populations in HSV-2-infected and uninfected mice in Figure 2.7. DEG 

were determined by log2FC > .5 and FDR <.01. 

 

gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

mt-Atp8 2.28E-263 -1.566156162 0.958 0.996 3.28E-259 VT_HSV2_Treg 

mt-Atp6 2.18E-81 0.878797555 0.973 0.989 3.13E-77 VT_HSV2_Treg 

Ly6a 2.46E-73 1.87922106 0.795 0.407 3.54E-69 VT_HSV2_Treg 

Uba52 2.76E-70 -0.823184463 0.909 0.991 3.98E-66 VT_HSV2_Treg 

S100a6 1.15E-57 2.242003989 0.64 0.275 1.65E-53 VT_HSV2_Treg 

Lgals1 5.41E-55 1.784252271 0.75 0.531 7.79E-51 VT_HSV2_Treg 

Rps29 4.82E-54 -0.579940135 0.973 0.997 6.95E-50 VT_HSV2_Treg 

Gzmb 1.01E-50 2.428181935 0.473 0.111 1.45E-46 VT_HSV2_Treg 

Ctla2a 6.19E-49 2.099430206 0.398 0.111 8.91E-45 VT_HSV2_Treg 

Ccr7 2.31E-42 -1.804917465 0.273 0.684 3.32E-38 VT_HSV2_Treg 

Pabpc1 1.00E-41 -0.715108537 0.833 0.951 1.45E-37 VT_HSV2_Treg 

Clic1 3.76E-41 0.834369288 0.867 0.774 5.42E-37 VT_HSV2_Treg 

AW112010 6.07E-41 1.149138201 0.811 0.689 8.74E-37 VT_HSV2_Treg 

S100a10 8.29E-41 1.198226435 0.83 0.743 1.19E-36 VT_HSV2_Treg 

Rps28 1.93E-39 -0.53682418 0.973 0.994 2.78E-35 VT_HSV2_Treg 

Aldoa 6.11E-36 0.955983596 0.822 0.726 8.80E-32 VT_HSV2_Treg 

Cxcr3 1.15E-35 1.08006394 0.394 0.102 1.66E-31 VT_HSV2_Treg 

Gm10076 1.60E-35 -0.818340428 0.265 0.584 2.31E-31 VT_HSV2_Treg 

H2-D1 7.84E-35 0.52588104 0.932 0.99 1.13E-30 VT_HSV2_Treg 

Vim 1.71E-34 1.44636344 0.727 0.599 2.46E-30 VT_HSV2_Treg 

mt-Nd4l 2.01E-34 -0.677787725 0.898 0.983 2.90E-30 VT_HSV2_Treg 

Actg1 2.31E-34 0.853903125 0.977 0.99 3.33E-30 VT_HSV2_Treg 

Sh3bgrl3 7.54E-33 0.744096258 0.909 0.863 1.09E-28 VT_HSV2_Treg 

Btg1 2.93E-31 -0.877606271 0.803 0.952 4.21E-27 VT_HSV2_Treg 

Srgn 3.26E-31 0.684060132 0.924 0.963 4.70E-27 VT_HSV2_Treg 

S100a13 3.52E-31 0.87313147 0.652 0.484 5.07E-27 VT_HSV2_Treg 

Gimap7 1.11E-30 1.043516886 0.61 0.318 1.61E-26 VT_HSV2_Treg 

S100a11 1.58E-30 1.036973547 0.686 0.438 2.28E-26 VT_HSV2_Treg 

Glrx 2.63E-30 1.215710426 0.549 0.33 3.79E-26 VT_HSV2_Treg 

Lgals3 2.81E-30 1.598597107 0.295 0.06 4.04E-26 VT_HSV2_Treg 

Vps37b 2.90E-30 -1.133775372 0.568 0.807 4.17E-26 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Gm28727 4.41E-30 -0.851720602 0.125 0.429 6.35E-26 VT_HSV2_Treg 

Gimap4 2.90E-29 0.879708488 0.705 0.47 4.17E-25 VT_HSV2_Treg 

mt-Nd2 5.87E-29 -0.747505121 0.761 0.93 8.45E-25 VT_HSV2_Treg 

Sdf4 7.84E-29 0.929735036 0.811 0.721 1.13E-24 VT_HSV2_Treg 

Ccr2 6.17E-28 0.936320554 0.341 0.086 8.89E-24 VT_HSV2_Treg 

Pglyrp1 6.57E-28 0.975786997 0.591 0.376 9.46E-24 VT_HSV2_Treg 

S100a4 6.92E-28 1.370774931 0.477 0.191 9.97E-24 VT_HSV2_Treg 

mt-Cytb 1.25E-27 -0.595010754 0.951 0.992 1.80E-23 VT_HSV2_Treg 

Anxa2 1.27E-27 1.347380282 0.436 0.198 1.83E-23 VT_HSV2_Treg 

Cmtm7 3.87E-27 0.94241608 0.58 0.334 5.58E-23 VT_HSV2_Treg 

Fxyd5 7.17E-27 0.612672496 0.871 0.896 1.03E-22 VT_HSV2_Treg 

Aes 9.56E-27 0.642606006 0.716 0.573 1.38E-22 VT_HSV2_Treg 

Actb 1.13E-26 0.670950742 0.992 0.998 1.63E-22 VT_HSV2_Treg 

Ifi27l2a 6.46E-26 0.910864655 0.943 0.936 9.31E-22 VT_HSV2_Treg 

Gclm 5.49E-25 -0.577413197 0.504 0.745 7.90E-21 VT_HSV2_Treg 

Prelid1 1.39E-24 0.677650549 0.712 0.597 2.00E-20 VT_HSV2_Treg 

Tnfrsf18 2.08E-24 0.818826575 0.769 0.705 2.99E-20 VT_HSV2_Treg 

Crip1 3.21E-24 1.000164194 0.807 0.742 4.63E-20 VT_HSV2_Treg 

Rsrp1 3.98E-24 -1.109390973 0.424 0.676 5.73E-20 VT_HSV2_Treg 

Cox8a 6.55E-24 0.605185677 0.886 0.861 9.43E-20 VT_HSV2_Treg 

Gmfg 1.11E-23 0.754371149 0.712 0.537 1.60E-19 VT_HSV2_Treg 

Cd52 1.93E-23 0.740498462 0.939 0.923 2.78E-19 VT_HSV2_Treg 

Arhgdib 7.39E-22 0.503883417 0.875 0.911 1.06E-17 VT_HSV2_Treg 

Amd1 8.64E-22 -0.875004369 0.212 0.492 1.24E-17 VT_HSV2_Treg 

Gm8186 9.47E-22 -0.705605219 0.42 0.648 1.36E-17 VT_HSV2_Treg 

Pkm 1.24E-21 0.62359182 0.795 0.727 1.79E-17 VT_HSV2_Treg 

Gm8730 1.28E-21 -0.666215616 0.261 0.492 1.84E-17 VT_HSV2_Treg 

Selplg 1.29E-21 0.645826845 0.799 0.672 1.85E-17 VT_HSV2_Treg 

Ctla4 4.10E-21 0.595445765 0.807 0.879 5.91E-17 VT_HSV2_Treg 

Ptprcap 5.43E-21 0.686877638 0.803 0.706 7.81E-17 VT_HSV2_Treg 

Pla2g16 7.89E-21 0.666531133 0.617 0.416 1.14E-16 VT_HSV2_Treg 

Nsg2 1.47E-20 -0.735019939 0.125 0.396 2.12E-16 VT_HSV2_Treg 

Mrpl33 1.76E-20 0.677745229 0.625 0.422 2.53E-16 VT_HSV2_Treg 

Cfl1 1.81E-20 0.518159868 0.951 0.953 2.61E-16 VT_HSV2_Treg 

Ppib 1.85E-20 0.599056802 0.837 0.721 2.67E-16 VT_HSV2_Treg 

Tpi1 3.58E-20 0.959674342 0.489 0.284 5.16E-16 VT_HSV2_Treg 

Hilpda 3.64E-20 1.00612355 0.428 0.212 5.24E-16 VT_HSV2_Treg 

Tmsb4x 3.71E-20 0.519885238 0.981 0.999 5.35E-16 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Isg20 4.74E-20 0.931606964 0.424 0.237 6.83E-16 VT_HSV2_Treg 

Vcpkmt 6.24E-20 0.675245369 0.356 0.134 8.99E-16 VT_HSV2_Treg 

Npc2 7.22E-20 0.535651727 0.826 0.772 1.04E-15 VT_HSV2_Treg 

Chmp4b 1.02E-19 0.540772234 0.75 0.627 1.47E-15 VT_HSV2_Treg 

Ubl5 1.08E-19 0.512472556 0.773 0.74 1.55E-15 VT_HSV2_Treg 

Myl6 1.29E-19 0.534452824 0.89 0.902 1.85E-15 VT_HSV2_Treg 

Rpl9-ps6 3.10E-19 -0.674769128 0.409 0.632 4.46E-15 VT_HSV2_Treg 

Arpc1b 3.92E-19 0.521489501 0.814 0.778 5.64E-15 VT_HSV2_Treg 

Rps27rt 6.06E-19 -0.663757034 0.667 0.838 8.72E-15 VT_HSV2_Treg 

Pfn1 1.65E-18 0.509210629 0.985 0.989 2.37E-14 VT_HSV2_Treg 

Capg 1.95E-18 0.747630752 0.64 0.56 2.82E-14 VT_HSV2_Treg 

H2-Q7 2.12E-18 0.531986507 0.826 0.778 3.05E-14 VT_HSV2_Treg 

Tagln2 2.89E-18 0.784547342 0.64 0.456 4.16E-14 VT_HSV2_Treg 

Irf1 3.23E-18 0.758944654 0.636 0.445 4.65E-14 VT_HSV2_Treg 

Ldha 3.41E-18 0.643067175 0.875 0.845 4.91E-14 VT_HSV2_Treg 

Lrig1 8.70E-18 -0.760867704 0.087 0.318 1.25E-13 VT_HSV2_Treg 

Gstp1 1.03E-17 0.600335872 0.765 0.707 1.48E-13 VT_HSV2_Treg 

Cd47 1.14E-17 0.55940253 0.712 0.634 1.64E-13 VT_HSV2_Treg 

Dnaja1 1.38E-17 -0.693251212 0.723 0.887 1.99E-13 VT_HSV2_Treg 

Phf11b 1.85E-17 0.721911219 0.447 0.236 2.66E-13 VT_HSV2_Treg 

Nkg7 2.03E-17 1.232051754 0.273 0.097 2.92E-13 VT_HSV2_Treg 

Tspo 2.97E-17 0.59375819 0.72 0.604 4.28E-13 VT_HSV2_Treg 

Pkp3 4.04E-17 0.746664603 0.485 0.305 5.82E-13 VT_HSV2_Treg 

Acot7 4.61E-17 0.712726611 0.394 0.186 6.64E-13 VT_HSV2_Treg 

Impdh2 4.70E-17 -0.564681176 0.277 0.513 6.78E-13 VT_HSV2_Treg 

Pnrc1 4.73E-17 -0.59738052 0.845 0.945 6.82E-13 VT_HSV2_Treg 

Abracl 7.74E-17 0.526402933 0.75 0.696 1.12E-12 VT_HSV2_Treg 

Socs2 1.23E-16 0.855779339 0.299 0.135 1.77E-12 VT_HSV2_Treg 

Smc4 1.88E-16 -0.666717162 0.432 0.66 2.70E-12 VT_HSV2_Treg 

Rpl10-ps3 3.86E-16 -0.573180246 0.254 0.448 5.56E-12 VT_HSV2_Treg 

Lamtor4 6.50E-16 0.67723004 0.47 0.252 9.36E-12 VT_HSV2_Treg 

Dusp10 7.39E-16 -0.90065386 0.311 0.56 1.06E-11 VT_HSV2_Treg 

Scand1 8.21E-16 0.622229547 0.697 0.549 1.18E-11 VT_HSV2_Treg 

Zbp1 2.42E-15 0.62265998 0.489 0.284 3.49E-11 VT_HSV2_Treg 

Psme2 6.72E-15 0.530732174 0.814 0.743 9.68E-11 VT_HSV2_Treg 

Txn1 6.86E-15 0.687555281 0.636 0.473 9.88E-11 VT_HSV2_Treg 

Gimap5 7.25E-15 0.672058533 0.58 0.362 1.04E-10 VT_HSV2_Treg 

Gm10263 9.31E-15 -0.541428688 0.227 0.435 1.34E-10 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Vamp8 1.12E-14 0.567633202 0.61 0.457 1.61E-10 VT_HSV2_Treg 

Prr13 1.65E-14 0.622155722 0.674 0.507 2.38E-10 VT_HSV2_Treg 

Ifi47 5.25E-14 0.604747157 0.591 0.367 7.57E-10 VT_HSV2_Treg 

Tigit 5.56E-14 0.750540167 0.572 0.388 8.01E-10 VT_HSV2_Treg 

Junb 6.62E-14 -0.561740821 0.89 0.965 9.54E-10 VT_HSV2_Treg 

Pycard 8.03E-14 0.785124596 0.508 0.34 1.16E-09 VT_HSV2_Treg 

Arl5a 8.24E-14 0.592990772 0.428 0.215 1.19E-09 VT_HSV2_Treg 

Ppp1ca 1.50E-13 0.504237732 0.731 0.673 2.17E-09 VT_HSV2_Treg 

Atox1 3.38E-13 0.584591341 0.629 0.465 4.87E-09 VT_HSV2_Treg 

Hspe1 3.58E-13 -0.512767889 0.561 0.733 5.16E-09 VT_HSV2_Treg 

Ephx1 4.73E-13 -0.624910041 0.121 0.324 6.81E-09 VT_HSV2_Treg 

Cd83 5.09E-13 -0.988253193 0.11 0.303 7.33E-09 VT_HSV2_Treg 

Srsf7 5.22E-13 -0.547245047 0.485 0.669 7.51E-09 VT_HSV2_Treg 

Rtp4 6.36E-13 0.54317102 0.383 0.18 9.16E-09 VT_HSV2_Treg 

Gm9493 6.65E-13 -0.520196227 0.659 0.777 9.58E-09 VT_HSV2_Treg 

Ctsa 7.90E-13 0.522050945 0.466 0.288 1.14E-08 VT_HSV2_Treg 

Nr4a3 9.12E-13 -0.853658662 0.311 0.503 1.31E-08 VT_HSV2_Treg 

Hint1 9.67E-13 0.505389885 0.788 0.744 1.39E-08 VT_HSV2_Treg 

Ctsd 1.23E-12 0.509551728 0.477 0.313 1.78E-08 VT_HSV2_Treg 

mt-Nd4 1.60E-12 -0.515208563 0.701 0.831 2.30E-08 VT_HSV2_Treg 

Mfsd10 1.65E-12 0.53873435 0.311 0.136 2.37E-08 VT_HSV2_Treg 

Ifrd1 1.67E-12 -0.697255019 0.549 0.701 2.40E-08 VT_HSV2_Treg 

Prkca 1.92E-12 -0.789224045 0.394 0.582 2.76E-08 VT_HSV2_Treg 

Eprs 2.04E-12 -0.861647458 0.201 0.394 2.94E-08 VT_HSV2_Treg 

Arpc5 2.06E-12 0.51110178 0.644 0.566 2.97E-08 VT_HSV2_Treg 

Ndufb7 2.19E-12 0.567145032 0.606 0.484 3.15E-08 VT_HSV2_Treg 

Sdcbp2 2.88E-12 0.574611919 0.371 0.179 4.15E-08 VT_HSV2_Treg 

Gna15 4.14E-12 0.548030737 0.314 0.142 5.96E-08 VT_HSV2_Treg 

Igtp 4.30E-12 0.658669394 0.572 0.387 6.20E-08 VT_HSV2_Treg 

Krtcap2 4.70E-12 0.545022185 0.686 0.56 6.78E-08 VT_HSV2_Treg 

Tmem234 5.41E-12 0.542801316 0.625 0.479 7.79E-08 VT_HSV2_Treg 

Gm9843 9.19E-12 -0.539397717 0.705 0.809 1.32E-07 VT_HSV2_Treg 

Inpp4b 9.29E-12 -0.573319551 0.364 0.573 1.34E-07 VT_HSV2_Treg 

Slfn2 1.13E-11 0.538438219 0.617 0.48 1.63E-07 VT_HSV2_Treg 

mt-Nd5 1.18E-11 -0.516914047 0.617 0.769 1.71E-07 VT_HSV2_Treg 

Grap 3.52E-11 0.633980874 0.534 0.371 5.07E-07 VT_HSV2_Treg 

Rilpl2 3.94E-11 0.747537405 0.515 0.382 5.68E-07 VT_HSV2_Treg 

Dnajc15 4.99E-11 0.695010599 0.424 0.247 7.19E-07 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Rel 6.93E-11 -0.662333594 0.337 0.51 9.99E-07 VT_HSV2_Treg 

Nr4a2 8.69E-11 -0.893899109 0.174 0.357 1.25E-06 VT_HSV2_Treg 

Nfkbia 1.27E-10 0.587271055 0.841 0.829 1.83E-06 VT_HSV2_Treg 

Ddit4 1.43E-10 0.677152784 0.409 0.254 2.06E-06 VT_HSV2_Treg 

Plp2 1.47E-10 0.607577971 0.485 0.339 2.12E-06 VT_HSV2_Treg 

Dnajb1 1.57E-10 -0.68021254 0.447 0.602 2.26E-06 VT_HSV2_Treg 

Il21r 1.99E-10 -0.711424164 0.352 0.486 2.87E-06 VT_HSV2_Treg 

Rgs10 2.18E-10 -0.572449046 0.58 0.741 3.14E-06 VT_HSV2_Treg 

Icos 2.59E-10 0.525443955 0.686 0.589 3.74E-06 VT_HSV2_Treg 

Dctpp1 3.59E-10 0.541071557 0.28 0.123 5.18E-06 VT_HSV2_Treg 

mt-Nd3 3.88E-10 -0.513001748 0.614 0.752 5.59E-06 VT_HSV2_Treg 

Batf 4.40E-10 0.627999009 0.538 0.351 6.34E-06 VT_HSV2_Treg 

Tmem64 4.66E-10 -0.625358715 0.223 0.404 6.72E-06 VT_HSV2_Treg 

Tnfrsf9 5.83E-10 0.821842837 0.61 0.462 8.39E-06 VT_HSV2_Treg 

Evl 1.00E-09 -0.56119851 0.129 0.299 1.44E-05 VT_HSV2_Treg 

Gpr132 1.01E-09 -0.62014694 0.371 0.52 1.45E-05 VT_HSV2_Treg 

Pigx 1.08E-09 0.564867448 0.473 0.293 1.56E-05 VT_HSV2_Treg 

Dusp1 1.13E-09 -0.68024868 0.587 0.762 1.63E-05 VT_HSV2_Treg 

Gpr183 1.43E-09 0.67346948 0.322 0.178 2.06E-05 VT_HSV2_Treg 

Psmb9 1.48E-09 0.504206806 0.595 0.501 2.13E-05 VT_HSV2_Treg 

Ctsb 1.85E-09 0.585863554 0.572 0.458 2.66E-05 VT_HSV2_Treg 

Hmgb2 1.92E-09 0.705242404 0.712 0.56 2.77E-05 VT_HSV2_Treg 

1810058I24Rik 2.04E-09 0.538821085 0.473 0.301 2.93E-05 VT_HSV2_Treg 

Cd48 2.42E-09 0.516127515 0.545 0.409 3.48E-05 VT_HSV2_Treg 

Tox 2.48E-09 -0.53968879 0.201 0.372 3.58E-05 VT_HSV2_Treg 

Id2 4.29E-09 0.565464962 0.383 0.21 6.18E-05 VT_HSV2_Treg 

Dgat1 4.94E-09 0.584498539 0.447 0.292 7.12E-05 VT_HSV2_Treg 

Ptp4a1 7.73E-09 -0.530474056 0.212 0.367 0.00011131 VT_HSV2_Treg 

Pim3 8.85E-09 -0.576519597 0.17 0.325 0.00012741 VT_HSV2_Treg 

Ostf1 9.67E-09 0.549860516 0.508 0.359 0.00013936 VT_HSV2_Treg 

Tnfrsf4 1.10E-08 0.645138254 0.811 0.821 0.00015913 VT_HSV2_Treg 

Gm5424 1.29E-08 0.537019613 0.428 0.295 0.00018513 VT_HSV2_Treg 

Calm2 1.74E-08 -0.510170322 0.67 0.793 0.0002502 VT_HSV2_Treg 

Tcp11l2 2.54E-08 -0.602578529 0.223 0.381 0.00036613 VT_HSV2_Treg 

Rgcc 3.06E-08 -0.758260227 0.227 0.392 0.00044007 VT_HSV2_Treg 

Ndufb9 3.52E-08 0.512564832 0.606 0.444 0.00050686 VT_HSV2_Treg 

Fam110a 1.20E-07 0.591071915 0.394 0.235 0.00172897 VT_HSV2_Treg 

Mrpl57 1.29E-07 0.562206715 0.333 0.21 0.00185154 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Hist1h2ap 1.30E-07 -0.835554 0.152 0.267 0.00186986 VT_HSV2_Treg 

Foxp1 4.12E-07 -0.521482138 0.292 0.433 0.0059301 VT_HSV2_Treg 

Crem 7.38E-07 -0.73721665 0.564 0.647 0.01062386 VT_HSV2_Treg 

Tsc22d3 1.73E-06 -0.532094843 0.47 0.621 0.02487433 VT_HSV2_Treg 

Dut 2.04E-06 0.753445102 0.299 0.22 0.02932747 VT_HSV2_Treg 

Ctsz 2.09E-06 0.511250626 0.345 0.224 0.03009681 VT_HSV2_Treg 

Pja1 2.21E-06 -0.525704729 0.159 0.29 0.03177574 VT_HSV2_Treg 

Spty2d1 3.69E-06 -0.64076766 0.231 0.341 0.05309321 VT_HSV2_Treg 

Chd2 4.55E-06 -0.529456601 0.303 0.393 0.06548286 VT_HSV2_Treg 

Nrp1 4.99E-06 -0.526853506 0.163 0.289 0.07183938 VT_HSV2_Treg 

Zfp36 5.58E-06 0.678311056 0.64 0.608 0.08041373 VT_HSV2_Treg 

Klf2 6.56E-06 -0.534640356 0.379 0.507 0.09448395 VT_HSV2_Treg 

Neurl3 2.03E-05 -0.513102256 0.227 0.354 0.29170901 VT_HSV2_Treg 

Areg 3.03E-05 0.828945086 0.254 0.26 0.43599407 VT_HSV2_Treg 

Cstb 6.39E-05 -0.745442875 0.383 0.407 0.920601 VT_HSV2_Treg 

Mif 6.66E-05 0.559550752 0.754 0.707 0.95912067 VT_HSV2_Treg 

Sap18 0.00016371 -0.652819582 0.708 0.788 1 VT_HSV2_Treg 

Cebpb 0.00050459 -0.510269836 0.33 0.415 1 VT_HSV2_Treg 

Cdk11b 0.00054474 -0.548095872 0.273 0.365 1 VT_HSV2_Treg 

mt-Co2 1.65E-205 0.620712077 1 0.992 2.38E-201 LN_uninfected_Treg 

Ly6a 1.91E-200 -2.152693307 0.217 0.685 2.76E-196 LN_uninfected_Treg 

mt-Atp8 5.02E-197 0.642715961 0.998 0.986 7.24E-193 LN_uninfected_Treg 

Rsrp1 1.52E-189 1.357650403 0.804 0.49 2.19E-185 LN_uninfected_Treg 

mt-Cytb 3.06E-151 0.680211134 0.998 0.978 4.40E-147 LN_uninfected_Treg 

Gimap7 5.36E-128 -1.219060352 0.165 0.539 7.72E-124 LN_uninfected_Treg 

mt-Co3 3.40E-114 0.556154743 0.994 0.983 4.90E-110 LN_uninfected_Treg 

Gimap4 2.25E-112 -1.048111974 0.331 0.667 3.24E-108 LN_uninfected_Treg 

Ly6e 1.70E-101 -0.609428039 0.969 0.981 2.45E-97 LN_uninfected_Treg 

Gimap6 1.61E-99 -0.635103696 0.643 0.896 2.33E-95 LN_uninfected_Treg 

mt-Nd4l 7.51E-96 0.575288339 0.993 0.959 1.08E-91 LN_uninfected_Treg 

Nr4a3 5.39E-92 1.104429263 0.621 0.338 7.76E-88 LN_uninfected_Treg 

Ifngr1 1.12E-90 -0.796695754 0.69 0.85 1.61E-86 LN_uninfected_Treg 

Gimap3 1.36E-86 -0.673111532 0.657 0.857 1.96E-82 LN_uninfected_Treg 

H3f3b 7.63E-85 0.536370632 0.997 0.975 1.10E-80 LN_uninfected_Treg 

Samhd1 7.66E-85 -0.778870359 0.658 0.847 1.10E-80 LN_uninfected_Treg 

Dnaja1 3.70E-82 0.794674281 0.927 0.815 5.33E-78 LN_uninfected_Treg 

Ifi47 5.10E-78 -0.992485389 0.244 0.543 7.34E-74 LN_uninfected_Treg 

Il7r 1.98E-77 -0.912614111 0.351 0.624 2.85E-73 LN_uninfected_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Nr4a2 1.34E-76 1.118446024 0.462 0.207 1.94E-72 LN_uninfected_Treg 

Gbp2 1.00E-73 -1.22345126 0.131 0.385 1.44E-69 LN_uninfected_Treg 

Igtp 9.26E-73 -0.894835903 0.265 0.557 1.33E-68 LN_uninfected_Treg 

Rel 1.66E-72 0.994970382 0.586 0.396 2.39E-68 LN_uninfected_Treg 

mt-Nd2 2.71E-72 0.600361948 0.951 0.88 3.90E-68 LN_uninfected_Treg 

Rgcc 2.56E-70 0.995001075 0.498 0.244 3.69E-66 LN_uninfected_Treg 

Junb 1.04E-66 0.581631392 0.987 0.929 1.50E-62 LN_uninfected_Treg 

Selplg 1.95E-66 -0.729876098 0.578 0.799 2.81E-62 LN_uninfected_Treg 

mt-Nd4 6.56E-66 0.60186603 0.876 0.758 9.44E-62 LN_uninfected_Treg 

mt-Nd1 9.42E-66 0.510057541 0.932 0.857 1.36E-61 LN_uninfected_Treg 

mt-Nd3 3.43E-65 0.647027739 0.805 0.669 4.95E-61 LN_uninfected_Treg 

Ms4a6b 2.90E-63 -0.682468594 0.591 0.793 4.17E-59 LN_uninfected_Treg 

Rheb 5.03E-62 0.759192561 0.574 0.4 7.24E-58 LN_uninfected_Treg 

Clk1 1.18E-61 0.715714754 0.646 0.452 1.70E-57 LN_uninfected_Treg 

H2afz 3.52E-61 0.606458141 0.953 0.911 5.07E-57 LN_uninfected_Treg 

Ly6c1 7.74E-59 -1.193043554 0.112 0.307 1.11E-54 LN_uninfected_Treg 

Rtp4 8.96E-59 -0.656094769 0.091 0.314 1.29E-54 LN_uninfected_Treg 

Spty2d1 3.84E-58 0.922401074 0.428 0.224 5.53E-54 LN_uninfected_Treg 

Gimap5 1.38E-56 -0.753004837 0.254 0.52 1.99E-52 LN_uninfected_Treg 

Zfp36l1 1.71E-55 0.690819046 0.814 0.654 2.47E-51 LN_uninfected_Treg 

Acp5 7.60E-55 -0.698610146 0.196 0.443 1.09E-50 LN_uninfected_Treg 

Cd83 1.88E-53 1.091800656 0.382 0.182 2.71E-49 LN_uninfected_Treg 

Crem 4.67E-53 0.89926201 0.714 0.557 6.72E-49 LN_uninfected_Treg 

Amd1 1.04E-52 0.708791159 0.551 0.38 1.50E-48 LN_uninfected_Treg 

Gpr18 1.31E-52 -0.63001937 0.101 0.318 1.89E-48 LN_uninfected_Treg 

mt-Nd5 6.28E-52 0.538249013 0.805 0.704 9.05E-48 LN_uninfected_Treg 

Tgif1 1.30E-50 0.699780334 0.697 0.518 1.87E-46 LN_uninfected_Treg 

Fth1 2.74E-50 0.590773977 0.994 0.983 3.95E-46 LN_uninfected_Treg 

Npc2 2.06E-49 -0.58229288 0.717 0.844 2.96E-45 LN_uninfected_Treg 

Ecm1 2.67E-49 -0.979858686 0.288 0.496 3.84E-45 LN_uninfected_Treg 

Cd74 1.26E-46 0.61239536 0.404 0.231 1.82E-42 LN_uninfected_Treg 

Gpr183 2.28E-46 -0.592490273 0.093 0.298 3.29E-42 LN_uninfected_Treg 

Ms4a4b 1.32E-45 -0.644491928 0.634 0.794 1.91E-41 LN_uninfected_Treg 

H2-T22 2.37E-45 -0.527406343 0.632 0.795 3.41E-41 LN_uninfected_Treg 

Irf7 1.76E-44 -0.627500282 0.211 0.43 2.53E-40 LN_uninfected_Treg 

Sap18 6.26E-44 0.796507227 0.814 0.745 9.02E-40 LN_uninfected_Treg 

Satb1 1.48E-43 -0.582057706 0.243 0.481 2.13E-39 LN_uninfected_Treg 

Pim3 3.48E-43 0.732862941 0.39 0.227 5.02E-39 LN_uninfected_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Zbp1 1.95E-42 -0.630106895 0.198 0.415 2.80E-38 LN_uninfected_Treg 

Ninj1 5.12E-42 0.647804923 0.363 0.215 7.38E-38 LN_uninfected_Treg 

Dynll1 1.20E-41 0.504658034 0.797 0.685 1.72E-37 LN_uninfected_Treg 

Slc25a3 2.06E-41 0.521235581 0.911 0.876 2.96E-37 LN_uninfected_Treg 

Serinc3 2.43E-40 -0.596307345 0.481 0.674 3.49E-36 LN_uninfected_Treg 

Nrp1 5.98E-40 0.649939829 0.361 0.187 8.61E-36 LN_uninfected_Treg 

Gbp7 7.79E-40 -0.505643966 0.148 0.358 1.12E-35 LN_uninfected_Treg 

Itgb1 4.04E-39 0.660265261 0.373 0.226 5.82E-35 LN_uninfected_Treg 

Klf4 8.68E-39 0.783262159 0.291 0.123 1.25E-34 LN_uninfected_Treg 

Ifrd1 3.78E-38 0.654061864 0.745 0.626 5.44E-34 LN_uninfected_Treg 

Nr4a1 5.15E-38 0.545415599 0.65 0.468 7.41E-34 LN_uninfected_Treg 

Rgs10 1.40E-37 0.551465278 0.772 0.68 2.01E-33 LN_uninfected_Treg 

Tgfb1 2.43E-36 0.523271721 0.588 0.468 3.49E-32 LN_uninfected_Treg 

Gmfg 3.70E-36 -0.635028234 0.451 0.663 5.33E-32 LN_uninfected_Treg 

Apobec3 1.33E-34 -0.547021099 0.277 0.496 1.91E-30 LN_uninfected_Treg 

Hopx 1.86E-34 0.700844968 0.619 0.539 2.68E-30 LN_uninfected_Treg 

Mxd4 4.10E-34 0.555643609 0.4 0.276 5.91E-30 LN_uninfected_Treg 

Slfn2 4.08E-33 -0.579221093 0.397 0.596 5.87E-29 LN_uninfected_Treg 

Tob2 8.28E-33 0.598862722 0.437 0.292 1.19E-28 LN_uninfected_Treg 

Eprs 9.67E-33 0.767449263 0.438 0.314 1.39E-28 LN_uninfected_Treg 

Ahnak 1.49E-32 0.508999881 0.386 0.229 2.14E-28 LN_uninfected_Treg 

Mrps6 2.40E-32 0.557793184 0.444 0.362 3.46E-28 LN_uninfected_Treg 

Mxd1 2.47E-32 -0.558128091 0.302 0.489 3.56E-28 LN_uninfected_Treg 

Phlda1 1.76E-31 0.589950017 0.43 0.274 2.54E-27 LN_uninfected_Treg 

Tox 1.93E-31 0.552613561 0.427 0.282 2.78E-27 LN_uninfected_Treg 

Ikzf2 3.49E-31 0.532228889 0.675 0.589 5.03E-27 LN_uninfected_Treg 

Smarca5 1.13E-30 0.507522657 0.459 0.355 1.62E-26 LN_uninfected_Treg 

Jun 1.24E-30 -0.652611766 0.294 0.466 1.79E-26 LN_uninfected_Treg 

Skil 2.00E-30 0.540069709 0.367 0.21 2.88E-26 LN_uninfected_Treg 

Ccs 3.07E-30 -0.527317839 0.282 0.467 4.42E-26 LN_uninfected_Treg 

Cstb 6.75E-30 0.951330491 0.452 0.352 9.72E-26 LN_uninfected_Treg 

Txnip 6.85E-30 -0.612534563 0.23 0.388 9.87E-26 LN_uninfected_Treg 

Tbc1d4 1.10E-29 0.610134079 0.295 0.151 1.59E-25 LN_uninfected_Treg 

Ythdc1 1.30E-29 0.519265712 0.528 0.42 1.87E-25 LN_uninfected_Treg 

Lrig1 2.21E-28 0.524180313 0.374 0.218 3.19E-24 LN_uninfected_Treg 

Odc1 1.07E-27 0.512443383 0.597 0.46 1.54E-23 LN_uninfected_Treg 

Isg20 3.15E-26 -0.525643064 0.17 0.345 4.53E-22 LN_uninfected_Treg 

Rora 3.82E-26 0.530745147 0.395 0.285 5.50E-22 LN_uninfected_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Dusp1 1.01E-23 0.57441941 0.791 0.701 1.45E-19 LN_uninfected_Treg 

Bcl2a1b 2.65E-23 0.591383961 0.466 0.379 3.82E-19 LN_uninfected_Treg 

Cdk11b 5.26E-21 0.618767068 0.409 0.299 7.58E-17 LN_uninfected_Treg 

Bcl2a1d 8.83E-20 0.535563694 0.254 0.174 1.27E-15 LN_uninfected_Treg 

Cwc25 3.08E-18 0.536720892 0.304 0.2 4.43E-14 LN_uninfected_Treg 

Hist1h2ap 6.17E-16 0.521466757 0.288 0.224 8.89E-12 LN_uninfected_Treg 

Hilpda 4.68E-14 -0.538254146 0.177 0.286 6.74E-10 LN_uninfected_Treg 

S100a6 8.05E-06 -0.768245724 0.272 0.336 0.11593066 LN_uninfected_Treg 

mt-Co2 1.31E-155 -0.578312713 0.994 0.998 1.89E-151 LN_HSV2_Treg 

Rsrp1 9.42E-132 -1.208653113 0.503 0.758 1.36E-127 LN_HSV2_Treg 

Ly6a 6.57E-100 1.035824334 0.665 0.287 9.47E-96 LN_HSV2_Treg 

mt-Cytb 1.17E-89 -0.574304925 0.983 0.992 1.68E-85 LN_HSV2_Treg 

Gimap6 3.35E-84 0.584621699 0.909 0.666 4.83E-80 LN_HSV2_Treg 

Gimap3 2.95E-77 0.653596594 0.87 0.672 4.25E-73 LN_HSV2_Treg 

H3f3b 1.01E-74 -0.515294252 0.979 0.992 1.45E-70 LN_HSV2_Treg 

Ifngr1 1.14E-73 0.757481841 0.862 0.702 1.64E-69 LN_HSV2_Treg 

Samhd1 5.92E-69 0.718719141 0.861 0.672 8.53E-65 LN_HSV2_Treg 

Gimap7 8.56E-69 0.802883301 0.525 0.219 1.23E-64 LN_HSV2_Treg 

Nr4a3 1.42E-64 -0.981361753 0.343 0.584 2.05E-60 LN_HSV2_Treg 

Ly6c1 3.51E-62 1.18346905 0.332 0.119 5.06E-58 LN_HSV2_Treg 

Il7r 9.81E-62 0.771463654 0.641 0.373 1.41E-57 LN_HSV2_Treg 

Gimap4 3.95E-60 0.724250926 0.66 0.376 5.69E-56 LN_HSV2_Treg 

Gbp2 1.46E-54 1.093546028 0.386 0.161 2.11E-50 LN_HSV2_Treg 

Gm9843 2.24E-54 0.502045821 0.891 0.744 3.22E-50 LN_HSV2_Treg 

Nr4a2 6.28E-54 -0.988245617 0.213 0.427 9.04E-50 LN_HSV2_Treg 

Rgcc 3.30E-51 -0.881527264 0.247 0.465 4.75E-47 LN_HSV2_Treg 

Rel 1.64E-50 -0.903492122 0.407 0.556 2.36E-46 LN_HSV2_Treg 

Rheb 6.97E-50 -0.70692743 0.397 0.555 1.00E-45 LN_HSV2_Treg 

Dnaja1 7.55E-50 -0.676714345 0.832 0.903 1.09E-45 LN_HSV2_Treg 

Gm9493 1.69E-49 0.54524028 0.859 0.71 2.44E-45 LN_HSV2_Treg 

Gpr18 1.93E-47 0.617328143 0.332 0.119 2.78E-43 LN_HSV2_Treg 

Capg 9.54E-47 -0.61399301 0.477 0.623 1.37E-42 LN_HSV2_Treg 

Ifi47 2.02E-46 0.786422247 0.535 0.286 2.91E-42 LN_HSV2_Treg 

Igtp 5.66E-46 0.673916499 0.554 0.302 8.16E-42 LN_HSV2_Treg 

Clk1 8.53E-46 -0.65626018 0.457 0.62 1.23E-41 LN_HSV2_Treg 

BC021614 9.29E-46 -0.585461076 0.212 0.374 1.34E-41 LN_HSV2_Treg 

Ahnak 1.11E-44 -0.683263277 0.2 0.386 1.60E-40 LN_HSV2_Treg 

Spty2d1 4.02E-44 -0.828302444 0.223 0.404 5.79E-40 LN_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

mt-Nd3 4.82E-44 -0.55716579 0.679 0.782 6.94E-40 LN_HSV2_Treg 

Satb1 4.30E-43 0.584105042 0.501 0.258 6.20E-39 LN_HSV2_Treg 

Fth1 6.35E-43 -0.558025997 0.989 0.989 9.15E-39 LN_HSV2_Treg 

Ecm1 2.27E-42 0.879867602 0.511 0.303 3.27E-38 LN_HSV2_Treg 

H2afz 5.34E-42 -0.538457071 0.917 0.944 7.70E-38 LN_HSV2_Treg 

mt-Nd4 1.02E-41 -0.507830623 0.769 0.855 1.47E-37 LN_HSV2_Treg 

Ms4a6b 2.94E-41 0.559798298 0.792 0.616 4.23E-37 LN_HSV2_Treg 

Tgif1 7.75E-41 -0.647751932 0.516 0.676 1.12E-36 LN_HSV2_Treg 

Crem 2.75E-38 -0.781113837 0.556 0.696 3.96E-34 LN_HSV2_Treg 

Acp5 4.23E-38 0.603846896 0.443 0.225 6.09E-34 LN_HSV2_Treg 

Zfp36l1 1.26E-37 -0.618922456 0.668 0.786 1.82E-33 LN_HSV2_Treg 

Jun 2.65E-37 0.708216666 0.493 0.297 3.82E-33 LN_HSV2_Treg 

Irf7 3.74E-37 0.573801165 0.441 0.23 5.39E-33 LN_HSV2_Treg 

Dynll1 4.00E-37 -0.506076931 0.683 0.785 5.76E-33 LN_HSV2_Treg 

Flna 2.49E-36 -0.518758874 0.219 0.356 3.58E-32 LN_HSV2_Treg 

S100a11 4.41E-36 -0.588379638 0.364 0.516 6.35E-32 LN_HSV2_Treg 

Phlda1 1.15E-35 -0.640919551 0.254 0.424 1.66E-31 LN_HSV2_Treg 

Selplg 1.02E-34 0.52122624 0.799 0.605 1.46E-30 LN_HSV2_Treg 

Cd83 2.03E-33 -0.939835599 0.195 0.349 2.93E-29 LN_HSV2_Treg 

Sap18 3.62E-33 -0.687588763 0.752 0.801 5.21E-29 LN_HSV2_Treg 

Ms4a4b 3.88E-33 0.528270536 0.811 0.642 5.60E-29 LN_HSV2_Treg 

Nr4a1 6.70E-33 -0.578829546 0.465 0.63 9.65E-29 LN_HSV2_Treg 

Il2rb 1.47E-32 0.534941529 0.742 0.593 2.11E-28 LN_HSV2_Treg 

Tgfb1 1.68E-32 -0.53420403 0.463 0.577 2.41E-28 LN_HSV2_Treg 

Txnip 1.49E-31 0.675043736 0.4 0.241 2.14E-27 LN_HSV2_Treg 

Itgb1 4.67E-31 -0.605114955 0.222 0.358 6.73E-27 LN_HSV2_Treg 

Odc1 9.27E-31 -0.573753889 0.444 0.591 1.34E-26 LN_HSV2_Treg 

Gimap5 1.75E-30 0.533229926 0.508 0.293 2.53E-26 LN_HSV2_Treg 

Ninj1 2.37E-30 -0.570993168 0.22 0.343 3.41E-26 LN_HSV2_Treg 

Socs3 3.27E-29 0.524036643 0.477 0.288 4.70E-25 LN_HSV2_Treg 

Serinc3 3.85E-29 0.520052555 0.679 0.501 5.55E-25 LN_HSV2_Treg 

Amd1 5.18E-29 -0.547780647 0.411 0.51 7.46E-25 LN_HSV2_Treg 

Ikzf2 1.10E-28 -0.525928272 0.585 0.667 1.59E-24 LN_HSV2_Treg 

Pim3 1.91E-28 -0.635602031 0.238 0.363 2.75E-24 LN_HSV2_Treg 

Nrp1 2.71E-28 -0.557088299 0.191 0.337 3.91E-24 LN_HSV2_Treg 

Cd74 6.07E-28 -0.670777678 0.247 0.373 8.74E-24 LN_HSV2_Treg 

Klf2 6.15E-27 0.554062676 0.605 0.429 8.86E-23 LN_HSV2_Treg 

Crip1 1.28E-26 -0.541010827 0.718 0.765 1.85E-22 LN_HSV2_Treg 
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Ccs 2.13E-26 0.503979066 0.471 0.302 3.07E-22 LN_HSV2_Treg 

Gem 2.02E-25 -0.569751388 0.191 0.326 2.90E-21 LN_HSV2_Treg 

Bcl2a1b 2.93E-25 -0.639332288 0.364 0.465 4.22E-21 LN_HSV2_Treg 

Hopx 5.84E-25 -0.632402657 0.542 0.608 8.41E-21 LN_HSV2_Treg 

Mxd1 1.29E-24 0.500262318 0.493 0.322 1.87E-20 LN_HSV2_Treg 

Mrps6 1.54E-24 -0.511171993 0.364 0.433 2.22E-20 LN_HSV2_Treg 

Klf4 4.20E-24 -0.617637518 0.132 0.266 6.05E-20 LN_HSV2_Treg 

Rora 3.60E-23 -0.521511372 0.276 0.387 5.18E-19 LN_HSV2_Treg 

Cstb 3.94E-22 -0.8363459 0.346 0.443 5.67E-18 LN_HSV2_Treg 

Tob2 1.80E-21 -0.515371498 0.302 0.413 2.60E-17 LN_HSV2_Treg 

S100a4 2.11E-21 -0.608927899 0.153 0.25 3.04E-17 LN_HSV2_Treg 

Sertad1 1.17E-20 -0.503233572 0.362 0.485 1.69E-16 LN_HSV2_Treg 

Ifrd1 1.57E-20 -0.524143309 0.641 0.721 2.26E-16 LN_HSV2_Treg 

Areg 2.83E-20 -0.597528511 0.185 0.308 4.08E-16 LN_HSV2_Treg 

Eprs 2.60E-18 -0.613058104 0.335 0.41 3.75E-14 LN_HSV2_Treg 

Cdk11b 3.51E-14 -0.518529328 0.304 0.393 5.05E-10 LN_HSV2_Treg 



APPENDIX C 

Table C.1. Differentially expressed genes in vaginal Tregs compared to vaginal CD4 Tconv. 

 

List of DEG in vaginal Treg and CD4 Tconv populations in HSV-2-infected and uninfected 

mice. DEG were determined by log2FC >.5 and FDR <.01. 

 

gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Eef2 1.10E-299 1.172481975 0.986 0.905 1.58E-295 VT_HSV2_CD4 

mt-Atp6 3.73E-163 -0.97803199 0.993 0.984 5.37E-159 VT_HSV2_CD4 

Gnai2 7.24E-120 -0.724846453 0.813 0.804 1.04E-115 VT_HSV2_CD4 

Gnb1 1.12E-109 -0.849222231 0.411 0.519 1.62E-105 VT_HSV2_CD4 

Ikzf2 2.88E-103 -1.329575845 0.152 0.341 4.15E-99 VT_HSV2_CD4 

Aes 2.07E-97 -0.688257545 0.712 0.723 2.98E-93 VT_HSV2_CD4 

Pabpc1 1.56E-93 0.694705452 0.976 0.859 2.24E-89 VT_HSV2_CD4 

Rps27rt 1.88E-83 -0.994471101 0.558 0.663 2.71E-79 VT_HSV2_CD4 

Grb2 3.29E-72 -0.691513751 0.394 0.473 4.73E-68 VT_HSV2_CD4 

Hspa8 9.04E-71 0.594123961 0.991 0.96 1.30E-66 VT_HSV2_CD4 

Capg 1.31E-69 -0.954301906 0.483 0.471 1.89E-65 VT_HSV2_CD4 

Ppp2ca 4.41E-65 -0.600863354 0.448 0.489 6.35E-61 VT_HSV2_CD4 

Arl5a 6.35E-62 -0.65142278 0.141 0.253 9.15E-58 VT_HSV2_CD4 

Ifitm3 9.80E-61 2.562300315 0.616 0.121 1.41E-56 VT_HSV2_CD4 

Il2ra 2.83E-58 -0.885994743 0.271 0.329 4.08E-54 VT_HSV2_CD4 

Ifitm2 4.40E-57 2.693931308 0.588 0.097 6.34E-53 VT_HSV2_CD4 

Ube2s 6.04E-52 -0.730207224 0.547 0.616 8.70E-48 VT_HSV2_CD4 

Alyref 3.66E-50 -0.500883927 0.227 0.271 5.27E-46 VT_HSV2_CD4 

Laptm5 4.36E-50 0.79270558 0.965 0.848 6.29E-46 VT_HSV2_CD4 

Gramd3 8.11E-50 0.72519226 0.701 0.244 1.17E-45 VT_HSV2_CD4 

Tnfrsf9 4.40E-49 -1.051255197 0.375 0.339 6.34E-45 VT_HSV2_CD4 

Ass1 1.63E-48 -0.713278554 0.395 0.444 2.35E-44 VT_HSV2_CD4 

Taf10 1.66E-47 -0.502001697 0.406 0.43 2.40E-43 VT_HSV2_CD4 

Rps26-ps1 5.92E-47 -0.571936138 0.412 0.438 8.53E-43 VT_HSV2_CD4 

Ifitm1 1.07E-45 2.626230365 0.365 0.022 1.54E-41 VT_HSV2_CD4 

Ctla4 1.79E-45 -0.692148557 0.784 0.552 2.58E-41 VT_HSV2_CD4 

Gimap7 2.02E-42 -0.580340742 0.473 0.402 2.91E-38 VT_HSV2_CD4 

Gm5424 1.20E-41 -0.588890631 0.282 0.329 1.73E-37 VT_HSV2_CD4 

Ptma 2.14E-41 -0.506001133 0.987 0.992 3.08E-37 VT_HSV2_CD4 

Arid5a 2.77E-41 0.739108366 0.755 0.358 3.99E-37 VT_HSV2_CD4 

Gzmb 8.41E-41 -1.113011217 0.411 0.259 1.21E-36 VT_HSV2_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Malat1 2.46E-40 -0.965748233 0.988 0.945 3.55E-36 VT_HSV2_CD4 

Gpx1 1.29E-39 -0.667099616 0.691 0.651 1.86E-35 VT_HSV2_CD4 

Tnfrsf18 1.39E-37 -0.53376321 0.755 0.547 2.00E-33 VT_HSV2_CD4 

Zfp36l2 6.97E-36 0.695314201 0.854 0.545 1.00E-31 VT_HSV2_CD4 

Lax1 8.37E-36 0.716298957 0.5 0.111 1.21E-31 VT_HSV2_CD4 

Izumo1r 1.73E-35 -1.045268044 0.272 0.426 2.49E-31 VT_HSV2_CD4 

H2afz 3.90E-35 -0.523083783 0.893 0.836 5.62E-31 VT_HSV2_CD4 

Lck 8.38E-35 0.68213684 0.935 0.745 1.21E-30 VT_HSV2_CD4 

Plac8 1.52E-34 1.961601184 0.477 0.107 2.18E-30 VT_HSV2_CD4 

Ctsw 7.74E-33 1.153542199 0.646 0.206 1.12E-28 VT_HSV2_CD4 

Rnf19a 8.66E-33 0.561698615 0.461 0.123 1.25E-28 VT_HSV2_CD4 

Slfn2 3.50E-32 0.812650543 0.913 0.616 5.05E-28 VT_HSV2_CD4 

Ncor1 3.53E-32 -0.509745868 0.57 0.527 5.09E-28 VT_HSV2_CD4 

Bhlhe40 7.23E-32 1.591402268 0.731 0.271 1.04E-27 VT_HSV2_CD4 

Gramd1a 2.28E-31 0.587188274 0.592 0.194 3.29E-27 VT_HSV2_CD4 

Cnbp 4.79E-31 -0.514648857 0.938 0.899 6.90E-27 VT_HSV2_CD4 

Rasal3 4.89E-31 0.58365233 0.628 0.214 7.05E-27 VT_HSV2_CD4 

Frmd8 6.57E-31 0.633808321 0.592 0.172 9.47E-27 VT_HSV2_CD4 

Sema4a 8.28E-30 0.542013347 0.357 0.05 1.19E-25 VT_HSV2_CD4 

AA467197 9.76E-30 0.75381059 0.313 0.022 1.41E-25 VT_HSV2_CD4 

Lilr4b 2.96E-29 0.619202319 0.31 0.044 4.26E-25 VT_HSV2_CD4 

Dusp2 7.31E-29 1.353681018 0.742 0.41 1.05E-24 VT_HSV2_CD4 

Cxcr6 1.78E-28 1.088873715 0.614 0.18 2.57E-24 VT_HSV2_CD4 

Klrc1 1.83E-27 0.670734675 0.259 0.018 2.64E-23 VT_HSV2_CD4 

Arhgef1 4.89E-27 0.530052123 0.803 0.418 7.05E-23 VT_HSV2_CD4 

B4galnt1 8.06E-27 0.893024075 0.783 0.345 1.16E-22 VT_HSV2_CD4 

Serpinb9 3.51E-26 1.130295976 0.442 0.091 5.05E-22 VT_HSV2_CD4 

Ppp3cc 5.68E-26 0.525641295 0.457 0.111 8.19E-22 VT_HSV2_CD4 

Tspan13 3.79E-24 -0.545168697 0.462 0.455 5.46E-20 VT_HSV2_CD4 

Rassf5 4.51E-24 0.539355138 0.576 0.186 6.49E-20 VT_HSV2_CD4 

Emp1 9.12E-24 0.543667078 0.289 0.042 1.31E-19 VT_HSV2_CD4 

Gapdh 1.14E-23 0.945023625 0.984 0.915 1.64E-19 VT_HSV2_CD4 

Amd1 1.29E-23 -0.521225757 0.265 0.299 1.85E-19 VT_HSV2_CD4 

Ikzf3 5.94E-23 -0.546742264 0.247 0.283 8.56E-19 VT_HSV2_CD4 

Fam102a 1.16E-22 0.528416793 0.517 0.182 1.68E-18 VT_HSV2_CD4 

Slfn1 2.16E-22 0.580622267 0.597 0.261 3.11E-18 VT_HSV2_CD4 

Klhl6 4.26E-22 0.523539831 0.444 0.16 6.14E-18 VT_HSV2_CD4 

Ube2v1 5.13E-22 0.617558269 0.494 0.121 7.39E-18 VT_HSV2_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Il12rb2 6.45E-22 0.6110811 0.351 0.053 9.28E-18 VT_HSV2_CD4 

Tnfrsf4 7.35E-22 -0.518599732 0.737 0.525 1.06E-17 VT_HSV2_CD4 

mt-Nd2 1.85E-21 -0.576488779 0.906 0.855 2.67E-17 VT_HSV2_CD4 

Smc4 3.14E-21 -0.564109771 0.403 0.412 4.52E-17 VT_HSV2_CD4 

Ier5 5.15E-21 0.534897112 0.722 0.36 7.42E-17 VT_HSV2_CD4 

Nkg7 6.46E-21 1.12013734 0.663 0.242 9.30E-17 VT_HSV2_CD4 

Pdcd1 1.08E-20 1.088737057 0.525 0.16 1.55E-16 VT_HSV2_CD4 

Lrp10 6.56E-20 0.634252281 0.684 0.261 9.45E-16 VT_HSV2_CD4 

Litaf 7.89E-20 1.005116304 0.563 0.18 1.14E-15 VT_HSV2_CD4 

Tap2 4.95E-19 0.628016999 0.726 0.319 7.14E-15 VT_HSV2_CD4 

Efhd2 5.01E-19 0.838105993 0.625 0.198 7.21E-15 VT_HSV2_CD4 

Anxa1 2.49E-18 0.539356734 0.304 0.053 3.59E-14 VT_HSV2_CD4 

Rgs2 1.12E-17 -0.65876554 0.296 0.343 1.62E-13 VT_HSV2_CD4 

Itgb1 1.51E-17 1.001855691 0.644 0.259 2.17E-13 VT_HSV2_CD4 

Gpi1 1.79E-17 0.692377106 0.917 0.693 2.58E-13 VT_HSV2_CD4 

Tap1 2.53E-17 0.583265898 0.721 0.345 3.64E-13 VT_HSV2_CD4 

Itgal 9.23E-17 0.65675474 0.595 0.196 1.33E-12 VT_HSV2_CD4 

Bcl2a1d 1.05E-16 1.004154198 0.674 0.234 1.51E-12 VT_HSV2_CD4 

Zc3h12a 1.28E-16 0.664824246 0.548 0.202 1.84E-12 VT_HSV2_CD4 

Zap70 1.70E-16 0.87749868 0.782 0.356 2.45E-12 VT_HSV2_CD4 

Psap 1.77E-16 0.511857572 0.715 0.345 2.55E-12 VT_HSV2_CD4 

Wipf1 7.05E-16 0.59360776 0.627 0.244 1.02E-11 VT_HSV2_CD4 

Ppp1r15a 8.23E-16 -0.632580879 0.724 0.707 1.19E-11 VT_HSV2_CD4 

Arhgap31 9.11E-16 -0.527122285 0.349 0.404 1.31E-11 VT_HSV2_CD4 

Selplg 1.08E-15 0.718346983 0.913 0.703 1.56E-11 VT_HSV2_CD4 

Ehd1 2.47E-15 0.739642605 0.523 0.156 3.55E-11 VT_HSV2_CD4 

Lgals3 3.70E-15 1.134601918 0.539 0.196 5.33E-11 VT_HSV2_CD4 

Grina 2.70E-14 0.518671885 0.575 0.228 3.89E-10 VT_HSV2_CD4 

Gdi2 2.85E-14 0.829329153 0.844 0.509 4.11E-10 VT_HSV2_CD4 

Nptn 3.78E-14 0.622434799 0.571 0.208 5.44E-10 VT_HSV2_CD4 

Nfatc1 4.19E-14 0.521554128 0.499 0.174 6.03E-10 VT_HSV2_CD4 

Itgb2 5.02E-14 0.735109043 0.757 0.345 7.23E-10 VT_HSV2_CD4 

Surf4 8.44E-14 0.525820738 0.571 0.198 1.22E-09 VT_HSV2_CD4 

Rps6ka1 1.01E-13 0.548138951 0.493 0.154 1.46E-09 VT_HSV2_CD4 

Mapkapk3 1.59E-13 0.693319869 0.532 0.186 2.30E-09 VT_HSV2_CD4 

Coro1a 3.55E-13 0.534923735 0.985 0.927 5.11E-09 VT_HSV2_CD4 

Serpinb6b 7.00E-13 0.846881607 0.466 0.145 1.01E-08 VT_HSV2_CD4 

Sh2d2a 7.75E-13 0.892504592 0.811 0.485 1.12E-08 VT_HSV2_CD4 
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Gna15 1.87E-12 0.5491263 0.533 0.204 2.69E-08 VT_HSV2_CD4 

Furin 2.70E-12 0.542607505 0.354 0.099 3.89E-08 VT_HSV2_CD4 

Def6 4.94E-12 0.56042362 0.641 0.275 7.11E-08 VT_HSV2_CD4 

Pstpip1 6.56E-12 0.598346496 0.678 0.339 9.45E-08 VT_HSV2_CD4 

Rgcc 9.80E-12 -0.575226549 0.443 0.392 1.41E-07 VT_HSV2_CD4 

Cd4 1.46E-11 0.598074072 0.759 0.388 2.11E-07 VT_HSV2_CD4 

Nfkbiz 2.25E-11 0.841998955 0.578 0.24 3.24E-07 VT_HSV2_CD4 

Dusp5 2.98E-11 0.625443962 0.781 0.531 4.29E-07 VT_HSV2_CD4 

Ostf1 4.34E-11 0.693515499 0.82 0.515 6.26E-07 VT_HSV2_CD4 

Sell 6.04E-11 -0.536893073 0.144 0.317 8.70E-07 VT_HSV2_CD4 

Cd52 9.12E-11 0.743966494 0.982 0.947 1.31E-06 VT_HSV2_CD4 

Ly6c2 1.15E-10 0.908155378 0.275 0.077 1.66E-06 VT_HSV2_CD4 

Icam1 1.95E-10 0.62178678 0.485 0.2 2.81E-06 VT_HSV2_CD4 

Ctsa 5.79E-10 0.551585355 0.673 0.313 8.35E-06 VT_HSV2_CD4 

Id2 7.04E-10 0.77448669 0.638 0.313 1.01E-05 VT_HSV2_CD4 

Cd6 7.41E-10 0.628963041 0.67 0.372 1.07E-05 VT_HSV2_CD4 

Capza1 9.53E-10 0.570679332 0.79 0.406 1.37E-05 VT_HSV2_CD4 

Ifng 2.57E-09 0.651952298 0.303 0.091 3.71E-05 VT_HSV2_CD4 

Tmbim6 2.70E-09 0.501137982 0.913 0.64 3.89E-05 VT_HSV2_CD4 

Adgre5 3.04E-09 0.553856208 0.618 0.301 4.38E-05 VT_HSV2_CD4 

Ctsd 1.05E-08 0.855329684 0.748 0.39 0.00015139 VT_HSV2_CD4 

Dnajc15 2.49E-08 0.684390315 0.706 0.337 0.000359 VT_HSV2_CD4 

Cd47 4.30E-08 0.655064943 0.906 0.636 0.0006192 VT_HSV2_CD4 

Serinc3 4.66E-08 0.500067495 0.777 0.426 0.00067187 VT_HSV2_CD4 

Eno1 1.06E-07 0.90747482 0.895 0.667 0.00152474 VT_HSV2_CD4 

Ms4a4b 3.35E-07 0.555503264 0.914 0.709 0.00483097 VT_HSV2_CD4 

Map2k3 4.53E-07 0.543642804 0.575 0.226 0.00653132 VT_HSV2_CD4 

Lag3 6.15E-07 0.571852449 0.333 0.115 0.00886242 VT_HSV2_CD4 

Epsti1 7.01E-07 0.667103975 0.779 0.446 0.0100968 VT_HSV2_CD4 

Lpxn 1.24E-06 0.51593239 0.566 0.251 0.01782052 VT_HSV2_CD4 

Zfp36 1.62E-06 -0.731405262 0.579 0.596 0.02332516 VT_HSV2_CD4 

Arrb2 1.63E-06 0.567526918 0.685 0.382 0.02347621 VT_HSV2_CD4 

Tigit 2.24E-06 0.652782536 0.73 0.347 0.03226126 VT_HSV2_CD4 

Dusp10 1.20E-05 -0.51032774 0.465 0.438 0.17279491 VT_HSV2_CD4 

Lsp1 2.03E-05 0.583952071 0.887 0.695 0.29221378 VT_HSV2_CD4 

Ctla2a 5.28E-05 0.61571682 0.541 0.333 0.76086083 VT_HSV2_CD4 

Gng2 0.00012383 0.505649491 0.652 0.295 1 VT_HSV2_CD4 

Hif1a 0.00013184 0.567067929 0.789 0.509 1 VT_HSV2_CD4 
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Zyx 0.00013553 0.621346068 0.674 0.347 1 VT_HSV2_CD4 

Bcl2a1b 0.00020976 0.764218997 0.749 0.416 1 VT_HSV2_CD4 

Gm26917 0.00023456 0.745709536 0.568 0.358 1 VT_HSV2_CD4 

Actr3 0.00083867 0.574777264 0.901 0.669 1 VT_HSV2_CD4 

Lime1 0.00163331 0.617325245 0.69 0.364 1 VT_HSV2_CD4 

AW112010 0.0026668 0.753671551 0.894 0.677 1 VT_HSV2_CD4 

mt-Atp8 3.89E-173 -1.128805356 0.958 0.997 5.61E-169 VT_HSV2_Treg 

Ikzf2.1 8.69E-140 1.99035419 0.606 0.148 1.25E-135 VT_HSV2_Treg 

Eef2.1 3.05E-135 -1.134153712 0.883 0.983 4.39E-131 VT_HSV2_Treg 

Foxp3 6.31E-124 1.087230515 0.36 0.002 9.09E-120 VT_HSV2_Treg 

mt-Atp6.1 4.96E-93 0.977142517 0.973 0.993 7.15E-89 VT_HSV2_Treg 

Il2ra.1 2.31E-90 1.556337376 0.595 0.261 3.33E-86 VT_HSV2_Treg 

Pabpc1.1 7.56E-80 -0.914456008 0.833 0.973 1.09E-75 VT_HSV2_Treg 

Tnfrsf9.1 7.61E-80 1.837160885 0.61 0.36 1.10E-75 VT_HSV2_Treg 

Arl5a.1 6.90E-78 1.075300255 0.428 0.138 9.94E-74 VT_HSV2_Treg 

Lrrc32 1.11E-77 0.798869524 0.25 0.003 1.60E-73 VT_HSV2_Treg 

Tnfrsf18.1 2.09E-73 1.23027176 0.769 0.735 3.01E-69 VT_HSV2_Treg 

Ctla4.1 2.40E-72 1.410117326 0.807 0.762 3.46E-68 VT_HSV2_Treg 

Capg.1 1.96E-70 1.386065744 0.64 0.475 2.82E-66 VT_HSV2_Treg 

Cd2 5.47E-70 0.881965503 0.883 0.916 7.88E-66 VT_HSV2_Treg 

Izumo1r.1 9.62E-66 1.669875725 0.667 0.267 1.39E-61 VT_HSV2_Treg 

Gnai2.1 9.14E-63 0.734074552 0.792 0.813 1.32E-58 VT_HSV2_Treg 

Gnb1.1 9.82E-59 0.87285654 0.595 0.412 1.41E-54 VT_HSV2_Treg 

Itgav 7.21E-57 1.040762778 0.402 0.15 1.04E-52 VT_HSV2_Treg 

Pglyrp1 5.32E-56 0.986184945 0.591 0.533 7.66E-52 VT_HSV2_Treg 

Tnfrsf4.1 3.62E-55 1.343962971 0.811 0.715 5.22E-51 VT_HSV2_Treg 

Gimap7.1 1.97E-54 1.091034148 0.61 0.46 2.84E-50 VT_HSV2_Treg 

Gzmb.1 2.85E-53 2.03718767 0.473 0.395 4.10E-49 VT_HSV2_Treg 

Cyb5a 6.46E-52 0.78138549 0.621 0.585 9.31E-48 VT_HSV2_Treg 

Grb2.1 7.78E-52 0.830164581 0.564 0.393 1.12E-47 VT_HSV2_Treg 

Ass1.1 2.50E-44 0.902521742 0.481 0.395 3.59E-40 VT_HSV2_Treg 

Ecm1 5.07E-44 1.463627896 0.413 0.137 7.30E-40 VT_HSV2_Treg 

Cxcr6.1 4.18E-43 -1.799281484 0.102 0.6 6.02E-39 VT_HSV2_Treg 

Aes.1 4.70E-42 0.624684394 0.716 0.713 6.76E-38 VT_HSV2_Treg 

Cd40lg 8.01E-41 -1.18475875 0.064 0.534 1.15E-36 VT_HSV2_Treg 

Ctsw.1 2.85E-40 -1.634686809 0.136 0.63 4.11E-36 VT_HSV2_Treg 

Gm5424.1 7.76E-40 0.841900904 0.428 0.279 1.12E-35 VT_HSV2_Treg 

Sdf4 1.05E-39 0.86063998 0.811 0.833 1.52E-35 VT_HSV2_Treg 
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Ly6e 1.12E-39 0.62420537 0.955 0.98 1.62E-35 VT_HSV2_Treg 

Areg 1.31E-39 2.279508534 0.254 0.06 1.88E-35 VT_HSV2_Treg 

Fasl 6.69E-39 -1.012135824 0.027 0.445 9.64E-35 VT_HSV2_Treg 

Socs2 1.42E-38 1.077342838 0.299 0.108 2.05E-34 VT_HSV2_Treg 

Glrx 1.61E-36 0.794327559 0.549 0.608 2.32E-32 VT_HSV2_Treg 

Psen2 2.32E-36 0.762242039 0.443 0.315 3.33E-32 VT_HSV2_Treg 

Rps27rt.1 4.51E-36 0.8398021 0.667 0.562 6.50E-32 VT_HSV2_Treg 

Zfp36l2.1 1.86E-34 -1.140303899 0.515 0.843 2.69E-30 VT_HSV2_Treg 

Mdh1 2.04E-34 0.627419107 0.606 0.605 2.94E-30 VT_HSV2_Treg 

Btg1 3.44E-34 -0.726735438 0.803 0.961 4.96E-30 VT_HSV2_Treg 

Bcl2a1d.1 4.58E-33 -1.502071209 0.182 0.657 6.60E-29 VT_HSV2_Treg 

H2afz.1 6.04E-33 0.844031927 0.883 0.888 8.70E-29 VT_HSV2_Treg 

Neb 4.09E-32 0.776124349 0.258 0.061 5.89E-28 VT_HSV2_Treg 

Cmtm7 2.60E-31 0.641253417 0.58 0.556 3.74E-27 VT_HSV2_Treg 

Vps37b 4.44E-31 -0.891395623 0.568 0.853 6.39E-27 VT_HSV2_Treg 

Gramd3.1 9.51E-31 -0.79115106 0.242 0.682 1.37E-26 VT_HSV2_Treg 

Cd27 1.18E-30 0.752260939 0.61 0.526 1.69E-26 VT_HSV2_Treg 

Ccs 2.40E-30 0.676899617 0.447 0.278 3.46E-26 VT_HSV2_Treg 

Samsn1 4.89E-30 0.82669169 0.655 0.64 7.04E-26 VT_HSV2_Treg 

Lck.1 1.14E-29 -0.781179523 0.708 0.929 1.65E-25 VT_HSV2_Treg 

Apol7e 1.97E-29 -0.613418648 0.011 0.32 2.84E-25 VT_HSV2_Treg 

Sema4a.1 5.52E-29 -0.683895278 0.015 0.346 7.96E-25 VT_HSV2_Treg 

Arid5a.1 6.64E-29 -0.848272271 0.341 0.739 9.57E-25 VT_HSV2_Treg 

Ppp2ca.1 9.26E-29 0.516551883 0.508 0.448 1.33E-24 VT_HSV2_Treg 

Samhd1 1.27E-28 0.808078247 0.773 0.721 1.82E-24 VT_HSV2_Treg 

Rps26-ps1.1 1.33E-28 0.610307427 0.458 0.413 1.92E-24 VT_HSV2_Treg 

B4galnt1.1 4.75E-28 -1.015791144 0.337 0.765 6.84E-24 VT_HSV2_Treg 

Bhlhe40.1 1.47E-26 -1.540239297 0.295 0.71 2.12E-22 VT_HSV2_Treg 

Ifitm2.1 4.18E-26 -2.189629428 0.163 0.564 6.02E-22 VT_HSV2_Treg 

Ifitm3.1 6.98E-26 -1.997846096 0.208 0.591 1.01E-21 VT_HSV2_Treg 

Chmp4b 1.11E-25 0.501742222 0.75 0.767 1.59E-21 VT_HSV2_Treg 

Gstp1 7.75E-25 0.514979916 0.765 0.833 1.12E-20 VT_HSV2_Treg 

Ptma.1 1.81E-24 0.58051866 0.996 0.987 2.61E-20 VT_HSV2_Treg 

Plp2 6.13E-24 0.574157744 0.485 0.463 8.83E-20 VT_HSV2_Treg 

Tgfbr2 2.16E-23 -0.629735418 0.174 0.532 3.11E-19 VT_HSV2_Treg 

Hspa8.1 2.84E-23 -0.50480235 0.947 0.99 4.09E-19 VT_HSV2_Treg 

Got1 8.02E-23 0.672818036 0.5 0.462 1.15E-18 VT_HSV2_Treg 

Lax1.1 8.06E-23 -0.774724308 0.117 0.483 1.16E-18 VT_HSV2_Treg 
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Arhgef1.1 1.37E-22 -0.68166041 0.405 0.787 1.98E-18 VT_HSV2_Treg 

Anp32a 1.48E-22 0.56206862 0.792 0.795 2.13E-18 VT_HSV2_Treg 

Itgb1.1 1.69E-22 -1.409351159 0.246 0.628 2.44E-18 VT_HSV2_Treg 

Gtf2i 2.22E-22 -0.607064796 0.087 0.42 3.20E-18 VT_HSV2_Treg 

Ifitm1.1 3.81E-22 -2.08456012 0.042 0.35 5.49E-18 VT_HSV2_Treg 

Faim 4.40E-22 0.504373096 0.288 0.193 6.34E-18 VT_HSV2_Treg 

Rnf19a.1 5.56E-22 -0.674645643 0.11 0.447 8.00E-18 VT_HSV2_Treg 

Taf10.1 1.11E-21 0.530034132 0.473 0.405 1.59E-17 VT_HSV2_Treg 

Rasal3.1 1.28E-21 -0.621699826 0.212 0.61 1.85E-17 VT_HSV2_Treg 

Evl 1.46E-21 -0.584763706 0.129 0.472 2.11E-17 VT_HSV2_Treg 

Gpx4 1.52E-21 0.569779096 0.727 0.785 2.19E-17 VT_HSV2_Treg 

Cst7 3.06E-21 0.503291221 0.337 0.323 4.41E-17 VT_HSV2_Treg 

Gramd1a.1 4.12E-21 -0.645037919 0.193 0.575 5.93E-17 VT_HSV2_Treg 

Stk17b 6.19E-21 -0.669837825 0.667 0.916 8.92E-17 VT_HSV2_Treg 

Slfn2.1 1.11E-20 -0.852546019 0.617 0.9 1.61E-16 VT_HSV2_Treg 

Tcf7 1.33E-20 -0.817151202 0.083 0.313 1.92E-16 VT_HSV2_Treg 

Matk 4.78E-20 0.598590548 0.269 0.11 6.89E-16 VT_HSV2_Treg 

Ier5.1 5.05E-20 -0.736486438 0.341 0.708 7.27E-16 VT_HSV2_Treg 

Gem 5.21E-20 0.912403021 0.265 0.141 7.51E-16 VT_HSV2_Treg 

Gpr132 5.69E-20 -0.723713343 0.371 0.72 8.20E-16 VT_HSV2_Treg 

Ifi27l2a 7.46E-20 0.705185789 0.943 0.947 1.07E-15 VT_HSV2_Treg 

Hmha1 8.84E-20 -0.559516847 0.5 0.837 1.27E-15 VT_HSV2_Treg 

Mgst2 1.56E-19 0.639042186 0.28 0.088 2.25E-15 VT_HSV2_Treg 

H2-Q7 1.81E-19 0.547103896 0.826 0.868 2.61E-15 VT_HSV2_Treg 

Dusp2.1 2.58E-19 -1.316487932 0.458 0.726 3.72E-15 VT_HSV2_Treg 

Tspan13.1 2.64E-19 0.699755599 0.549 0.457 3.80E-15 VT_HSV2_Treg 

Ube2h 2.91E-19 0.518106746 0.322 0.217 4.18E-15 VT_HSV2_Treg 

S100a10 4.87E-19 0.51524102 0.83 0.871 7.01E-15 VT_HSV2_Treg 

Frmd8.1 6.40E-19 -0.625614521 0.193 0.573 9.22E-15 VT_HSV2_Treg 

Pcbp2 6.75E-19 -0.510513568 0.818 0.962 9.72E-15 VT_HSV2_Treg 

Ehd3 1.36E-18 -0.503993996 0.027 0.265 1.96E-14 VT_HSV2_Treg 

Ubald2 1.43E-18 0.613917488 0.78 0.792 2.06E-14 VT_HSV2_Treg 

Srsf2 4.78E-18 -0.624087954 0.417 0.775 6.88E-14 VT_HSV2_Treg 

Tnfsf11 8.95E-18 -1.018916776 0.045 0.311 1.29E-13 VT_HSV2_Treg 

Laptm5.1 1.52E-17 -0.661504184 0.841 0.96 2.19E-13 VT_HSV2_Treg 

Btg2 2.06E-17 -0.560180213 0.523 0.831 2.97E-13 VT_HSV2_Treg 

Lilr4b.1 2.44E-17 -0.599183415 0.045 0.298 3.52E-13 VT_HSV2_Treg 

Ppp3cc.1 6.61E-17 -0.57743261 0.117 0.442 9.52E-13 VT_HSV2_Treg 



 142

gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Chd7 6.78E-17 -0.509177332 0.136 0.474 9.76E-13 VT_HSV2_Treg 

Iigp1 7.25E-17 0.610272339 0.258 0.071 1.04E-12 VT_HSV2_Treg 

Rassf5.1 7.70E-17 -0.537352013 0.193 0.559 1.11E-12 VT_HSV2_Treg 

Anxa1.1 8.53E-17 -0.621202027 0.038 0.294 1.23E-12 VT_HSV2_Treg 

Pigx 1.44E-16 0.50183244 0.473 0.465 2.07E-12 VT_HSV2_Treg 

Set 1.48E-16 0.506707526 0.564 0.592 2.13E-12 VT_HSV2_Treg 

Malat1.1 2.81E-16 0.824323696 0.894 0.988 4.04E-12 VT_HSV2_Treg 

Ppp1r15a.1 2.89E-16 0.748554968 0.712 0.723 4.16E-12 VT_HSV2_Treg 

Prkcq 2.07E-15 -0.583467836 0.246 0.583 2.97E-11 VT_HSV2_Treg 

Cd4.1 2.43E-15 -0.718541516 0.375 0.744 3.50E-11 VT_HSV2_Treg 

Itgal.1 3.36E-15 -0.721207106 0.208 0.577 4.85E-11 VT_HSV2_Treg 

AA467197.1 3.74E-15 -0.639263129 0.042 0.3 5.39E-11 VT_HSV2_Treg 

Gdi2.1 5.08E-15 -0.866553128 0.534 0.829 7.31E-11 VT_HSV2_Treg 

Itk 5.32E-15 -0.587483738 0.523 0.807 7.66E-11 VT_HSV2_Treg 

Ostf1.1 5.47E-15 -0.815495778 0.508 0.807 7.88E-11 VT_HSV2_Treg 

Sell.1 7.00E-15 0.673536138 0.394 0.148 1.01E-10 VT_HSV2_Treg 

Ncl 9.42E-15 0.579675627 0.716 0.771 1.36E-10 VT_HSV2_Treg 

Ikzf3.1 1.41E-14 0.548199413 0.367 0.245 2.04E-10 VT_HSV2_Treg 

Hcst 1.83E-14 -0.602627407 0.723 0.906 2.64E-10 VT_HSV2_Treg 

Tob1 2.21E-14 -0.526968081 0.163 0.415 3.18E-10 VT_HSV2_Treg 

Efhd2.1 2.46E-14 -0.766677408 0.246 0.605 3.54E-10 VT_HSV2_Treg 

Psap.1 3.13E-14 -0.551277748 0.348 0.699 4.51E-10 VT_HSV2_Treg 

Tspan32 4.32E-14 0.556276748 0.36 0.23 6.22E-10 VT_HSV2_Treg 

Nkg7.1 4.63E-14 -1.031711601 0.273 0.644 6.67E-10 VT_HSV2_Treg 

Fam102a.1 7.20E-14 -0.577344374 0.197 0.502 1.04E-09 VT_HSV2_Treg 

Slfn1.1 9.87E-14 -0.625109997 0.273 0.582 1.42E-09 VT_HSV2_Treg 

Rhoh 2.61E-13 0.532322165 0.564 0.534 3.76E-09 VT_HSV2_Treg 

Arl5c 2.75E-13 0.525145772 0.314 0.198 3.96E-09 VT_HSV2_Treg 

Plac8.1 6.46E-13 -1.537265478 0.182 0.458 9.31E-09 VT_HSV2_Treg 

Ifng.1 8.42E-13 -1.123734932 0.057 0.296 1.21E-08 VT_HSV2_Treg 

Dgat1 1.63E-12 0.595223087 0.447 0.394 2.34E-08 VT_HSV2_Treg 

Emp1.1 1.66E-12 -0.525549034 0.057 0.278 2.38E-08 VT_HSV2_Treg 

Gm8186 2.14E-12 -0.565022527 0.42 0.759 3.09E-08 VT_HSV2_Treg 

Cenpa 3.29E-12 0.551694612 0.379 0.28 4.74E-08 VT_HSV2_Treg 

Zap70.1 6.09E-12 -0.7530854 0.405 0.761 8.77E-08 VT_HSV2_Treg 

Serpinb9.1 1.09E-11 -0.913961293 0.14 0.425 1.57E-07 VT_HSV2_Treg 

Odc1 1.45E-11 0.535953348 0.549 0.588 2.08E-07 VT_HSV2_Treg 

Dusp5.1 1.57E-11 -0.745182242 0.523 0.77 2.26E-07 VT_HSV2_Treg 
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Adgre5.1 1.62E-11 -0.707753537 0.292 0.605 2.34E-07 VT_HSV2_Treg 

Ube2v1.1 1.72E-11 -0.563903874 0.163 0.476 2.48E-07 VT_HSV2_Treg 

Il12rb2.1 1.77E-11 -0.550171739 0.08 0.337 2.55E-07 VT_HSV2_Treg 

Rgs2.1 1.99E-11 0.714710282 0.36 0.297 2.87E-07 VT_HSV2_Treg 

Rbck1 2.90E-11 -0.559057852 0.242 0.545 4.17E-07 VT_HSV2_Treg 

Cpm 3.03E-11 0.508816235 0.348 0.197 4.36E-07 VT_HSV2_Treg 

Arhgap31.1 3.68E-11 0.569441717 0.473 0.348 5.30E-07 VT_HSV2_Treg 

Itgb2.1 3.96E-11 -0.682892654 0.39 0.737 5.71E-07 VT_HSV2_Treg 

Wipf1.1 4.53E-11 -0.609292282 0.284 0.609 6.52E-07 VT_HSV2_Treg 

Litaf.1 5.88E-11 -0.880848851 0.231 0.544 8.47E-07 VT_HSV2_Treg 

Txnip 1.02E-10 -0.518549426 0.322 0.562 1.47E-06 VT_HSV2_Treg 

Pdcd1.1 1.09E-10 -1.002035271 0.208 0.508 1.57E-06 VT_HSV2_Treg 

Nptn.1 1.13E-10 -0.581548313 0.235 0.555 1.63E-06 VT_HSV2_Treg 

Smc4.1 1.56E-10 0.568466482 0.432 0.402 2.24E-06 VT_HSV2_Treg 

Ubash3a 2.37E-10 -0.502291592 0.186 0.493 3.42E-06 VT_HSV2_Treg 

Cd28 2.76E-10 -0.580889568 0.515 0.807 3.97E-06 VT_HSV2_Treg 

Mapkapk3.1 2.93E-10 -0.738053305 0.235 0.515 4.22E-06 VT_HSV2_Treg 

Rgcc.1 4.76E-10 -0.531477037 0.227 0.449 6.86E-06 VT_HSV2_Treg 

Arl4c 5.68E-10 -0.521837046 0.254 0.512 8.18E-06 VT_HSV2_Treg 

Dazap1 5.89E-10 -0.519092324 0.197 0.498 8.48E-06 VT_HSV2_Treg 

Sh2d2a.1 1.03E-09 -0.832737509 0.519 0.796 1.49E-05 VT_HSV2_Treg 

Ly6c2.1 1.45E-09 -1.219211373 0.064 0.267 2.09E-05 VT_HSV2_Treg 

Bcl2a1b.1 1.82E-09 -0.918915436 0.458 0.733 2.62E-05 VT_HSV2_Treg 

Arrb2.1 3.28E-09 -0.654249805 0.39 0.672 4.73E-05 VT_HSV2_Treg 

Igtp 3.78E-09 0.575864087 0.572 0.545 5.45E-05 VT_HSV2_Treg 

Zfp36l1 2.78E-08 0.51679287 0.58 0.67 0.00039975 VT_HSV2_Treg 

Thy1 3.62E-08 -0.796285126 0.633 0.86 0.0005209 VT_HSV2_Treg 

Zfp36.1 4.40E-08 0.965489298 0.64 0.577 0.00063439 VT_HSV2_Treg 

Furin.1 7.41E-08 -0.53758819 0.117 0.343 0.00106689 VT_HSV2_Treg 

Nfatc1.1 1.15E-07 -0.512328339 0.216 0.483 0.00165848 VT_HSV2_Treg 

Zc3h12a.1 2.68E-07 -0.519548761 0.269 0.53 0.00386231 VT_HSV2_Treg 

Spn 1.17E-06 -0.501737764 0.223 0.497 0.01687099 VT_HSV2_Treg 

Gpi1.1 3.64E-06 -0.525927222 0.727 0.906 0.05245726 VT_HSV2_Treg 

Rrad 4.67E-06 0.504724108 0.432 0.416 0.06722095 VT_HSV2_Treg 

Ms4a4b.1 5.57E-06 -0.517652334 0.705 0.905 0.08018807 VT_HSV2_Treg 

Zyx.1 9.53E-06 -0.645786776 0.402 0.658 0.13732698 VT_HSV2_Treg 

Eno1.1 1.38E-05 -0.791094907 0.686 0.884 0.19812379 VT_HSV2_Treg 

Gapdh.1 1.49E-05 -0.701000227 0.886 0.982 0.21400224 VT_HSV2_Treg 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Ctsd.1 2.85E-05 -0.704917341 0.477 0.729 0.41011678 VT_HSV2_Treg 

Id2.1 0.00017544 -0.573507616 0.383 0.621 1 VT_HSV2_Treg 

Serpinb6b.1 0.00229506 -0.523142235 0.227 0.448 1 VT_HSV2_Treg 

Lgals3.1 0.00258452 -0.581209072 0.295 0.52 1 VT_HSV2_Treg 

Nfkbiz.1 0.00368777 -0.543758378 0.348 0.559 1 VT_HSV2_Treg 

Fos 0.00900294 0.696877049 0.424 0.417 1 VT_HSV2_Treg 

Eef2.2 1.79E-128 -1.139130827 0.929 0.981 2.58E-124 VT_uninfected_CD4 

mt-Atp6.2 6.91E-57 0.850229449 0.996 0.992 9.96E-53 VT_uninfected_CD4 

Rps29 2.24E-55 0.913904182 1 0.996 3.22E-51 VT_uninfected_CD4 

mt-Nd2.1 1.64E-50 1.030102274 0.959 0.9 2.36E-46 VT_uninfected_CD4 

Gnai2.2 1.92E-48 0.627355621 0.817 0.812 2.76E-44 VT_uninfected_CD4 

Aes.2 8.38E-48 0.676559359 0.73 0.712 1.21E-43 VT_uninfected_CD4 

Hspa8.2 9.48E-45 -0.649960317 0.975 0.989 1.37E-40 VT_uninfected_CD4 

Rps28 5.49E-43 0.792029128 1 0.993 7.91E-39 VT_uninfected_CD4 

mt-Cytb 1.59E-41 0.775378841 0.996 0.985 2.29E-37 VT_uninfected_CD4 

Ube2s.1 2.02E-41 0.893481994 0.635 0.549 2.90E-37 VT_uninfected_CD4 

mt-Atp8.1 2.86E-40 0.61557616 1 0.995 4.13E-36 VT_uninfected_CD4 

Gnb1.2 3.25E-40 0.714893983 0.436 0.419 4.68E-36 VT_uninfected_CD4 

Rps27rt.2 4.81E-40 1.027531344 0.66 0.563 6.92E-36 VT_uninfected_CD4 

Rps24 3.45E-38 0.801953731 1 0.995 4.97E-34 VT_uninfected_CD4 

Ifitm3.2 6.21E-38 -3.40529238 0.025 0.597 8.95E-34 VT_uninfected_CD4 

mt-Nd4l 3.22E-37 0.75774034 0.996 0.974 4.63E-33 VT_uninfected_CD4 

Ly6e.1 3.17E-36 -0.713609537 0.863 0.984 4.57E-32 VT_uninfected_CD4 

Ifitm2.2 6.31E-32 -3.373908401 0.025 0.568 9.09E-28 VT_uninfected_CD4 

Laptm5.2 2.05E-31 -0.888057482 0.855 0.959 2.95E-27 VT_uninfected_CD4 

Ppp2ca.2 2.15E-31 0.62267629 0.469 0.45 3.09E-27 VT_uninfected_CD4 

Gpx1.1 2.48E-31 0.901134073 0.672 0.688 3.58E-27 VT_uninfected_CD4 

Rps3a1 4.04E-31 0.610243107 1 0.994 5.83E-27 VT_uninfected_CD4 

Ly6a 1.86E-30 -1.666724227 0.44 0.925 2.68E-26 VT_uninfected_CD4 

Amd1.1 2.30E-30 0.869164178 0.394 0.262 3.31E-26 VT_uninfected_CD4 

Rps5 7.59E-30 0.567362684 1 0.994 1.09E-25 VT_uninfected_CD4 

Pitpna 1.02E-29 0.534035518 0.361 0.369 1.47E-25 VT_uninfected_CD4 

Eif1 3.78E-29 0.566598473 1 0.989 5.44E-25 VT_uninfected_CD4 

Rpl35a 4.48E-28 0.627011318 1 0.994 6.46E-24 VT_uninfected_CD4 

Rpl30 8.27E-28 0.571130684 1 0.994 1.19E-23 VT_uninfected_CD4 

Cnbp.1 1.12E-27 0.677668168 0.929 0.935 1.62E-23 VT_uninfected_CD4 

Srgn 1.22E-27 -0.74711504 0.967 0.978 1.75E-23 VT_uninfected_CD4 

mt-Nd3 1.90E-27 0.656290354 0.759 0.792 2.73E-23 VT_uninfected_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Malat1.2 3.71E-27 0.990628491 1 0.983 5.35E-23 VT_uninfected_CD4 

Rps27 1.46E-26 0.738238881 1 0.996 2.10E-22 VT_uninfected_CD4 

Rps19 5.80E-26 0.69170167 1 0.996 8.36E-22 VT_uninfected_CD4 

Ifitm1.2 8.89E-26 -3.404239212 0 0.35 1.28E-21 VT_uninfected_CD4 

Plac8.2 9.56E-26 -2.479319128 0.025 0.464 1.38E-21 VT_uninfected_CD4 

Uba52 1.41E-25 0.579665128 1 0.982 2.03E-21 VT_uninfected_CD4 

Rpl8 1.16E-24 0.585565068 1 0.994 1.67E-20 VT_uninfected_CD4 

Rexo2 1.96E-24 0.560702518 0.386 0.382 2.82E-20 VT_uninfected_CD4 

Ncor1.1 2.22E-24 0.545137269 0.485 0.57 3.19E-20 VT_uninfected_CD4 

Rps4x 5.27E-24 0.575593755 1 0.994 7.58E-20 VT_uninfected_CD4 

Rgcc.2 5.97E-24 1.233254317 0.573 0.433 8.61E-20 VT_uninfected_CD4 

Tigit.1 7.36E-24 -2.009515821 0.1 0.722 1.06E-19 VT_uninfected_CD4 

Serinc3.1 1.31E-23 -1.345734239 0.183 0.771 1.88E-19 VT_uninfected_CD4 

Rpl21 7.57E-22 0.535895854 1 0.997 1.09E-17 VT_uninfected_CD4 

Gapdh.2 4.15E-21 -1.187908062 0.946 0.979 5.98E-17 VT_uninfected_CD4 

Rps27a 8.97E-21 0.546178215 1 0.994 1.29E-16 VT_uninfected_CD4 

Gbp2 1.30E-20 -0.990117092 0.083 0.466 1.87E-16 VT_uninfected_CD4 

Ifi27l2a.1 1.44E-20 -0.93969549 0.78 0.954 2.07E-16 VT_uninfected_CD4 

Mxd1 2.40E-20 -1.015022314 0.129 0.592 3.46E-16 VT_uninfected_CD4 

mt-Nd1 4.03E-20 0.566077961 0.938 0.928 5.81E-16 VT_uninfected_CD4 

Bcl3 7.83E-20 -0.848197107 0.058 0.482 1.13E-15 VT_uninfected_CD4 

Eif5 1.24E-19 0.695814681 0.577 0.605 1.78E-15 VT_uninfected_CD4 

Rsrp1 1.94E-19 0.633930482 0.506 0.653 2.79E-15 VT_uninfected_CD4 

Gzmb.2 4.97E-19 -2.577362487 0.025 0.414 7.16E-15 VT_uninfected_CD4 

Rps20 2.21E-18 0.590939142 1 0.996 3.18E-14 VT_uninfected_CD4 

Tap1.1 4.89E-18 -0.969291372 0.207 0.709 7.04E-14 VT_uninfected_CD4 

Jak3 7.70E-18 -0.674210473 0.041 0.44 1.11E-13 VT_uninfected_CD4 

Selplg.1 9.62E-18 -1.102754173 0.598 0.908 1.39E-13 VT_uninfected_CD4 

Gramd3.2 1.07E-17 -0.60563812 0.245 0.68 1.54E-13 VT_uninfected_CD4 

Ccnd2 1.51E-17 0.511960514 0.39 0.455 2.18E-13 VT_uninfected_CD4 

Prdx6 3.64E-17 0.566140853 0.755 0.826 5.24E-13 VT_uninfected_CD4 

AA467197.2 4.02E-17 -0.830537988 0 0.301 5.79E-13 VT_uninfected_CD4 

Tap2.1 1.08E-16 -0.878981449 0.187 0.713 1.56E-12 VT_uninfected_CD4 

Irf1 1.66E-16 -0.75232347 0.307 0.706 2.40E-12 VT_uninfected_CD4 

Klhl6.1 1.97E-16 -0.593228277 0.1 0.434 2.83E-12 VT_uninfected_CD4 

Zcchc11 1.99E-16 0.56745551 0.29 0.273 2.87E-12 VT_uninfected_CD4 

mt-Nd4 2.92E-16 0.579498114 0.809 0.846 4.21E-12 VT_uninfected_CD4 

Ctsa.1 3.36E-16 -1.043618673 0.145 0.664 4.85E-12 VT_uninfected_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Znrf1 3.76E-16 0.509323494 0.336 0.388 5.41E-12 VT_uninfected_CD4 

Rpl36a 7.39E-16 0.51383929 0.963 0.976 1.06E-11 VT_uninfected_CD4 

Lgals3.2 1.55E-15 -2.001777413 0.087 0.528 2.23E-11 VT_uninfected_CD4 

Serpinb9.2 1.98E-15 -1.322603795 0.037 0.428 2.85E-11 VT_uninfected_CD4 

Sema4d 2.18E-15 -0.631189571 0.124 0.565 3.14E-11 VT_uninfected_CD4 

Cox8a 2.48E-15 -0.661359751 0.838 0.96 3.57E-11 VT_uninfected_CD4 

Actg1 4.02E-15 -0.989324843 0.988 0.995 5.79E-11 VT_uninfected_CD4 

Tnfrsf4.2 4.35E-15 -1.815897342 0.212 0.74 6.26E-11 VT_uninfected_CD4 

Gna15.1 4.79E-15 -0.90635603 0.083 0.523 6.89E-11 VT_uninfected_CD4 

Coro1a.1 4.86E-15 -0.76513146 0.938 0.981 7.00E-11 VT_uninfected_CD4 

Dnajb1 5.69E-15 0.652349805 0.519 0.61 8.19E-11 VT_uninfected_CD4 

Trafd1 1.75E-14 -0.516132361 0.062 0.381 2.52E-10 VT_uninfected_CD4 

Pglyrp1.1 1.90E-14 -1.057323774 0.095 0.554 2.73E-10 VT_uninfected_CD4 

Gbp7 1.91E-14 -0.50083178 0.079 0.404 2.75E-10 VT_uninfected_CD4 

Dnaja1 2.93E-14 0.680563965 0.801 0.864 4.22E-10 VT_uninfected_CD4 

Rps7 3.82E-14 0.50872839 1 0.989 5.51E-10 VT_uninfected_CD4 

Ftl1 4.00E-14 0.516761861 0.988 0.976 5.76E-10 VT_uninfected_CD4 

Lag3.1 5.48E-14 -1.10705528 0.017 0.327 7.89E-10 VT_uninfected_CD4 

Ehd1.1 6.31E-14 -1.043138755 0.054 0.511 9.08E-10 VT_uninfected_CD4 

Samhd1.1 8.89E-14 -0.639457692 0.373 0.738 1.28E-09 VT_uninfected_CD4 

AY036118 9.17E-14 0.637848202 0.938 0.925 1.32E-09 VT_uninfected_CD4 

Lax1.2 9.61E-14 -0.604561141 0.104 0.482 1.38E-09 VT_uninfected_CD4 

Rpl12 9.76E-14 0.535271999 0.979 0.972 1.41E-09 VT_uninfected_CD4 

Icam1.1 3.92E-13 -1.066165703 0.091 0.477 5.64E-09 VT_uninfected_CD4 

Dusp10.1 5.45E-13 1.017651208 0.577 0.458 7.85E-09 VT_uninfected_CD4 

P2ry10 6.13E-13 0.560455072 0.34 0.37 8.83E-09 VT_uninfected_CD4 

Ctla4.2 6.48E-13 -1.013525061 0.274 0.785 9.33E-09 VT_uninfected_CD4 

Sdcbp2 7.19E-13 -0.606604507 0.054 0.363 1.04E-08 VT_uninfected_CD4 

Lman2 8.27E-13 -0.545983158 0.129 0.554 1.19E-08 VT_uninfected_CD4 

Serpinb6b.2 9.36E-13 -1.224915959 0.054 0.455 1.35E-08 VT_uninfected_CD4 

Ms4a6b 1.02E-12 -0.789754118 0.614 0.908 1.47E-08 VT_uninfected_CD4 

Emp1.2 1.22E-12 -0.521231445 0.025 0.278 1.76E-08 VT_uninfected_CD4 

Csrnp1 1.44E-12 -0.686261521 0.183 0.559 2.07E-08 VT_uninfected_CD4 

Frmd8.2 1.71E-12 -0.595034479 0.149 0.573 2.47E-08 VT_uninfected_CD4 

Ldha 2.13E-12 -0.981640276 0.784 0.95 3.07E-08 VT_uninfected_CD4 

Ifi47 4.15E-12 -0.534601369 0.328 0.688 5.98E-08 VT_uninfected_CD4 

Gpi1.2 5.21E-12 -0.839930452 0.656 0.908 7.50E-08 VT_uninfected_CD4 

Clk1 6.81E-12 0.544781094 0.481 0.499 9.81E-08 VT_uninfected_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

AU020206 8.41E-12 -0.505793595 0.091 0.438 1.21E-07 VT_uninfected_CD4 

Nfkbia 8.49E-12 -0.912403082 0.705 0.925 1.22E-07 VT_uninfected_CD4 

Nfkbiz.2 9.33E-12 -1.176975216 0.12 0.567 1.34E-07 VT_uninfected_CD4 

Hif1a.1 9.45E-12 -1.140750951 0.315 0.784 1.36E-07 VT_uninfected_CD4 

Arid5a.2 1.17E-11 -0.578107805 0.378 0.736 1.69E-07 VT_uninfected_CD4 

Ube2v1.2 1.23E-11 -0.630094423 0.075 0.479 1.77E-07 VT_uninfected_CD4 

Cebpb 1.26E-11 -0.575869627 0.17 0.49 1.81E-07 VT_uninfected_CD4 

Rac2 1.36E-11 -0.656701143 0.942 0.972 1.96E-07 VT_uninfected_CD4 

Lilr4b.2 1.51E-11 -0.594100012 0.041 0.298 2.17E-07 VT_uninfected_CD4 

Il12rb2.2 1.55E-11 -0.632355096 0.025 0.339 2.23E-07 VT_uninfected_CD4 

S100a6 2.14E-11 -1.955345181 0.361 0.786 3.09E-07 VT_uninfected_CD4 

Apobec3 2.37E-11 -0.813478465 0.183 0.643 3.41E-07 VT_uninfected_CD4 

Pim1 3.71E-11 -0.889373886 0.506 0.827 5.35E-07 VT_uninfected_CD4 

Slc38a2 3.94E-11 0.574893294 0.531 0.575 5.68E-07 VT_uninfected_CD4 

Slfn2.2 4.74E-11 -0.714142612 0.614 0.899 6.82E-07 VT_uninfected_CD4 

Snhg12 4.85E-11 0.539716077 0.324 0.307 6.99E-07 VT_uninfected_CD4 

Bcl2l11 5.74E-11 -0.564316939 0.095 0.363 8.27E-07 VT_uninfected_CD4 

Lrp10.1 7.56E-11 -0.827258188 0.183 0.668 1.09E-06 VT_uninfected_CD4 

Cd52.1 7.75E-11 -1.000710091 0.954 0.98 1.12E-06 VT_uninfected_CD4 

Isg20 8.08E-11 -0.62989359 0.158 0.566 1.16E-06 VT_uninfected_CD4 

Batf 1.20E-10 -0.954758507 0.212 0.666 1.73E-06 VT_uninfected_CD4 

Zc3h12a.2 1.30E-10 -0.786120849 0.129 0.535 1.88E-06 VT_uninfected_CD4 

Chp1 1.48E-10 -0.50913849 0.116 0.491 2.13E-06 VT_uninfected_CD4 

Lef1 1.76E-10 0.547320334 0.452 0.531 2.53E-06 VT_uninfected_CD4 

Prkch 2.18E-10 -0.55357146 0.299 0.704 3.14E-06 VT_uninfected_CD4 

Tnfrsf9.2 2.18E-10 -1.129974739 0.041 0.385 3.14E-06 VT_uninfected_CD4 

Pdcd1.2 2.27E-10 -1.114189258 0.108 0.511 3.27E-06 VT_uninfected_CD4 

Cd2.1 2.38E-10 -0.646706781 0.689 0.924 3.43E-06 VT_uninfected_CD4 

Rilpl2 2.76E-10 -1.171031541 0.158 0.642 3.97E-06 VT_uninfected_CD4 

Pkm 5.18E-10 -1.20812105 0.602 0.918 7.46E-06 VT_uninfected_CD4 

Ccr2 6.67E-10 -0.704605983 0.079 0.387 9.61E-06 VT_uninfected_CD4 

Igtp.1 6.69E-10 -0.515536416 0.27 0.558 9.64E-06 VT_uninfected_CD4 

Ddit4 8.39E-10 -1.00192649 0.104 0.473 1.21E-05 VT_uninfected_CD4 

Ttc39b 1.26E-09 -0.557621809 0.124 0.489 1.82E-05 VT_uninfected_CD4 

Runx2 1.47E-09 -0.505969089 0.058 0.368 2.12E-05 VT_uninfected_CD4 

AW112010.1 1.84E-09 -1.293159026 0.531 0.89 2.65E-05 VT_uninfected_CD4 

Dusp2.2 2.55E-09 -1.311894558 0.357 0.729 3.67E-05 VT_uninfected_CD4 

Rabac1 2.68E-09 0.520655197 0.668 0.714 3.86E-05 VT_uninfected_CD4 
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gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Elovl1 2.93E-09 -0.515397039 0.066 0.4 4.22E-05 VT_uninfected_CD4 

Lck.2 3.05E-09 -0.533497275 0.784 0.925 4.40E-05 VT_uninfected_CD4 

Traf1 3.76E-09 -0.839425079 0.237 0.714 5.41E-05 VT_uninfected_CD4 

Grina.1 4.87E-09 -0.542108386 0.166 0.561 7.02E-05 VT_uninfected_CD4 

Gimap5 5.39E-09 -0.710281818 0.295 0.719 7.76E-05 VT_uninfected_CD4 

Litaf.2 6.84E-09 -1.080224193 0.124 0.548 9.85E-05 VT_uninfected_CD4 

Pdcd1lg2 6.89E-09 -0.517225507 0.041 0.32 9.92E-05 VT_uninfected_CD4 

Tnfrsf18.2 7.97E-09 -1.037951807 0.303 0.755 0.00011474 VT_uninfected_CD4 

Cd47.1 7.98E-09 -0.976633618 0.552 0.897 0.00011501 VT_uninfected_CD4 

Surf4.1 2.52E-08 -0.555320841 0.145 0.556 0.00036358 VT_uninfected_CD4 

Hilpda 2.84E-08 -1.351028706 0.141 0.549 0.00040936 VT_uninfected_CD4 

S100a10.1 3.42E-08 -1.152408547 0.643 0.879 0.00049226 VT_uninfected_CD4 

Mapkapk3.2 3.62E-08 -0.596372105 0.133 0.518 0.00052109 VT_uninfected_CD4 

Casp3 4.14E-08 -0.561679687 0.058 0.383 0.00059628 VT_uninfected_CD4 

Klf6 4.91E-08 0.673667104 0.639 0.616 0.00070768 VT_uninfected_CD4 

Ifngr1 5.48E-08 -0.524187032 0.614 0.873 0.0007893 VT_uninfected_CD4 

Ctla2b 6.34E-08 -0.73940662 0.075 0.374 0.00091324 VT_uninfected_CD4 

Ogfr 6.83E-08 -0.529922907 0.145 0.496 0.00098424 VT_uninfected_CD4 

Wipf1.2 9.30E-08 -0.532047819 0.199 0.611 0.00133954 VT_uninfected_CD4 

Fmnl1 9.44E-08 -0.520016622 0.224 0.62 0.00135981 VT_uninfected_CD4 

Rps6ka1.1 9.72E-08 -0.633598853 0.1 0.479 0.00139972 VT_uninfected_CD4 

Sdf4.1 1.30E-07 -0.967562869 0.444 0.848 0.00187664 VT_uninfected_CD4 

Lasp1 1.45E-07 -0.537219201 0.108 0.473 0.00208655 VT_uninfected_CD4 

Ptpn7 1.46E-07 -0.543274539 0.112 0.476 0.00210058 VT_uninfected_CD4 

Il2ra.2 1.64E-07 -0.65144034 0.037 0.286 0.00235625 VT_uninfected_CD4 

Tmbim6.1 2.28E-07 -0.705188968 0.589 0.903 0.00329076 VT_uninfected_CD4 

Stx11 2.62E-07 -0.522987219 0.033 0.297 0.00377979 VT_uninfected_CD4 

Rab8a 3.21E-07 -0.63129576 0.274 0.714 0.00461698 VT_uninfected_CD4 

Def6.1 5.10E-07 -0.594822539 0.207 0.627 0.00734276 VT_uninfected_CD4 

Nkg7.2 5.77E-07 -1.14618961 0.207 0.645 0.00830463 VT_uninfected_CD4 

Bhlhe40.2 5.80E-07 -1.556794241 0.245 0.711 0.00835438 VT_uninfected_CD4 

Fermt3 5.85E-07 -0.576829859 0.191 0.61 0.00841994 VT_uninfected_CD4 

Nucb1 6.07E-07 -0.50385972 0.095 0.431 0.00874333 VT_uninfected_CD4 

Sla 1.12E-06 -0.794051387 0.224 0.651 0.01609997 VT_uninfected_CD4 

Gm19585 1.18E-06 -0.616300793 0.141 0.518 0.01697168 VT_uninfected_CD4 

Rbm3 1.37E-06 -0.569161511 0.946 0.961 0.01980431 VT_uninfected_CD4 

Pkp3 1.60E-06 -1.029216361 0.212 0.621 0.02305468 VT_uninfected_CD4 

Tubb2a 1.77E-06 0.850352959 0.253 0.152 0.02545367 VT_uninfected_CD4 



 149

gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Zgpat 1.90E-06 -0.551489643 0.191 0.596 0.02730897 VT_uninfected_CD4 

Il2rb 2.13E-06 -1.291103382 0.241 0.745 0.03065039 VT_uninfected_CD4 

Efhd2.2 2.25E-06 -0.85824682 0.145 0.607 0.03243696 VT_uninfected_CD4 

Cd6.1 2.54E-06 -0.780886254 0.29 0.66 0.03656219 VT_uninfected_CD4 

Fam110a 2.74E-06 -0.536029287 0.087 0.393 0.03940002 VT_uninfected_CD4 

Sqstm1 3.64E-06 -0.641373028 0.618 0.89 0.05249946 VT_uninfected_CD4 

Map2k3.1 4.84E-06 -0.806628701 0.129 0.563 0.06969015 VT_uninfected_CD4 

Rgs2.2 5.50E-06 0.515633242 0.324 0.299 0.07927753 VT_uninfected_CD4 

Hopx 5.60E-06 -0.709589583 0.191 0.586 0.0807272 VT_uninfected_CD4 

Tapbp 5.93E-06 -0.542270434 0.307 0.702 0.08538052 VT_uninfected_CD4 

Id2.2 6.18E-06 -0.964507986 0.237 0.626 0.08899891 VT_uninfected_CD4 

P4hb 7.35E-06 -0.52538755 0.216 0.601 0.10593992 VT_uninfected_CD4 

Ptms 7.49E-06 -0.694858343 0.149 0.541 0.10795614 VT_uninfected_CD4 

Clic1 7.76E-06 -0.730502452 0.697 0.923 0.11174511 VT_uninfected_CD4 

Rnh1 9.66E-06 -0.685446051 0.145 0.568 0.13920739 VT_uninfected_CD4 

Actn1 1.07E-05 0.551221151 0.336 0.246 0.15350569 VT_uninfected_CD4 

Pstpip1.1 1.08E-05 -0.667977335 0.27 0.665 0.15592632 VT_uninfected_CD4 

Arpc1b 1.14E-05 -0.674374245 0.768 0.935 0.1638443 VT_uninfected_CD4 

Ctla2a.1 1.24E-05 -1.231503838 0.261 0.534 0.17854232 VT_uninfected_CD4 

Acot7 1.45E-05 -0.597947258 0.124 0.498 0.20814736 VT_uninfected_CD4 

Mrps16 1.80E-05 -0.534093025 0.245 0.671 0.25912565 VT_uninfected_CD4 

Epsti1.1 1.99E-05 -0.874771947 0.328 0.768 0.28710805 VT_uninfected_CD4 

Furin.2 2.03E-05 -0.506080985 0.079 0.343 0.29211682 VT_uninfected_CD4 

Glmp 2.58E-05 -0.54875217 0.203 0.612 0.37177611 VT_uninfected_CD4 

Dnajc15.1 3.05E-05 -0.968062345 0.241 0.693 0.43983404 VT_uninfected_CD4 

Pycard 3.49E-05 -0.59226006 0.249 0.663 0.50338533 VT_uninfected_CD4 

Glipr2 3.60E-05 -0.565307958 0.149 0.491 0.51792531 VT_uninfected_CD4 

Aldoa 3.79E-05 -0.905032819 0.784 0.916 0.54570141 VT_uninfected_CD4 

Lpxn.1 3.99E-05 -0.571190964 0.178 0.555 0.57472325 VT_uninfected_CD4 

Rhog 4.21E-05 -0.678204404 0.481 0.855 0.60683408 VT_uninfected_CD4 

Dctpp1 4.33E-05 -0.51636013 0.066 0.366 0.62379197 VT_uninfected_CD4 

Vim 4.51E-05 -1.131501532 0.598 0.8 0.65023117 VT_uninfected_CD4 

Gng2.1 4.54E-05 -0.632848301 0.199 0.64 0.65409462 VT_uninfected_CD4 

Cd69 6.16E-05 -0.631375642 0.39 0.677 0.88710798 VT_uninfected_CD4 

Zap70.2 6.70E-05 -0.95948415 0.303 0.764 0.9648883 VT_uninfected_CD4 

Itgb2.2 7.65E-05 -0.738943943 0.295 0.74 1 VT_uninfected_CD4 

Itgal.2 7.80E-05 -0.542430887 0.183 0.577 1 VT_uninfected_CD4 

Capza1.1 0.00012985 -0.69464654 0.332 0.775 1 VT_uninfected_CD4 



 150

gene p_val avg_log2FC pct.1 pct.2 p_val_adj cluster 

Tmem167 0.00016667 -0.524794226 0.237 0.643 1 VT_uninfected_CD4 

Eif4h 0.00017764 -0.568826204 0.22 0.621 1 VT_uninfected_CD4 

Rab1b 0.00018116 -0.706106797 0.22 0.677 1 VT_uninfected_CD4 

Nptn.2 0.00018634 -0.620213306 0.178 0.556 1 VT_uninfected_CD4 

Ctsd.2 0.00018728 -0.971824253 0.295 0.736 1 VT_uninfected_CD4 

Lsp1.1 0.00019661 -0.722671535 0.647 0.88 1 VT_uninfected_CD4 

S100a11 0.00023756 -0.812161883 0.556 0.817 1 VT_uninfected_CD4 

Sh2d1a 0.00025153 -0.559755758 0.245 0.596 1 VT_uninfected_CD4 

Gadd45b 0.00026292 -0.553196447 0.303 0.67 1 VT_uninfected_CD4 

Cap1 0.00027516 -0.518828537 0.295 0.704 1 VT_uninfected_CD4 

Ccr8 0.00044987 -0.550472784 0.062 0.269 1 VT_uninfected_CD4 

B4galnt1.2 0.00051638 -0.712179469 0.353 0.763 1 VT_uninfected_CD4 

Crlf2 0.00053517 -0.619389736 0.216 0.592 1 VT_uninfected_CD4 

Sh2d2a.2 0.00073008 -0.896315387 0.448 0.797 1 VT_uninfected_CD4 

Cish 0.00091107 -0.577242014 0.228 0.577 1 VT_uninfected_CD4 

Ppp1ca 0.00091256 -0.583896271 0.73 0.892 1 VT_uninfected_CD4 

Prelid1 0.00096912 -1.016321407 0.461 0.845 1 VT_uninfected_CD4 

Atp5d 0.00136762 -0.521775667 0.726 0.935 1 VT_uninfected_CD4 

Mif4gd 0.00144296 -0.636285707 0.228 0.601 1 VT_uninfected_CD4 

Psma5 0.00153332 -0.522220642 0.253 0.647 1 VT_uninfected_CD4 

Lgals1 0.00180301 -1.455139178 0.56 0.821 1 VT_uninfected_CD4 

Psmb8 0.0018958 -0.502152564 0.73 0.943 1 VT_uninfected_CD4 

Nfkbid 0.00205317 -0.537640626 0.253 0.542 1 VT_uninfected_CD4 

Psme2 0.00212269 -0.617233539 0.656 0.913 1 VT_uninfected_CD4 

Anxa2 0.00225467 -1.209683064 0.158 0.568 1 VT_uninfected_CD4 

Tgfb1 0.0024797 -0.701286429 0.307 0.706 1 VT_uninfected_CD4 

Glrx.1 0.00253694 -0.934470347 0.228 0.621 1 VT_uninfected_CD4 

Icos 0.003284 -0.640194509 0.552 0.826 1 VT_uninfected_CD4 

S100a4 0.0036761 -0.750698974 0.286 0.651 1 VT_uninfected_CD4 

Sh3bgrl3 0.00391475 -0.549437414 0.9 0.957 1 VT_uninfected_CD4 

Ccr7 0.00395735 0.618493924 0.419 0.251 1 VT_uninfected_CD4 

Ubl5 0.00434814 -0.508744468 0.693 0.9 1 VT_uninfected_CD4 

Ctsw.2 0.00455873 -0.702152489 0.282 0.622 1 VT_uninfected_CD4 

Pgam1 0.00462007 -0.684753085 0.237 0.618 1 VT_uninfected_CD4 

Eno1.2 0.00515016 -0.977823787 0.647 0.885 1 VT_uninfected_CD4 

Ap2s1 0.00613215 -0.629223586 0.237 0.654 1 VT_uninfected_CD4 

Ptprcap 0.00706745 -0.760350415 0.519 0.871 1 VT_uninfected_CD4 

Wdr1 0.00894109 -0.657798947 0.32 0.723 1 VT_uninfected_CD4 
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