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Abstract

The female genital tract (FGT) provides a means of entry to pathogens, including HIV, yet 

immune cell populations at this barrier between host and environment are not well defined. We 

initiated a study of healthy women to characterize resident T cell populations in the lower FGT 

from lavage and patient-matched peripheral blood to investigate potential mechanisms of HIV 

sexual transmission. Surprisingly, we observed FGT CD4 T cell populations were primarily 

CCR7hi, consistent with a central memory (TCM) or recirculating memory T cell phenotype. In 

addition, roughly half of these CCR7hi CD4 T cells expressed CD69, consistent with resident 

memory T cells (TRM), while the remaining CCR7hi CD4 T cells lacked CD69 expression, 

consistent with recirculating memory CD4 T cells that traffic between peripheral tissues and 

lymphoid sites. HIV susceptibility markers CCR5 and CD38 were increased on FGT CCR7hi CD4 

T cells compared to blood, yet migration to the lymphoid homing chemokines CCL19 and CCL21 

was maintained. Infection with GFP-HIV showed that FGT CCR7hi memory CD4 T cells are 

susceptible HIV targets, and productive infection of CCR7hi memory T cells did not alter 

chemotaxis to CCL19 and CCL21. Variations of resident CCR7hi FGT CD4 T cell populations 

were detected during the luteal phase of the menstrual cycle and longitudinal analysis showed the 

frequency of this population positively correlated to progesterone levels. These data provide 
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evidence women may acquire HIV through local infection of migratory CCR7hi CD4 T cells and 

progesterone levels predict opportunities for HIV to access these novel target cells.
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INTRODUCTION

Human immunodeficiency virus (HIV) infection is one of the gravest health challenges 

worldwide with an estimated 35 million people currently infected (1). Sexual intercourse is 

the predominant mode of HIV acquisition in women and accounts for an estimated 1 million 

new infections annually (1), yet the mechanisms by which HIV penetrates the female genital 

tract (FGT) mucosa to establish a systemic infection are not fully understood. Potential 

routes of genital infection are CCR5 dependent and are thought to involve Langerhans cells 

(LCs) and/or CCR5+ CD4 T cells at the superficial vaginal mucosa (2). T cell 

characterization data show increased CCR5 expression on CD4 T cells in the vagina (3) and 

cervix (4). Nonhuman primate and human explant models show CD4 T cells in the FGT are 

directly and productively infected following virus inoculation (5, 6) and virus transmission 

of Simian Immunodeficiency Virus (SIV) in both rectal and vaginal mucosal tissues are 

proportional the number of CCR5+ CD4+ T cells at these sites (7). Recently, a study using 

cervical CD4 T cells showed that HIV preferentially targets populations of CD4 T cells with 

increased expression of the HIV co receptor CCR5 in combination with the activation 

marker CD69, and mucosal integrins α4β7 and α4β1(8). Together, these studies demonstrate 

that FGT CD4 T cells express HIV susceptibility markers and are direct targets of HIV 

infection. However, it is unclear whether the population of CD4 T cells at the surface of the 

genital tract can directly contribute to establishment of a systemic HIV infection. 

Furthermore, there is currently limited information on the CD4 T cell subsets present in the 

FGT of healthy women, the impact of sex hormones on the composition of the FGT CD4 T 

cell population, and whether distinct FGT CD4 T cell subsets may have differential 

contributions to HIV transmission.

The FGT is an immune-restricted site where T cell trafficking is tightly regulated (9, 10). 

Immune-restricted tissues primarily contain memory T cells of an effector memory 

phenotype (TEM; CCR7lo, CD45RAlo), which recent studies have shown are mostly 

comprised of long-lived, non-circulating tissue-resident memory cells (TRM: CD103+ 

CD69+) that provide tissue-specific protection from invading pathogens (11, 12). In murine 

models, resident populations of CD4 T cells in the FGT predominantly comprise a TEM 

phenotype expressing CD69 but with little to no CD103 expression in comparison to FGT 

CD8 TRM (13, 14). Interestingly, the protective functions of TRM cells at mucosal sites can 

be mediated by cells embedded in the tissue as well as cells located on the luminal side of 

the epithelium (15–18). For example, in the lung CD8 TRM have differential effector 

functions based on whether they are localized to the airway lumen or the underlying tissue, 

and both populations contribute to optimal immune protection (19). Therefore, to obtain a 
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complete picture of the resident T cell population at mucosal sites it is important to 

characterize immune cells on both the apical and basal side of the epithelium.

Though CCR7hi T cells are not characteristically found in immune restricted tissue, 

recirculating memory T cells are a recently identified subset of CCR7 expressing CD69− 

memory CD4 T cells detected in cutaneous tissue under steady-state conditions (20). These 

recirculating CD4 T cells migrate from peripheral tissue into draining lymph nodes in a 

CCR7-dependent fashion and are thought to function in immune surveillance. Even though 

the identification of recirculating memory CD4 T cells in humans is relatively recent (21), 

prior mechanistic studies in murine models have shown that CD4 T cells located in the 

lumen of mucosal tissues can traverse the epithelium and migrate to lymph nodes (22–24). 

Importantly, this process required expression of CCR7, as CCR7-deficient CD4 T cells 

failed to migrate out of the lumen (20). Thus, memory CD4 T cells located on the apical 

surface of the mucosal epithelium have the potential to migrate across the epithelium and re-

enter the lymphatics in a CCR7-dependent manner.

To date, investigations of tissue resident immune cell populations at the human FGT 

mucosal surface are complicated by collection procedures that sample small surface areas 

that may not represent areas most susceptible to HIV infection (25, 26), moreover such 

sampling has the potential to introduce blood-borne leukocytes into resident cell samples 

(27). Notably, these methods would sample both luminal T cells as well as T cells embedded 

in the underlying tissue, whereas isolation of FGT immune cells by lavage allows for the 

specific examination of the FGT T cell population located on the apical surface of the 

epithelium. We developed an atraumatic enhanced lavage-enrichment method to characterize 

local T cell populations at the apical surface of the mucosal epithelium in the lower FGT for 

the purpose of better understanding T cell-mediated susceptibility to HIV infection from 

sexual exposure. Using this method we determined the majority of FGT memory CD4 T 

cells (CD69+/− CD45RAlo) in healthy women express the lymphoid homing chemokine 

receptor CCR7, and approximately half of the CCR7hi CD4 T cells did not express the 

residency marker CD69. In addition, FGT CCR7hi CD4 T cells expressed the HIV 

susceptibility markers CCR5 and CD38, and display chemotaxis to CCL19 and CCL21. 

Using a CCR5-tropic GFP-HIV reporter we further show that CCR7hi FGT CD4 T cells are 

targets of infection and separate migration studies of productively infected CCR7-expressing 

T cells show no altered chemotaxis to CCL19 and CCL21. These data suggest CCR7hi 

memory CD4 T cells resident in the genital tract could be infected at the earliest stages of 

HIV transmission and serve as a mechanism for viral entry and dissemination to lymphoid 

tissues. In addition, the sex hormones estradiol and progesterone that regulate the menstrual 

cycle also impact the immune environment in the FGT and some evidence suggest these 

hormones may influence HIV sexual transmission in the FGT, though the mechanism of this 

increased susceptibility are unclear (28, 29). In correlation to these emerging studies, we 

found this T cell population more concentrated during the luteal phase of the menstrual 

cycle and upon longitudinal analysis the frequency of FGT CCR7hi CD4 T cells positively 

correlated to blood progesterone levels. Our data identify an unexpected recirculating 

memory CD4 T cell population at the surface of the FGT and suggest a novel mechanism of 

HIV transmission and establishment of systemic infection through the migration of infected, 

recirculating FGT CCR7hi CD4 T cells into underlying lymphoid tissues. Furthermore, our 
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data show these target cells are more accessible to HIV during the luteal phase of the 

menstrual cycle.

MATERIALS & METHODS

Specimen collection and processing

Paired blood and CVL (cervicovaginal lavage) specimens were collected from women 

participating in a study of oral maraviroc pharmacokinetics in HIV-negative volunteers 

(Atlanta, Georgia) at visits without detectable maraviroc. Additional CVL only specimens 

for the FGT T cell characterizations were obtained from a convenience sample of women 

attending a normal well-woman visit at Emory Clinic and used in some experiments where 

only CVL cells were analyzed. Protocols were approved by the Emory University and 

Centers for Disease Control and Prevention Institutional Review Boards and the Grady 

Research Oversight Committee. All participants provided informed consent.

Menstrual cycle follicular (<10 days following start of previous menses) and luteal phase 

(>18 days following start of previous menses) were determined according to self-report. 

Progesterone and estradiol were measured from blood samples using the estradiol, 

progesterone Milliplex kit for Luminex (EMD Millipore, Billerica, MA) according to 

manufacturer’s instructions.

Blood was collected in 8 mL sodium citrate-containing CPT tubes (BD Biosciences, 

Franklin Lakes, New Jersey) and separated into plasma and peripheral blood mononuclear 

cells (PBMC) by centrifugation. During a speculum examination, CVL specimens were 

collected by directing 2 series of 10 mL of phosphate-buffered saline toward the endocervix 

and vaginal walls as per the protocol described by the Microbicide Trials Network 

(www.mtnstopshiv.org/node/773). Briefly, 1/3 PBS directed at cervical os and endocervix, 

1/3 PBS directed at right vaginal wall, and 1/3 PBS directed at left vaginal wall were then 

allowed to pool into the posterior fornix then aspirated into a 15mL conical containing 

0.5mL of human AB serum (Cellgro, Manassas, Virginia). The CVL was transported in a 15 

mL conical tube containing 0.5 mL human AB serum (Cellgro, Manassas, Virginia). CVL 

was centrifuged into cell-free supernatant and cellular fractions at 300 × g for 10 minutes. 

CVL cell fractions were enriched for leukocytes by centrifugation through a 40%/80% 

Percoll (GE healthcare, Pittsburgh, Pennsylvania) gradient at 900 × g for 20 minutes at room 

temperature without brake. Enriched CVL leukocytes were collected at the gradient interface 

and passed through a 70 μm cell strainer. Leukocytes were washed with cRPMI (RPMI 

containing 10% fetal bovine serum, penicillin and streptomycin) and stained for cell surface 

markers as indicated below. Separation of PBMC and CVL cell fractions was performed 

within 4 hours of sample collection. CVL samples were measured for semen using the 

ABACard p30 Antigen Detection Test (Abacus Diagnostics, West Hill, California) to 

identify samples containing cells from a male sexual partner that might affect immune 

characterization.
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Sexually Transmitted Infection Testing

DNA was extracted from DrySwab® (Lakewood Biochemical Company) using the Qiagen 

DNA Mini kit to amplify targets from Gonorrhea, Chlamydia, Syphilis Herpes simplex virus 

types 1 and 2, PID, Candida, and HIV using real-time duplex PCR and Qiagen Rotor-Gene 

Q and 6000 real-time PCR instruments. Qiagen Rotor-Gene Q Series software was used to 

analyze data.

Chemotaxis assays

Chemotactic activity to CCL19 and CCL21 was measured using a standard migration assay 

as previously described (30). In brief, CCL19 (600ng/mL) and CCL21 (600ng/mL) 

chemokines (R&D Systems, Minneapolis, Minnesota) were added to the lower chamber of 

24-well transwell plates (5.0 μm pore size, Corning, Tewksbury, Massachusetts) and 

incubated 20 minutes at 37°C. Cells (1 × 106) were added to the upper chamber and 

incubated 3 hours at 37°C. Lower chamber contents were analyzed by flow cytometry as 

indicated using TRUCOUNT tubes (BD Biosciences, San Jose, California) to calculate the 

absolute number of cells. Chemotactic index was calculated as the number of cells migrating 

in response to indicated chemokines divided by the number of cells migrating in response to 

media lacking additional chemokines.

Sample staining and flow cytometry

All cells were stained for viability using the Zombie Fixable Viability Kit (Biolegend), 

incubated with anti-CD16/32 Fc-block (BioXcell), and stained with the indicated antibodies: 

CD19 APC, CD3 APC-H7 or BV450, CD4 AF700, CD8 V500, CCR7 PE-CF594, CD69 

BV785, CCR5 PE, CD103 FITC, (BD Biosciences) CD38 PE-Cy7, CD11c BV711, CD14 

BV650, CD45RA BV605 (Biolegend). Stained samples were run on an LSRII flow 

cytometer, data acquired using FACS DIVA software (BD Biosciences) and analyzed using 

FlowJo software (TreeStar, Inc., Ashland, Oregon).

HIV infection of T cells

PBMC from healthy donors were infected overnight with 2×105 TCID50 of CCR5-tropic 

subtype C HIV (NG201530, AIDS Research and Reference Reagent Program, Division of 

AIDS, NIAID, NIH, Bethesda, Maryland) and p24 levels were measured as previously 

described (31). PBMC collected from healthy blood donors were incubated in cRPMI-10 

with 20 units/mL IL-2 (Roche), then activated with Cell Stimulation Cocktail (eBioscience, 

San Diego, California) overnight. Cells were washed in cRPMI, rested for 4 days, and 

incubated in cRPMI with 20 units/mL IL-2. Cells (2 × 106) were incubated overnight with 

2× 105 TCID50 of CCR5-tropic subtype C HIV (NG201530, AIDS Research and Reference 

Reagent Program, Division of AIDS, NIAID, NIH, Bethesda, Maryland). Infected cells were 

washed with cRPMI and incubated with cRPMI containing 20 units/mL IL-2 for 4 days. 

Cells were assayed for chemotactic index using the migration assay described above. Cells 

were stained with the following antibodies: CD19 APC, CD3 APC-H7, CD4 AF700, CD8 

V500, (BD biosciences), CD45RA BV605 (Biolegend). For intracellular staining, cells were 

permeabilized with Cytofix/Cytoperm kit (BD Biosciences) prior to staining with p24 PE 

(KC57-RD1 Beckman Coulter, Indianapolis, Indiana).
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For infection of CVL from healthy women, 2–10×106 enriched CVL cells were infected for 

1 hour with an R5-tropic GFP-HIV (a gift from Thorsten Mempel, Harvard Medical School) 

(32), washed, and cultured for 48hours in complete media supplemented with 20 units/mL 

IL-2. CVL cells were stained as described above with the indicated antibodies. Cells were 

assessed for GFP expression on an LSRII flow cytometer (BD) and data analyzed as 

described above.

Statistics

Statistical analysis was performed with Prism 5 software (Graphpad). Unless otherwise 

noted an unpaired two-tailed Student’s t test was used to determine significance. ns not 

significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

RESULTS

The lower FGT mucosal surface is an immune restricted site with a majority CCR7hi CD4 
memory T cell population

To investigate how T cells at the FGT mucosal surface may influence HIV acquisition we 

initiated a study of pre-menopausal healthy women to perform atraumatic broad surface area 

sampling of the lower FGT. Participants were enrolled and screened for the purpose of 

collecting genital lavage and matched blood samples. Using standard CVL collection 

procedures we optimized an enhanced lavage and enrichment technique to increase 

leukocyte yields while minimizing tissue trauma. To determine whether lavage samples 

provided characterizations representative of an immune restricted environment, we 

implemented three criteria to confirm method validity; i) a low proportion of cells from 

blood circulation (<3% CD19+ B cells detected among lymphocytes)(33) (Fig. 1A), ii) the 

absence of naïve T cells (Fig. 1C, 1F), and iii) an increased frequency of the mucosal 

residence marker CD103 on T cells compared to matched peripheral blood samples (CD4 

p=0.0181, CD8 p=<0.0001) (Fig. 1D) (34). A description of the CVL samples used in the 

characterizations in Figures 1–3 is provided in Supplemental Table I.

Initial characterizations found the predominant T cell population at the FGT mucosal surface 

was memory CD4 cells (CD45RAlo) (CD4 p=0.0002, CD45RAlo p=<0.0001) (Fig 1B, 1C). 

We further measured the frequency of CD45RA and CCR7, to distinguish naïve and 

terminally differentiated cells (TTD), as well as central (TCM) and effector memory (TEM) 

subsets (Fig. 1E, 1F) (12, 35). Notably, though previously characterized mucosal sites 

contain a predominant TEM population, the primary population of FGT T cells was CCR7hi 

CD4 memory cells (p=<0.0001), consistent with a TCM phenotype (CD45RAlo CCR7hi). 

FGT CD8 T cells, in contrast, expressed a predominant TEM phenotype (CD45RAhi 

CCR7lo) (p=<0.0001). TTD (CD45RAhi CCR7lo) cells were reduced within the CD4 

(p=0.279) and CD8 (p=0.0313) T cell populations (Fig. 1F). These results show that human 

mucosal T cell populations in the lower FGT are primarily memory CD4 T cells expressing 

CCR7, a chemokine receptor important for T cell trafficking to the lymphatics from 

peripheral tissue sites (20).

Swaims-Kohlmeier et al. Page 6

J Immunol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FGT CCR7hi CD4 T cells populations express increased CD69 expression yet display 
chemotaxis to CCL19 and CCL21

The expression of CCR7 on human CD4 T cells in the lower FGT is distinct from 

characterization studies using human hysterectomy tissue (36) as well as previous studies in 

mice (14). To better characterize FGT CD4 T cells enriched from the mucosal surface, we 

measured expression of the tissue retention markers CD69 and CD103 in comparison to 

CCR7 expression (Figure 2A–C). CD69 interferes with sphingosine-1-phosphate receptor 

function and CD103 binds E-cadherin to facilitate adherence to the epithelium (37, 38). 

CCR7hi CD4 T cells expressed a greater range in CD69 frequency (10–93.8) compared to 

CCR7lo CD4 T cells (30–93.3) though the average percentage of CD69+ cells was similar 

between CCR7hi and CCR7lo CD4 T cell subsets (mean 54.2 and 60.2, respectively) and no 

significant differences in CD69 expression were detected (Figure 2B). CD103 expression 

was detected with a greater frequency on FGT CCR7lo CD4 T cells compared to CCR7hi 

CD4 T cells (mean 22.8 and 2.3) (p=0.0005) (Figure 2C). These data show that CD4 T cells 

in the FGT comprise CCR7hi CD69+/− populations consistent with both CD4 TRM (CD69+) 

and recirculating memory CD4 T cells (CD69−).

The expression of CD69 on T cells at peripheral sites relates to long-term tissue retention 

(37), yet the detection of CCR7 on FGT CD4 T cell populations indicates these cells may be 

able to exit the tissue via the lymph in response to CCR7 chemokines. To determine whether 

CCR7 expression on FGT CD4 T cell populations would enable migratory function and 

trafficking into afferent lymphatics, we investigated chemotaxis to CCR7-binding 

chemokines CCL19 and CCL21 by transwell assay (39). In all FGT samples tested (n=8), 

CD4 T cells exhibited migration to CCR7-binding chemokines (p=0.0259) (Fig. 2D). 

Notably, although the chemotactic patterns of FGT CD4 T cells displayed variation among 

participant samples, there was a significant increase the frequency of migrated cells 

comparing the media control (average 1.9 ± 2.7 s.d.) with CCL19+CCL21 (average 11.6 

± 11.9 s.d.) (Fig. 2E). These data show that FGT CCR7hi CD4 T cells are comprised of both 

CD69+ and CD69− memory subsets and these populations can migrate to CCR7 

chemokines. Thus, the combination of migratory ability displayed by FGT CD4 T cell 

populations in addition to phenotypic analysis support that a subset of these cells are 

consistent with recirculating memory CD4 T cells localized to the FGT.

FGT CCR7hi CD4 T cells express HIV susceptibility markers

Due to their localization at the surface of the genital tract, it was possible that these CCR7hi 

memory CD4 T cells would also be early targets of HIV infection from sexual transmission. 

To investigate evidence for HIV susceptibility in CCR7hi CD4 T cell populations in the FGT, 

we analyzed FGT CD4 T cells for expression of the HIV co-receptor CCR5 and HIV 

susceptibility marker CD38 (40) based on CCR7 expression. As shown (Fig. 3A–C) by 

comparing CCR5 and CD38 expression on FGT and blood CD4 T cells, both CCR7hi and 

CCR7lo FGT CD4 T cell populations exhibited increased expression. Similarly, CCR5 and 

CD38 co-expression was increased on CCR7hi (p=0.0017) and CCR7lo (p=0.002) FGT CD4 

T cells compared to blood suggesting that both FGT CD4 T cell subsets, including FGT 

CCR7hi CD4 T cells, would be susceptible targets for HIV infection. To distinguish whether 

FGT CCR7hi CD4 T cells may exhibit different patterns of HIV susceptibility markers based 
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on a resident or recirculating T cell phenotype we also measured CCR5 and CD38 

expression on both the CD69+ and CD69− subsets (Figure 3D). Despite the differences in 

CD69 expression, these subsets of CCR7hi CD4 T cells express similar levels of CCR5 and 

CD38. Thus, based on the surface expression of HIV susceptibility markers both CD69+ and 

CD69− CCR7hi CD4 T cells in the FGT are likely permissive to HIV infection.

FGT CCR7hi memory CD4 T cells are susceptible to HIV infection

CD4 TEM may be selectively infected by HIV due to increased expression of CCR5 in 

comparison to CD4 TCM cells (35, 41). FGT CD4 T cells comprise both CCR7hi and 

CCR7lo CD4 T cells with increased HIV susceptibility markers including CCR5 in 

comparison to similar populations from blood, but whether HIV preferentially targets FGT 

CD4 T cells based upon CCR7 expression is unknown. To test HIV infection of FGT CD4 T 

cell populations based upon CCR7 expression, we infected CVL cells from eight individual 

subjects with HIV-GFP and measured for infection in CCR7hi and CCR7lo CD4 T cells 

following 48 hours of cell culture (Fig. 4A and 4B). The gating strategy used for the 

identification of infected cells is shown in Supplemental Figure 1. We detected GFP signal 

with a greater frequency in CCR7hi (mean frequency of infected CD3+ CD8− T cells: 56.1) 

compared to CCR7lo FGT CD4 T cells populations (mean frequency of infected CD3+ 

CD8− T cells: 43.57), though this difference was not significant (Figure 4B). These data 

indicate that both CCR7hi and CCR7lo FGT CD4 T cells are equally susceptible to HIV 

infection.

CCR7 expression on infected T cells support virus trafficking to lymphoid homing 
chemokines

HIV-infected TCM can directly disseminate virus within lymph nodes upon subcutaneous 

transfer in humanized mice (32). However, HIV viral proteins have been shown to interfere 

with lymph homing signaling pathways in infected cells (42). FGT memory CD4 T cells co-

express CCR7 and markers of HIV susceptibility, but whether these cells could support virus 

trafficking into lymph nodes via CCR7-mediated chemotaxis is unknown. To determine 

whether CCR7hi CD4 T cells exhibited trafficking to lymph homing chemokines after 

infection, we infected blood-derived CD4 T cells with a clinically derived R5-tropic subtype 

C HIV isolate and measured migration of infected TCM to CCL19 and CCL21. We observed 

that HIV-infected CD4 T cells migrated to CCL19 and CCL21 (p=0.0025) (Fig. 4C) and did 

not exhibit impaired chemotaxis (Supplementary Fig. 2). These results support the concept 

that expression of CCR7 on FGT memory CD4 T cells enables HIV to utilize these cells for 

direct trafficking and dissemination of virus into secondary lymphoid tissue.

Frequencies of FGT CCR7hi memory CD4 T cells associate with the luteal phase of the 
menstrual cycle and correlate with blood progesterone levels

Previous studies using nonhuman primate models and evidence from humans suggest the 

luteal phase of the menstrual cycle is associated with increased HIV susceptibility (28, 43, 

44). To explore whether the phase of the menstrual cycle may associate with changes in the 

FGT memory CD4 T cell population, we compared lavage samples collected at the follicular 

phase (4–10 days following start of menses) or luteal phase of the menstrual cycle (18–26 

days following start of menses) for any differences in T cell characteristics. By analyzing T 
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cell populations based upon self-reported phase of the menstrual cycle, we found the 

frequency of FGT CCR7hi memory CD4 T cells increased at time points corresponding to 

the luteal phase (p=<0.0001) (Fig. 5A), though the average frequency of CCR7hi memory 

CD4 T cell populations in blood remained similar between time points.

To more directly examine the association of FGT CCR7hi memory CD4 T cells with the 

menstrual cycle, we followed a subset of healthy participants longitudinally, collecting blood 

and lavage samples at indicated time points throughout the cycle and measured estradiol and 

progesterone from blood plasma to accurately define menstrual cycle phase (45) (Fig. 5B). 

The frequency of FGT CCR7hi memory CD4 T cells was highest at time points with 

increased plasma progesterone levels, corresponding to the luteal phase of the menstrual 

cycle (p=0.0017) (Fig. 5C). As progesterone levels declined, the frequency of FGT CCR7hi 

memory CD4 T cells decreased into ranges detected during the follicular phase (p=0.0059). 

By directly comparing CCR7 expression on FGT memory CD4 T cells, a significant positive 

correlation was observed with progesterone concentrations (p=0.0024) (Fig. 5D). No 

correlations were detected upon comparing FGT CCR7hi memory CD4 T cell frequencies 

and estradiol concentrations (Fig. 5E). Notably, no change in the HIV susceptibility markers 

CCR5 and CD38 was detected on FGT CD4 T cells based upon phase of the menstrual cycle 

(Supplementary Fig. 3A and 3B). Increased CCR7 frequency in correlation to plasma 

progesterone levels was not related to a change in total CD4 T cells detected (Supplementary 

Fig. 3C).

DISCUSSION

Understanding how HIV can penetrate mucosal surfaces and establish a systemic infection is 

needed to advance promising biomedical interventions. Estimated HIV sexual transmission 

rates through the cervical-vaginal mucosa of women are relatively low compared to other 

exposure routes (46) and are often a result of a single founder variant that may be specific to 

CD4 T cells (47, 48). Mucosal barriers involve a wide variety of immune mediators in order 

to adequately defend against infection, including resident memory T cell populations that 

provide a superior and tissue-specific immune response to invading pathogens (49–53), 

hence their maintenance at these sites is vital. Previous work involving adoptive transfers 

studies in mice found that the expression of CCR7 on CD4 T cells was sufficient to enable 

them to migrate from mucosal barriers into afferent lymphatics (23, 24), demonstrating that 

not all memory T cells present at mucosal sites permanently reside in the tissue. 

Furthermore, the subsequent identification of recirculating memory CD4 T cells in 

cutaneous tissues in humans demonstrated an even greater complexity to the maintenance 

and homeostasis of tissue-resident memory CD4 T cells at peripheral sites (21). Together, 

these data suggest that the memory CD4 T cell pool resident in mucosal tissues at any one 

time is a dynamic population comprised of both stationary and migratory cells that maintain 

local immune surveillance.

Our study is the first to identify a novel population of CCR7hi memory CD4 T cells 

consistent with both CD4 TRM and recirculating memory CD4 T cell phenotypes in the FGT 

mucosa of healthy women. Delineating resident and recirculating FGT memory CD4 T cells 

based on the residency marker CD69, we showed that both of these subsets are enriched for 
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the expression of the HIV susceptibility markers CCR5 and CD38 and thus are likely targets 

of HIV infection. It should be noted, however, that while CD69 can contribute to tissue 

residency it is not a definitive marker for tissue-resident T cells, and it is possible that the 

dynamic regulation of CD69 expression in the tissue lessens its utility as a marker to 

distinguish resident and recirculating memory CD4 T cells (37, 54). Nevertheless, we 

demonstrated that CCR7hi memory CD4 T cells isolated from CVL were susceptible to HIV 

infection and that CCR7hi memory CD4 T cells retained their ability to migrate to CCR7 

ligands after HIV infection. Several immune cell types, including Langerhans cells and 

myeloid cells, have been implicated in transporting HIV across the mucosal epithelium (5, 

55–57). Our data suggest that in addition to these mechanisms, heterosexual HIV 

transmission may also occur by infection of recirculating CCR7hi memory CD4 T cells at 

the luminal surface of the FGT that traffic across the epithelium to lymphoid tissues where a 

systemic infection can be established.

How these FGT CCR7hi CD4 T cells may function in immune protection remains to be 

understood, as do the signals that direct their migration into this site. One interesting finding 

from our data is the difference between FGT CD4 and CD8 T cells in CCR7 and CD103 

expression. Significantly fewer FGT memory CD8 T cells expressed CCR7 compared to 

CD4 T cells, while the frequency of FGT memory CD8 T cells that expressed CD103 was 

significantly greater. Together, these data suggest that FGT CD8 memory T cells may be 

more likely to remain resident in the tissue, whereas the FGT memory CD4 population may 

be comprised of both tissue resident and recirculating cells. The changing frequency of FGT 

CD4 T cells over the course of the menstrual cycle suggests that as recirculating FGT 

CCR7hi CD4 T cells migrate from the tissue to lymphoid sites, their numbers must be 

maintained by an influx of new cells into the FGT. One possibility is that CCR7 mediates 

both the influx and efflux of recirculating FGT CCR7hi CD4 T cells, as constitutive 

expression of the CCR7 chemokines CCL19 and CCL21 in human endometrium has been 

reported (58). However, we think it unlikely that CCR7-mediated signals draw recirculating 

cells into the FGT as we and others do not observe any naïve CD4 T cells in the FGT, which 

would also migrate to CCR7 chemokines. More recently, it has been shown that CCR5-

mediated signals are necessary for sustaining resident memory CD4 T cells in the FGT (13). 

Although it is unclear whether CCR5 directs the migration of recirculating CCR7hi CD4 T 

cells to the FGT under homeostatic conditions, it is an intriguing possibility considering that 

this potential mechanism may increase the number of permissive HIV targets at the surface 

of the FGT. We are currently investing the role of CCR5 and other migratory signals in 

directing the recruitment of recirculating CCR7hi memory CD4 T cells to the FGT.

In correlation to emerging studies that suggest a role of sex hormones in sexual transmission 

of HIV (28), we found an increased frequency of CCR7hi cells among the FGT CD4 T cell 

population during the luteal phase of the menstrual cycle that positively correlated with 

blood progesterone levels. The exact roles by which progesterone alters HIV susceptibility 

are still debated, and include a thinning of the epithelial layers of the vaginal wall, changes 

in the vaginal microbiota, and increased expression of CCR5 on CD4 T cells (59, 60). If 

future studies demonstrate that CCR5-mediated signals are required for the migration of 

recirculating memory CD4 T cell into the FGT, increased CCR5 expression due to higher 

progesterone levels during the luteal phase of the menstrual cycle may explain the increased 
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frequency of CCR7hi CD4 T cells we observed. Alternatively, the increased frequency of 

these cells on the surface of the FGT may result from the thinning of the vaginal epithelium 

and more direct access to the luminal surface. Regardless of the mechanisms involved, the 

observed increase in recirculating HIV target cells on the surface of the FGT associated with 

high blood progesterone levels should be considered when evaluating mechanisms of 

potential increased risk during the use of progesterone-based hormonal contraceptives.

In summary, our detection of a previously unrecognized population of recirculating CCR7hi 

memory CD4 T cells at the surface of the lower FGT that express HIV susceptibility 

markers and are permissive to infection suggests a mechanism of systemic virus 

dissemination that could begin with HIV infection of CCR7hi CD4 T cells in the lumen of 

the FGT. Taken together, these data emphasize the need to further define resident immune 

cell populations at the site of pathogen exposure to better inform the design of more 

effective biomedical intervention and vaccination strategies.
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Figure 1. 
(A) Representative stain illustrating the gating strategy for FGT T cell characterizations. (B) 
CD4 and CD8 frequency of CD3 population from blood and FGT samples. (C) CD45RA 

frequency of CD4 T cell populations from blood and FGT samples. (D) CD103 expression 

of CD4 and CD8 T cell populations from blood and FGT samples. (E) Representative stain 

of CCR7 and CD45RA T cell populations on either CD4 T cells (top panels) or CD8 T cells 

(lower panels) from blood (left panels) or the FGT (right panels). (F) CD45RA and CCR7 

population frequency in CD4 and CD8 T cells from blood and FGT. Labeled, Naïve T cells 

(TNA) CD45RAhi CCR7hi, Central Memory T cells (TCM) CD45RAlo CCR7hi, Effector 
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Memory T cells (TEM) CD45RAlo CCR7lo, and Terminally Differentiated T cells (TTD) 

CD45RAhi CCR7lo.
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Figure 2. 
(A) Representative stain of CCR7 and CD45RA expression on memory CD4 T cells from 

the FGT (left panel). Cells were gated by CCR7 expression and measured for the expression 

on CD69 and CD103 (right panel). (B,C) FGT CD4 T cells were gated by CCR7 expression 

and measured for CD69 (B) or CD103 expression expression (D) CD4 T cell chemotactic 

function to CCL19 and CCL21 (gray bar n=8). (E) FGT CD4 T cell migration to CCL19/21 

shown by change in % of CD4 T cells that migrated in complete media compared to CD4 T 

cells that migrated to CCL19/21 chemokines (n=7). (D, E) Dotted line represent chemotactic 

index of 1.
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Figure 3. 
(A) Representative stain of CCR5 and CD38 expression on memory CD4 T cells from blood 

(left panel) or FGT (right panel). (B) Representative stain of CCR5 and CD38 on FGT CD4 

T cells gated by CCR7 expression. (C) CD4 memory T cells gated by CCR7 expression and 

measured for expression of CCR5, CD38. (D) FGT CCR7hi CD4 T cells gated by CD69 

expression and measured for expression of CCR5 and CD38.
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Figure 4. 
(A, B) Unstimulated CVL cells infected with R5-tropic GFP-HIV ex-vivo (2–10×106 

enriched CVL cells) were measured for GFP signal following 48 hours of cell culture. (A) 
GFP frequency measured from gated FGT CD3+ CD8− T cells (frequency range: 9.83–29.4, 

mean: 17.3). (B) GFP positive FGT T cells were measured for CCR7 expression. GFP 

positive CCR7hi CD3+ CD8− T cells (mean frequency: 56, range:6–89%) and CCR7lo 

CD3+ CD8− T cells (mean frequency: 43.57, range:16–85) are compared to the CCR7 

frequency of GFP negative FGT CD3+ CD8− T cell populations (C) PBMC infected with 

CCR5 tropic subtype C HIV then tested for CCL19/21 chemotaxis. HIV infected T cells (red 

circles) measured by intracellular p24 expression in comparison to uninfected T cells (gray 

circles). Absolute number of p24 positive T cells migrated to CCL19/21 or complete media.
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Figure 5. 
(A) Frequency of CCR7hi CD4 T cells from FGT compared to matched blood measured 

according to self-reported menstrual cycle phase. (B) Average blood plasma levels of 

Progesterone and Estradiol shown at indicated timepoints throughout menstrual cycle. Day 

of cycle represent range estimated from self-reported start of menses. (C) Frequency of 

CCR7hi CD4 T cells from the FGT measured at indicated timepoints progesterone and 

estradiol were measured. (D) Progesterone levels compared to FGT CCR7hi CD4 T cell 

frequency. Statistics calculated by Spearman correlation (Pearson correlation also performed 

and show significance, r=0.4079 and p=0.0032). (E) Estradiol levels compared to FGT 

CCR7hi CD4 T cell frequency. Statistics calculated by Spearman correlation (Pearson 

correlation also performed and show no significance r=0.3006 and p=0.2111).
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