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Abstract

Objective: Oral tenofovir-based pre-exposure prophylaxis (PrEP) is an important tool for 

prevention of new HIV infections, which also reduces subclinical HSV-2 shedding and 

symptomatic lesions in HIV-negative, HSV-2-seropositive individuals. However, the impact of 

PrEP on mucosal immunity has not been examined in detail.

Design: Here we evaluate paired genital tissue and systemic immune profiles to characterize the 

immunological effects of PrEP in HIV-negative, HSV-2-seropositive African women sexually 

exposed to HIV.

Methods: We compared local and systemic innate and T-cell characteristics in samples collected 

during PrEP usage and two months after PrEP discontinuation.

Results: We found that frequencies of cervical CCR5+CD4+ cells, regulatory T-cells, and tissue 

macrophages were significantly reduced during PrEP use compared to after PrEP discontinuation. 
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In contrast, peripheral blood CD4+ and CD8+ T-cells expressing markers of activation and 

trafficking were increased during PrEP usage.

Conclusions: Together, our data are consistent with PrEP altering immunity differentially in the 

female genital tract compared to circulation in HSV-2+ women. Further study including 

comparison to HSV-2 negative women is needed to define the overall impact and mechanisms 

underlying these effects. These results point to the critical need to study the human mucosal 

compartment to characterize immune responses to mucosal infections.
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INTRODUCTION

Despite significant advancement in our understanding of the immune system, most 

knowledge comes from studies using model systems, such as mice, or by investigation of 

human peripheral blood cells (PBMC). However, most human infections of public health 

importance are transmitted across a mucosal surface; thus, we must define the unique 

immune responses at these locations so that we can better prevent infection at these sites of 

first exposure. HIV is an example of a pathogen that most commonly infects the host across 

a mucosal surface, and there is an urgent need to provide protection to young women who 

are at disproportionate risk of acquiring new HIV infections[1]. Importantly, infection with 

genital herpes simplex virus type 2 (HSV-2) increases the risk of HIV acquisition by 2–3 

fold[2]. HSV-2 infection is extremely prevalent, with estimated rates of HSV-2 sero-

positivity in women in regions such as South Africa, Kenya, and Uganda as high as 70%
[3–5]. There is strong correlative epidemiological evidence for the synergistic effects of HIV 

with HSV-2[6, 7], and the underlying immune mechanisms that predispose HSV-2+ women 

to HIV infection include increased numbers and persistence of mucosal CD4+ T cells and 

CCR5+ HIV target cells in the skin of HSV-2+ individuals[8–11], altered DC activity[12, 13], 

and changes in the local cytokine milleu[13–15]. However, the lack of an effective HSV-2 

vaccine[16], and partial suppression of HSV-2 reactivation with current antivirals[17], 

highlight the urgency to better characterize the mucosal immune landscape in HSV-2+ 

individuals to determine if mucosal immunity plays a role in HIV susceptibility in HSV-2+ 

persons.

Oral tenofovir-based pre-exposure prophylaxis (PrEP) has been demonstrated to be 

efficacious at preventing new HIV infections in high-risk individuals[18–21], and is now 

recommended by many public health agencies for individuals at high risk of exposure to 

HIV infection. However, there are limited data on if PrEP has an impact on mucosal 

immunity. Interestingly, data from human and rodent cell cultures have revealed both pro-

inflammatory[22–24] and anti-inflammatory[24–26] effects of tenofovir in vitro, whereas both 

topical tenofovir[27–29] and oral PrEP[30] have been reported to promote peripheral immune 

quiescence. This is of relevance given that immune quiescence, or reduced immune 

activation, has been associated with protection from HIV acquisition[31–36]. Moreover, 

cervical HIV-neutralizing IgA is increased in women on-PrEP, and in women with higher 
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HIV exposure[37], revealing that both PrEP and HIV exposure can alter mucosal immune 

responses. Thus, a more detailed analysis of mucosal immunity during PrEP usage and HIV 

exposure is needed. Finally, consistent use of oral PrEP has been shown to modestly 

decrease HSV-2 shedding and lesion rates in HIV-negative, HSV-seropositive women, as 

well as the quantity of virus shed[38]. Thus, we hypothesized that PrEP could additionally 

alter mucosal immune cells in HSV-seropositive women through modulation of viral 

shedding and associated pathology, thereby necessitating concordant modifications in 

immunity to respond to viral reactivations.

Here, we profiled mucosal and circulating immunity in HSV-2+ women who took PrEP due 

to sexual exposure to HIV-1, and longitudinally re-assessed these characteristics two months 

after discontinuation of PrEP. Our findings suggest that the effect of PrEP on mucosal 

immunity in HSV-2+ women may be distinct from its effect on systemic immunity.

METHODS

Study participants.

Partners PrEP was a randomized, placebo-controlled clinical trial of oral tenofovir or 

tenofovir/emtricitabine versus placebo conducted among 4758 heterosexual HIV 

serodiscordant couples (Clinicaltrials.gov)[18]. Two sites, Kampala, Uganda and Thika, 

Kenya were identified where all women enrolled in the parent Partners PrEP Study were 

offered enrollment into a genital sampling substudy to enable characterization of genital 

mucosal immune phenotypes longitudinally after PrEP usage compared to PrEP 

discontinuation. This involved collection of additional samples at the visit when study drug 

was stopped (participants had been taking study drug for 24–36 months) and/or a visit 2 

months after study drug was discontinued. A total of 90 women had cervical, vaginal, and 

serum samples all collected at one or both of these visits. Mucosal and blood samples were 

collected at the same time points. Biopsies were randomly sampled from the ectocervix. Of 

these 90 women, 20 women had been randomized to placebo (all had samples collected at a 

single visit) and 70 to PrEP (N=22 with samples collected at both visits, N=32 and N=38 

with samples collected at one or the other visit). For this analysis, we selected women who 

were HSV-2+ and taking PrEP. Some of the samples could be matched to longitudinally 

paired samples at post-PrEP timepoints whereas others were only cross-sectional (Table 1). 

The Partners PrEP Study was coordinated at the University of Washington with human 

subjects research oversight there and at participating collaborating Institutional Review 

Boards.

IHC and image analysis.

Cervical biopsies were prepared into formalin-fixed paraffin embedded (FFPE) blocks and 

sectioned into 4 μM sections. Slides were de-paraffinized and rehydrated using graded 

xylene and ethanol washes. Antigen-retrieval was then performed by heating to 95°C for 

20min in Trilogy solution (Cell Marque). Slides were washed in TBST buffer, quenched in 

3% hydrogen peroxide solution (Sigma-Aldrich), and then blocked using TSA blocking 

reagent (Life Technologies). Primary antibodies included: CCR5 (clone MC5, a kind gift 

from Dr. Mack[39]), CD4 (Abcam, Ab133616), CD68 (Dako PG-M1), CD38 (Abcam, 
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Ab183326), CD8 (Dako M7103), and Foxp3 (Abcam, Ab20034). Doubly-stained slides 

were stained sequentially where the first antibody was incubated at room temperature for 

1hr, washed, detected using PowerVision poly-HRP reagent (Leica), and amplified with 

tyramide-488 solution for 10min. Slides were then subjected to a second round of antigen-

retrieval to strip residual antibodies and complexes and incubated overnight with the second 

primary antibody. Detection protocols were repeated as above and second antibodies were 

amplified using tyramide-594 solution. Staining controls which were devoid of primary 

antibodies were subjected to the same process. Finally, nuclei were detected using DAPI and 

coverslips were mounted with prolong diamond anti-fade reagent (Invitrogen). Slides were 

imaged on an Aperio Scanscope FL (Leica) and un-manipulated whole slide images were 

analyzed using HALO software (Indica Labs) by blinded researchers.

Flow cytometry.

Cryopreserved PBMC samples were thawed and stained for flow cytometry and/or 

intracellular cytokine staining as previously described[40, 41]. Antibodies (Supplemental 

Digital Content 1) were purchased from BD, Biolegend, eBioscience, Beckman Coulter, and 

Invitrogen. Data analysis was performed in a blinded fashion using Flowjo v9.9 (BD). For 

multifunctional T-cell analysis, Boolean gating was applied in Flowjo v9.9 (BD), and data 

was exported to Pestle v1.8 for processing and import into SPICE v5.0[42].

Cytokine detection.

Cytokine/chemokine levels in previously frozen cervical or vaginal swabs and serum were 

measured using Miliplex MAP multiplex kits (Human Cytokine/Chemokine panels I-VI 

from EMD Millipore) using the overnight protocol and analyzed on the BioPlex-200 (Bio-

Rad). Human cytokine/chemokine panels I and II were identical with the exception of 

RANTES which was removed from panel II. Samples with values below the lower detection 

limit (MinDC + 2SD) were assigned the value of half the lower detection limit in pg/ml, 

(MinDC + 2SD)/2.

Statistics.

Investigators were blinded to PrEP status and demographic information. Samples were 

labeled with a barcode, which was later translated to patient ID, date, PrEP status, and other 

demographic information etc. All the data was analyzed prior to being unblinded to PrEP 

status. All immunofluorescence data were compared between PrEP and post-PrEP visits 

using rank-based regression[43], adjusting for menstrual phase, recent sex, hormonal 

contraceptive use, and BV (Supplemental Digital Content 2). Because BV was only 

available at a subset of visits, we conservatively only adjusted for BV if doing so reduced the 

difference between groups. If BV adjustment increased the difference, we did not adjust, in 

order to include all visits in the analysis. Rank-based regression was performed using R 

version 3.3.3 and R package “Rfit”. Matched longitudinal immunofluorescence data were 

analyzed via Wilcoxon matched-pairs signed rank test using GraphPad Prism software 

version 7.0d. For immunofluorescence comparisons, p≤0.05 was considered statistically 

significant. Multiple comparisons corrections for flow cytometry and cytokine data were 

performed using the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli 

with a false discovery rate of 5%.
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RESULTS

PrEP usage confers a reduction in the density of cervical CD4+ and CD8+ cells

To examine the effects of PrEP usage on immunity in HSV-2+ women, we used matched 

PBMC and genital mucosal samples from a subset of women enrolled in the Partners PrEP 

Study (Table 1). Cervical biopsies and swabs plus PBMC were collected from select women 

at the study visit when PrEP was discontinued in the Partners PrEP Study, and at a post-drug 

discontinuation study visit 2 months later (Post-PrEP visit). We quantified total CD4+ and 

CD8+ cells present in cervical biopsies by immunofluorescence microscopy and digital 

image analysis and found the overall frequencies of both cervical CD4+ and CD8+ cells 

were lower in women on-PrEP compared to 2 months after PrEP discontinuation. We 

quantified these CD4+ and CD8+ cells in both an inclusive cross-sectional analysis, and in a 

subset of the total biopsies which could be longitudinally matched to a repeat visit of the 

same individual after PrEP cessation, with both approaches resulting in similar outcomes 

(Figure 1a–b). In addition, the numbers of CD4+ and CD8+ cells in the cervix increased or 

trended toward increase after PrEP discontinuation (Figure 1c–d).

Given our finding of increased CD4+ and CD8+ cells in the cervix in the post-PrEP sample, 

we next assessed the frequencies of cervical CCR5+CD4+ HIV target-cells and found that 

discontinuation of PrEP correlates with a statistically significant increase in the frequency of 

CCR5+CD4+ cells within the cervix (Figure 1e–f). In contrast, we found that there was no 

difference in the frequency or number of activated CD38+CD4+ or CD38+CD8+ cervical 

cells at the PrEP or post-PrEP timepoints (Figure 1h–i).

Tissue Treg frequencies rise after PrEP discontinuation

Regulatory T-cells (Tregs) traffic to sites of inflammation and serve an essential role during 

primary HSV-2 infection to elicit early immune cell responses, while controlling 

inflammation[44, 45]. Moreover, several studies have suggested that an increased frequency of 

peripheral Tregs may be associated with protection from HIV acquisition by establishing a 

state of immune quiescence[40, 46]. Thus, given that we observed an increase in CD4+ and 

CD8+ cell infiltration into the cervix following PrEP discontinuation, we next quantified the 

frequency and number of cervical tissue Tregs. We found a low frequency and number of 

Foxp3+CD4+ Tregs within cervical tissues during PrEP usage, followed by an increase in 

the frequency and number of Tregs in the mucosa post-PrEP (Figure 1j–l). In sum, we find 

concurrent increases in CD4+, CD8+, and Treg cells within the cervical mucosa post-PrEP, 

with the Tregs potentially following T-cells to restrain possible T-cell-driven inflammation.

Cervical tissue macrophages are restrained during PrEP usage

To next examine the effect of PrEP on innate immunity and additional HIV target cells 

within the mucosa, we assessed CD68+ tissue macrophages, which are also susceptible to 

HIV infection. The frequency and number of total CD68+ cervical tissue macrophages were 

lower on-PrEP and became elevated post-PrEP (Figure 2a–b). Additionally, quantification of 

CCR5+CD68+ cervical tissue macrophages revealed a trend toward an increase in frequency 

and number of such cells post-PrEP (Figure 2c–e). Altogether, our analysis of cellular 

immunity within the cervical tissues in the context of PrEP use compared to post-PrEP 
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revealed an increased abundance of both macrophages as well as CD4+ and CD8+ cells in 

the cervical mucosa upon PrEP discontinuation.

PrEP does not influence cervical and vaginal cytokine profiles

We next performed a comprehensive analysis of 28 cytokines and chemokines within the 

vagina and cervix to determine the impact of PrEP usage on the soluble milieu within the 

genital mucosa. After correcting for multiple comparisons, we found that oral PrEP usage 

had no statistically significant impact on the expression of cervical or vaginal cytokines 

(Supplemental Digital Content 3). Our assessment of cervical and vaginal cytokines is 

consistent with data regarding cytokine expression during tenofovir gel usage[47], as Masson 

et al found no differences between placebo or tenofovir gel in cytokine concentrations 

analyzed from cervicovaginal lavage (CVL) samples[47].

Discontinuation of PrEP induces a quiescent circulating T-cell immune signature.

Contrary to our findings in the mucosa, we found that the frequency of activated peripheral 

blood CD4+ T-cells was significantly decreased after PrEP discontinuation. Specifically, we 

observed an elevated frequency of both circulating CCR5+ and CXCR4+CD4+ T-cells 

during PrEP compared to post-PrEP (Figure 3a–b). Consistent with a pro-inflammatory 

state, we also observed significant increases in CD38, Ki-67, and PD-1-expressing CD4+ T-

cells during PrEP compared to post-PrEP (Figure 3c–e), and an elevation in the frequency of 

circulating Tregs during PrEP usage compared to post-PrEP, although when corrected for 

multiple comparisons, this difference was no longer statistically significant (Figure 3f).

Similar to blood CD4+ T cells, there was a significant reduction in the frequency of 

circulating CD8+ T-cells expressing CCR5, CD69, and PD-1 post-PrEP (Fig 3g–i), as well 

as trends toward decreased frequencies of CD38 and Ki-67 (Figure 3j and k). However, after 

multiple comparisons corrections, the only significant result remaining among CD8+ T-cells 

was in CCR5+CD8+ T-cells. In sum, mucosal immune responses are distinct from those 

within circulation, demonstrating that circulating immunity is not a good proxy for genital 

immunity.

PrEP usage does not impact circulating T-cell cytokine production

Because we observed several differences in the expression patterns of CD4+ and CD8+ T-

cell phenotypes, we next assessed their respective functionality. We found that the ability of 

both CD4+ and CD8+ T-cells to produce cytokines including IFN-γ and TNF-α upon 

polyclonal stimulation remained robust both during PrEP use and post-PrEP (Figure 3l–o). 

Moreover, we assessed the polyfunctionality of these T-cells, and found that peripheral T-

cells during PrEP use produced multiple cytokines comparably to after PrEP discontinuation 

(Figure 3p). Therefore, whereas we observed alterations in the frequencies of T-cells 

expressing trafficking, activation, and proliferation markers post-PrEP that may contribute to 

HIV susceptibility, we did not observe differences in their ex vivo cytokine production 

capacity.
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PrEP usage promotes circulating innate immune cell quiescence.

Next, we assessed the innate immune cell compartment in circulating blood during PrEP 

compared to post-PrEP. We found that the frequency of peripheral myeloid DCs (mDCs), 

characterized as CD45+CD11c+HLA-DR+, was increased post-PrEP compared to on-PrEP 

(Figure 4a). Similarly, the frequency of circulating mDC expressing CCR5 or the co-

stimulatory molecule CD80 was increased post-PrEP compared to on-PrEP (Figure 4b–c). 

We additionally assessed three fractions of peripheral monocytes based on their expression 

of CD14 and CD16[48] and found that the frequency of classic monocytes (CD14++CD16-) 

also increased post-PrEP, whereas intermediate (CD14++CD16+) and non-classic 

(CD14+CD16++) monocyte frequencies were stable during PrEP compared to post-PrEP 

(Figure 4d–f). The increase in classic monocytes mirrored that observed for tissue 

macrophages in the cervix (Figure 2). Thus, it appears that PrEP discontinuation is 

associated with an increase in the frequency and activation of certain subsets of innate 

immune cells in both the blood as well as the genital mucosal tissue.

PrEP discontinuation does not affect serum cytokine or chemokine levels

Finally, we assessed serum cytokines during PrEP use and post-PrEP, as we did for genital 

secretions (Supplemental Digital Content 3). After correcting for multiple comparisons, 

there were no significant differences in serum cytokine or chemokine levels during PrEP 

usage compared to after PrEP discontinuation.

DISCUSSION

Tenofovir-based PrEP is comprised of reverse transcriptase inhibitors which act to impede 

HIV directly. However, it has been hypothesized that in addition to these direct anti-viral 

properties, PrEP may also have a chemo-vaccination effect. Specifically, data from studies of 

non-human primates suggested that by aborting infections, PrEP may allow for enhanced 

immune priming of HIV-specific immune responses in virus-exposed individuals[49–51]. We 

previously used samples from the Partners PrEP Study and found no differences in the 

response rate or magnitude of circulating HIV-specific T-cell responses in individuals on-

PrEP compared to placebo, nor in the frequencies or phenotypes of circulating T-cells, NK 

cells, or APCs[41], suggesting that PrEP does not boost circulating HIV-specific immunity in 

humans. However, the HSV-2 status within the cohort was not used to stratify these results, 

nor did we previously examine these cells in the mucosa. Here, our analysis of matched 

cervical mucosa and peripheral blood samples from HSV-2+ women taking PrEP compared 

to 2 months post-PrEP revealed distinct differences in the effects on cellular immune 

markers in the mucosal versus systemic compartments. These results support the notion that 

mucosal sampling is critical to gain knowledge about immune events occurring at the sites 

of initial HIV exposures. Additionally, our results demonstrate for the first time that oral 

PrEP usage in HSV-2+ women alters mucosal immune activation. Specifically, PrEP 

discontinuation was associated with an increase in frequencies of CD4+ and CD8+ cells, 

which are likely to be T-cells, within the genital mucosa, as well as increases in abundance 

of CCR5+ CD4+ cells and CD68+ tissue macrophages. Given that these cells are potential 

targets of HIV infection, our results highlight the need for additional studies of mucosal 
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immune changes in the context of PrEP usage to define the clinical significance of these 

results.

Our findings that mucosal T-cell abundance and phenotype is altered during oral PrEP use 

compared to post-PrEP could affect HIV susceptibility in two non-mutually exclusive ways. 

First, the CD8+ T-cells present within the cervical mucosa could be HIV-specific, and thus 

be licensed to kill HIV-infected cells, thereby conferring immune-mediated protection 

against viral spread. Alternatively, the CD8+ T-cells may be specific for other non-HIV 

antigens, but become activated in a TCR-independent bystander-mediated fashion, and so 

could be recruited into an inflammatory response against local HIV infections to thereby 

assist with controlling HIV spread. In either such instance, the usage of PrEP, associated 

with a reduced frequency of cervical CD8+ cells, could result in diminished immune-

mediated protection against HIV infection. Conversely, the reduced abundance of CCR5-

expressing CD4+ T-cells and macrophages during PrEP may provide benefit by reducing the 

likelihood of HIV:target-cell encounter. Thus, the increase in HIV target-cell abundance 

within the genital mucosa post-PrEP may have negative implications for HIV acquisition 

risk, especially by removing the protective antiviral effects of PrEP during a concurrent 

surge in local target-cell abundance. The increase in Treg frequency upon PrEP 

discontinuation may reflect a host response to control local tissue T-cell and macrophage 

activation. Of note, Tregs are known to respond to HSV-2 reactivation events, including 

asymptomatic shedding and lesions, and peak in number with the same kinetics as HSV-2 

viral load[52]. In the context of HIV exposure of uninfected women, an increased frequency 

of circulating Tregs may help protect from HIV-acquisition[40], as reported in prior studies 

identifying the protective effect of immune quiescence [33, 46, 53].

We similarly find that CD68+ tissue macrophages, including those expressing CCR5, are 

maintained in a state of reduced activation during PrEP usage compared to post-PrEP. 

Potential roles for tissue macrophages in the context of infection in the cervix are 

multifactorial, including antigen presentation, cytokine production, and organization of 

memory lymphocyte clusters[54]. In the context of HSV-2 and PrEP use, we hypothesize that 

a low frequency of tissue macrophages, particularly those expressing CCR5, contributes to 

protection from HIV infection by reducing the abundance of HIV target-cells.

The mechanism whereby oral PrEP usage in HIV-exposed women leads to distinct 

alterations in mucosal and circulating immune phenotypes remains unclear. However, PrEP 

use in HSV-2+ women has been reported to reduce HSV-2 shedding and lesions[38]. A 

sustained reduction in shedding over time may result in a reduction in local mucosal immune 

activation, which could, in turn, provide a more immune quiescent genital mucosa that 

contributes to the protective efficacy of PrEP by reducing the HIV target-cell abundance 

within the genital mucosa. Similarly, discontinuation of PrEP may result in HSV-2 

reactivation leading to increased mucosal immune activation, as it has been previously 

demonstrated that HSV-2 shedding contributes to immune cell infiltration and chronic 

inflammation within the genital tract[55, 56]. Notably, we also found PrEP discontinuation to 

be associated with reduced T-cell activation in circulation. It is not clear from our data if this 

reflects an indirect effect of mobilization of T-cell responses to the genital mucosa in 
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response to HSV-2 reactivation, or a process that directly affects immune activation in 

systemic circulation.

Several limitations in study design and sample availability restrict our ability to test our 

hypothesis that PrEP affects mucosal immune activation through a reduction in HSV-2 

shedding and/or lesions. First, mixed skin and genital tract swabs were not collected for 

HSV-2 detection as part of this clinical study, so we are unable to determine if 

discontinuation of PrEP correlated with a reduction in HSV-2 shedding rates or levels. While 

cervical biopsies could be used for detection of HSV particles by microscopy, intensive 

genital swabbing studies of HSV-2+ women have demonstrated the multifocal nature of 

HSV-2 shedding and reactivation[55, 56], and so assessment of HSV-2 shedding within a 

single mucosal site would likely not be a sufficient surrogate for the genital compartment. 

Additional samples from HSV-2- women are required to directly test this hypothesis with 

appropriate controls. Secondly, because we only have samples from 2 months after PrEP 

discontinuation, we cannot determine if the changes in local immunity are transient or more 

stable. Finally, different methods were used to examine the phenotype of immune cells in the 

mucosa versus the circulation (flow cytometry and microscopy, respectively), and so this 

could affect the comparisons between tissue sites. However, altogether, our data are 

consistent with the hypothesis that PrEP usage facilitates protective effects in the mucosa via 

providing direct antiviral activity, as well as by altering immune activation, perhaps by 

controlling HSV-2 virus activity.

Our data highlight the notion that immune cell responses in the periphery can be 

functionally distinct from the mucosa. This may be of importance given that we have 

focused on HSV-2+ women, where viral shedding events are localized to the genital tract in 

the absence of peripheral viremia. This led us to hypothesize that during periods of PrEP 

usage, HSV-2 viral shedding events may be reduced, ameliorating local genital tract 

inflammation including activated T-cells and macrophages. Moreover, resident memory T-

cells and clusters of tissue macrophages serve as the dominant HSV-2 responsive local 

populations in the cervix, and have been shown to act independently from peripheral T-

cells[57, 58]. Posavad et al have recently shown that up to 10% of cervical cells in 

asymptomatic HSV-2+ women are HSV-2-specific and mostly express TRM phenotypes, an 

effect that is not equivalent in matched blood samples[59]. Similarly, whereas Milman et al 
found similar enhanced Treg frequencies during HSV-2 viral reactivation events, these 

enhancements were not recapitulated in peripheral blood[52], and women who were at-risk 

for HIV acquisition due to genital inflammation did not similarly exhibit elevated 

inflammation in serum cytokine profiles[47]. Our data are consistent with the idea of tissue 

independency, and highlights the necessity in evaluating mucosal immune cells, particularly 

in the context of HSV-2 infection and HIV risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PrEP discontinuation alters mucosal immune cell abundance and phenotype.
Formalin-fixed paraffin-embedded (FFPE) cervical biopsies were stained for CD4+ cells 

(a,c), CD8+ cells (b, d), CCR5+CD4+ cells (e, g), CD38+CD4+ or CD38+CD8+ cells (h, i), 

and Foxp3+CD4+ Tregs (j, l). The percentage of positive cells as frequency of total 

nucleated cells in whole tissue scans was determined from unmanipulated images 

(representative images shown in f and k). Additionally, we report the number of cells per 

mm2 of tissue. Results from a cross-sectional analysis or longitudinally matched pairs are 

shown, with lines connecting matched pairs. Cross sectional analyses are adjusted for 

menstrual phase, recent sex, and hormonal contraceptive use. %CD4+ cells and 

%CD38+CD4+ were also adjusted for BV. Thirty-five cervical biopsies were available for 

cross-sectional analysis: 15 women had collection at the PrEP stop visit, while 20 women 
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had collection 2 months after PrEP; 7 of these women had paired samples at both 

timepoints.
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Figure 2. PrEP discontinuation is associated with an increase in total and CCR5+ macrophages 
in cervical tissue.
Formalin-fixed paraffin-embedded (FFPE) cervical biopsies were stained for CD68+ 

macrophages (a-b) or CCR5+ CD68+ macrophages (c, e). The percentage of positive cells as 

frequency of total nucleated cells in whole tissue scans was determined from unmanipulated 

images (representative images shown d). Additionally, we report the number of cells per 

mm2 of tissue. Results from a cross-sectional analysis or longitudinally matched pairs are 

shown, with lines connecting matched pairs. Cross sectional analyses are adjusted for 

menstrual phase, recent sex, and hormonal contraceptive use. Thirty-five cervical biopsies 

were available for cross-sectional analysis: 15 women had collection at the PrEP stop visit, 

while 20 women had collection 2 months after PrEP; 7 of these women had paired samples 

at both timepoints.
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Figure 3. Circulating T-cell phenotypes but not cytokine production potential changes after 
discontinuation of oral PrEP.
Cryopreserved PBMCs were thawed and prepared for analysis by flow cytometry. Live 

singlets were gated on forward and side scatter, then CD3 positivity. The frequencies of 

CCR5+ (a), CXCR4+ (b), CD38+ (c), Ki-67+ (d), and PD-1+ (e) CD4+ T-cells and Tregs (f) 

are shown as matched pairs during PrEP and post-PrEP timepoints. Tregs were defined as 

Foxp3+CD25hiCD127lo cells and are represented as a frequency of total CD4+ T-cells (f). 

The frequencies of CCR5+ (g), CD69+ (h), PD-1 (i), CD38+ (j), and Ki-67+ (k) CD8+ T-

cells are similarly shown as matched pairs during PrEP and post-PrEP timepoints. For 

intracellular cytokine staining, thawed PBMCs were stimulated with PMA and ionomycin 

for 6 hours, then stained for a panel of cytokines and analyzed via flow cytometry. Live 
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singlets were gated on forward and side scatter, then CD3 positivity and downstream 

markers of interest. The frequencies of IFN-γ+ (l) or TNF-α+ (m) CD4+ T-cells, or IFN-γ+ 

(n) or TNF-α+ (o) CD8+ T-cells were enumerated. The frequencies of multifunctional CD4 

(left) or CD8 (right) T-cells were assessed by SPICE[42] analysis (p). Nineteen 

longitudinally-matched pairs of PBMCs were analyzed.
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Figure 4. Circulating antigen presenting cell frequency and phenotype differs between the on-
PrEP and post-PrEP timepoints.
Cryopreserved PBMCs were stained for analysis by flow cytometry. Live singlets were gated 

on forward and side scatter, then CD45 positivity. The frequencies of total CD11c+HLA-DR

+ mDCs (a), CCR5+ mDCs (b) and CD80+ mDCs (c) are shown. Monocytes were similarly 

gated from CD45+ cells. The frequency of classic CD14++CD16- (d), intermediate CD14+

+CD16+ (e), and non-classic CD14+CD16++ (f) monocytes is shown. Nineteen 

longitudinally-matched pairs of PBMCs were analyzed.
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Table 1:

Participant characteristics by visit category

Characteristic Visit when sample collected

All PrEP-stop visits All post-PrEP visits Total with both visits

Total participants N 22 24

Cervical biopsy analyzed, N (%) 15 (68.2%) 20 (83.3%) 7

PBMCs analyzed, N (%) 19 (86.4%) 19 (79.2%) 19

Cervical Swab analyzed, N (%) 16 (72.7%) 16 (66.7%) 16

Vaginal Swab, N (%) 16 (72.7%) 16 (66.7%) 16

Serum, N (%) 16 (72.7%) 16 (66.7%) 16

Age, Mean (IQR) 38 (35–39) 35 (31.5–38.25) 34 (30.5–37.5)

Kenyan site, N (%) 11 (50) 11 (45.8%) 1 (14.3%)

Days since LMP*, Mean (IQR) 103 (8–35) 49 (10.75–24.5)

HIV Exposure index**, Mean (IQR) 2.041 (1.040–2.857) 2.158 (0.861–3.174)

Days since last sex, Mean (IQR) 7 (2–14) 6 (2–7)

condom use reported at last sex, N (%) 11 (84.6%) 14 (93.3%)

hormonal contraceptive use reported, N (%) 6 (27.3%) 8 (33.3%)

Bacterial STI detected at enrollment, N (%) 0 (0%) 0 (0%)

BV or intermediate vaginal flora, N (%) 3 (27.3%) 4 (17.4%)

*
LMP, self-reported last menstrual period

**
HIV exposure score, longitudinal exponential score developed to quantify epidemiologic factors contributing to HIV risk[60]
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