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Abstract

Local mucosal cellular immunity is critical in providing protection from HSV-2. To characterize
and quantitate HSV-2-reactive mucosal T cells, lymphocytes were isolated from endocervical
cytobrush and biopsy specimens from 17 HSV-2-infected women and examined ex vivo for the
expression of markers associated with maturation and tissue residency and for functional T cell
responses to HSV-2. Compared to their circulating counterparts, cervix-derived CD4+ and CD8+
T cells were predominantly effector memory T cells (CCR7-/CD45RA-) and the majority
expressed CD69, a marker of tissue residency. Co-expression of CD103, another marker of tissue
residency, was highest on cervix-derived CD8+ T cells. Functional HSV-2 reactive CD4+ and
CD8+ T cells responses were detected in cervical samples and a median of 17% co-expressed
CD103. HSV-2 reactive CD4+ T cells co-expressed IL-2 and were significantly enriched in the
cervix compared to blood. This first direct ex vivo documentation of local enrichment of HSV-2
reactive T cells in the human female genital mucosa is consistent with the presence of antigen-
specific tissue-resident memory T cells. Ex vivo analysis of these T cells may uncover tissue-
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specific mechanisms of local control of HSV-2 to assist the development of vaccine strategies that
target protective T cells to sites of HSV-2 infection.

Introduction

Results

HSV-2 is one of the most common sexually transmitted infections (STIs) worldwide, is the
major cause of genital ulcer disease, and causes an incurable, lifelong infection. HSV-2
infection increases the risk of HIV acquisition (1). HSV-2 reactivation and shedding still
occur in persons taking antiviral therapy (2). The development of prophylactic and
therapeutic vaccines for HSV-2 infection has been challenging with several failures for
prophylactic vaccines and limited success for immunotherapy (3-5).

Because HSV-2 is acquired at mucosal surfaces, local T cells are relevant to initial viral
replication and subsequent pathogenesis. Murine studies have elucidated many aspects of
local T cell immunity to HSV-2 including trafficking of T cells to sites of active infection,
persistence of T cells at sites of prior HSV-2 exposure, effector mechanisms, and vaccine
strategies that target T cells to sites of HSV-2 exposure (6-8). However, data obtained in
animal models of HSV-2 and other pathogens have been difficult to translate to the natural
human host. Intravaginal inoculation of HSV kills mice acutely via ascending neurologic or
autonomic infection and surviving mice do not spontaneously recur (9, 10), while humans
are seldom killed by primary infection and almost all HSV-2-infected persons have recurrent
shedding from the genital tract (11). In the present study, we seek to confirm and extend
animal data in immunocompetent women.

While numerous studies characterize the T cell response to HSV in human blood, skin,
ganglia, and eye [reviewed in (12)], the female reproductive tract (FRT) has received less
attention. We detected HSV-2 reactive T cell responses in the human female uterine cervix
by non-specific /n vitro polyclonal T cell expansion and demonstrated responses during both
lesional and non-lesional time periods, persisting during suppressive antiviral therapy (13).
Recently, we extended these findings and showed the frequent and persistent detection of
HSV-2 reactive T cells from cervical cytobrush specimens collected from HSV-2 infected
women that were predominantly CD4+ and directed at a broad range of HSV-2 proteins (14).
These data suggest that T cell responses to HSV-2 are resident at mucosal sites of HSV-2
infection and may be involved in limiting the clinical consequences of secondary HSV-2
infection from endogenous reactivation or exogenous reinfection (13, 14).

Ex vivo analysis of these cells allows unbiased characterization of the cellular composition,
function, and phenotype of the local T cell response to HSV-2. In the present study, we
obtained cervical samples by cytobrush and biopsy methods to better characterize HSV-2
reactive T cells present in the FRT in the context of the total FRT T cell population.

Subjects and specimens

We studied 17 HSV-2 seropositive women; of these, 6 were co-infected with HSV-1 (Table
1). The median age of the women was 39 years (range 22—68 years) and most were white
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(88.2%). Participants had reported symptomatic genital HSV-2 infection for a median of 11
years (range 1.1-40.8 years). We also enrolled 2 women who were HSV-1 and -2
seronegative (HSVneg) with a median age of 39 years (26 and 51 years) and both were
white. We studied 11 cytobrush samples and 12 cervical biopsies from the HSV-2 infected
participants and 2 cytobrush samples from the HSVneg women. From 6 of the HSV-2
infected participants, we received both cervical samples. All HSV-2 infected participants
were asymptomatic when specimens were collected. We obtained a cervicovaginal lavage
(CVL) sample from 14 of the 17 HSV-2 infected women and both of the HSVneg women at
the same visit we obtained other mucosal samples and all CVVL samples were negative for
HSV DNA.

Quantitation and phenotype of total CD3+ T cells

Total T cells isolated from PBMC, cervical cytobrushes and biopsies were phenotyped by
flow cytometry. The gating strategy is depicted for a representative PBMC and biopsy
sample (Figure 1A) and from a representative cervical cytobrush (Supplemental Figure 1A).
Cervical biopsies yielded significantly more total CD3+ cells compared to cervical
cytobrush samples. The median total yield of CD3+ cells from the 12 cervical biopsies was
8,421 (range 3,234-81,845 cells) compared to a median of 1,908 (range 972-12,117 cells)
from the 11 cervical cytobrush samples (P=0.0011) (Figure 1B left). Total CD3+ cells from
cytobrushes were comprised predominantly of CD4+ T cells with a median of 71.1% CD4+
(range 40-78.3%) and 21.8% CD8+ cells (range 9.7-40.6%) (P=0.0033 comparing the
proportion of CD4+ versus CD8+ T cells) (Figure 1B right). In contrast, CD3+ T cells from
biopsies were more balanced in their composition of CD4+ and CD8+ T cells: CD3+ cells
from biopsies were comprised of a median of 45.6% CD4+ (range 25.9-65.9%) and 43.8%
CD8+ cells (range 29.7-72.7%) (P=0.78) (Figure 1B right).

The maturational profile of CD4+ and CD8+ T cells from PBMC and cervical samples was
assessed using surface CCR7 and CD45RA levels. While models of memory T-cell subsets,
commitment, and plasticity continue to evolve, these markers (Figure 1A, right) provide a
useful framework for progression of T cells from naive to terminally differentiated effector
cells (15). Representative paired dotplots (Figure 1A) and summarized data (Figure 1C)
show that total CD4+ T cells isolated from cervical biopsies were predominantly effector
memory T cells (Tgp) (CCR7-/CD45RA-) with much lower percentages of central
memory (Tcp) (CCR7+/CD45RA-), naive (CCR7+/CD45RA+) and Tgpra cells (CCR7-/
CD45RA+). Similarly, total CD8+ T cells isolated from cervical biopsies were
predominantly Tgp (Figure 1A and C). The predominance of Tgp (CCR7-/CD45RA-) in
total CD4+ and CD8+ T cells was observed in 3 cytobrush samples from which we had
sufficient cells for analysis (Supplemental Figure 1A). In contrast, PBMC-derived CD4+ T
cells were comprised of a broad mixture of Tcp, Tem, and naive cells while PBMC-derived
CD8+ T cells contained all four phenotypes (representative data, Figure 1A, top right).
Summarized data (Figure 1C) from 7 HSV-2+ participants show the median proportions of
Tem for both CD4+ and CD8+ T cell subsets were significantly greater for cervix (medians
87.3% and 90.9% for CD4+ and CD8+ T cells, respectively) compared to blood (medians
23.8% and 29.1% for CD4+ and CD8+ T cells, respectively) (P=0.018 for both
comparisons). The proportions of naive and T¢y were significantly greater in the CD4+ T
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cell subset from PBMC (medians 27% and 48%, respectively) compared to cervix (medians
1.7% and 7.9%, respectively) (P=0.018 for both comparisons) while there was no
statistically significant difference in the median proportion of Tgpra between the two
compartments (1.6% for PBMC versus 0.8% for cervix, P=0.091). The proportions of naive
and Tgmra Were significantly greater in the CD8+ T cell subset from PBMC (medians
30.3% and 11.1%, respectively) compared to cervix (medians 0.6% and 2.7%, respectively)
(P=0.018 for both comparisons) while there was no statistically significant difference in the
median proportion of T¢)y, between the two compartments (10.8% versus 3.3%, P=0.128).

The expression of CD69 and CD103, two proteins thought to enhance retention of T cells in
tissue (16, 17), was compared on total CD4+ and CD8+ T cells isolated from PBMC and
cervical samples. Representative data (Figure 2A) and summarized data (Figure 2B) show
that CD69 was expressed on a higher proportion of CD4+ (medians 81.1% versus 0.8%,
P=0.008) and CD8+ T cells (medians 75.7% versus 3.2%, P=0.008) isolated from cervical
biopsies versus blood (n=9). CD103 expression was also expressed on a higher proportion of
CD4+ (medians 12.1% versus 0.7%, P=0.008) and CD8+ T cells (medians 35.7% versus
2.3%, P=0.008) isolated from cervical biopsies versus blood (n=9) (Figure 2B).
Additionally, a higher proportion of CD8+ T cells from the cervical biopsies expressed
CD103 compared to CD4+ T cells (medians 35.7% versus 12.1%, P=0.015) while the
expression of CD69 was similar between the T cell subsets (medians 81.1 versus 75.7,
P=0.213). There was a similar trend toward high expression of CD69 and CD103 on total
CD4+ and CD8+ from 3 cytobrush samples that were analyzed (Supplemental Figure 1A
and data not shown).

Recently, Watanabe ef a/. (18) described 4 functionally and phenotypically distinct
populations of T cells isolated from the skin. Within both the CD4+ and CD8+ T cell
subsets, the expression of CD69 was used to distinguish the non-circulating resident
population from the recirculating population. CD69+ cells were considered resident memory
(Trm) and were divided into CD103+ Trp and CD103— Trpg, While potentially
recirculating populations were CD69—-/CD103- and either CCR7+/L-selectin+ (T¢p) or
CCR7+/L-selectin- (migratory memory or Typwm) (18). Using this classification, we
measured the co-expression of CD103 and CD69 on CD4+ and CD8+ T cells isolated from
the cervix and blood. Representative dotplots (Figure 2C) show that while the majority of
PBMC-derived CD4+ and CD8+ T cells are CD69-/CD103-, cervix-derived CD4+ and
CD8+ T cells are comprised of primarily 3 populations: CD69+/CD103+, CD69+/CD103-
and CD69-/CD103- T cells. Summarizing data for total CD4+ or CD8+ T cell subsets
isolated from biopsies from 9 HSV-2 infected women (Figure 2D), CD8+ T cells had similar
proportions of CD69+/CD103+, CD69+/CD103- and CD69-/CD103- (medians 30.4%,
31.9% and 31.5% respectively), while CD4+ T cells were comprised primarily of CD103-
cells that were either CD69- (median 46.0%) or CD69+ (median 38.7%), with a lower
proportion of CD69+/CD103+ cells (median 9.5%). Interestingly, CD69+/CD103+ T cells
comprised a statistically significantly greater proportion of cervix-derived CD8+ T cells
compared to their CD4+ counterparts (medians 30.4% versus 9.5%, P=0.015). The
potentially recirculating population (CD69-/CD103-) made up a median of 46.0% of CD4+
T cells and 31.5% of CD8+ T cells (Figure 2C) (P=0.028). The proportions of CD69+/
CD103- and CD69-/CD103+ were not statistically significantly different between the T cell
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subsets (p=0.139 and p=0.086, respectively). Thus, the majority of cervix-derived CD4+ T
cells were CD103- TRy in contrast to CD8+ T cells, which were comprised of similar
proportions of CD103+ and CD103- Trm. A similar trend was observed in 3 cytobrush
samples that were analyzed (Supplemental Figure 1A and data not shown).

Ex vivo characterization of HSV-2 reactive CD4+ T cells derived from the cervix

HSV-2 reactive CD4+ T cells were measured ex vivo from T cells obtained from cervical
cytobrushes and biopsies: Figure 3A displays the expression of IFN-y by CD4+ T cells
isolated from a biopsy and stimulated ex vivo with mock or UV-HSV-2. In total, cytobrushes
and biopsies from 13 HSV-2+ women and 2 HSVneg women were examined ex vivo for
viral reactive CD4+ T cell responses by ICS and flow cytometry. Next, we determined if the
proportion of CD4+/IFN-y+ cells co-incubated with HSV-2 was significantly greater from
those co-incubated with mock antigen (19). Of the 18 cervical samples tested from HSV-2
infected women, CD4+ T cells from 14 of them (9 cytobrushes and 5 biopsies) were positive
for HSV-2 reactivity (Figure 3B). Data from 1 of the biopsy samples were excluded because
fewer than 100 cells were gated and from 3 of the 18 cervical samples (2 cytobrushes and 1
biopsy, * on Figure 3B), the proportion of CD4+/IFN-y+ cells from UV-HSV-2 co-
incubated cultures was not statistically significantly greater than those co-incubated with
UV-mock antigen (all analyses P>0.05). The median proportion of HSV-2 reactive CD4+/
IFN-y+ cells from all cervical samples with >100 cells gated was 4.45% (range 0.04—
11.8%). Of the 2 cervical cytobrush samples tested from the 2 HSVneg women, both had
>100 cells gated but neither were positive for HSV-2 reactive CD4+ T cells (Supplemental
Figure 1B). There was no statistically significant difference in the frequency of HSV-2
reactive CD4+ T cell responses in women with and without HSV-1 coinfection: the median
frequency of cervix-derived HSV-2 reactive CD4+ T cells was 5.06% in HSV-1-/2+ women
(n=9) compared to 4.46% in HSV-1+/2+ women (n=6) (p=0.317).

We next determined if the HSV-2-reactive cervical cells expressed Trp phenotypic markers.
As shown for biopsy-derived cells from a representative subject (Figure 3A), approximately
17% of the CD4+ T cells that co-expressed IFN-vy in response to HSV-2 also expressed
CD103. Of the 5 cervical samples tested, HSV-2 reactive CD4+ T cells co-expressed CD103
at a median frequency of 17% (range 13—-75%) in contrast to matched PBMC samples where
CD103 expression on HSV-2 specific CD4+ T cells ranged from 0-2% (median 0%)
(P=0.0043) (Figure 3A and data not shown). If we assess the proportion of CD103+ and
CD103- CD4+ cervical T cells that are IFN-y+ (that is, HSV-2 reactive), a median of 23.1%
(range 14.8-58.3%) of CD103+ cells are IFN-y+ compared to 5.5% (range 2—6.7%) of
CD103- cells (P=0.0043) (Figure 3C), suggesting that the HSV-2 specific CD4+ T cells are
enriched in the CD103+ subset populating the cervix.

In a subset of HSV-2 infected participants (n=5), we assessed the co-expression of IFN-y
and IL-2 from HSV-2 reactive CD4+ T cells; representative dotplots are displayed in Figure
3D. All 5 of the cytobrush samples tested contained CD4+ T cells that expressed IL-2 in
response to HSV-2 at frequencies ranging from 0.39% to 9.62% (median 4.17%).
Interestingly, the proportion of CD4+ T cells expressing IFN-+y in response to HSV-2
expression was significantly higher in these samples, with frequencies ranging from 4.14%
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to 10.58% (P=0.043). With one exception (Participant 4), at least 50% of total HSV-2
reactive CD4+ T cell population expressed both IFN-y and IL-2 (Figure 3E).

Enrichment of HSV-2 reactive CD4+ T cells in cervix compared to blood

The frequency of HSV-2 reactive CD4+ T cells was measured in cervical samples and blood
obtained during the same study visit. Representative data (Figure 3A) and summarized
paired data (Figure 3F) are consistent with local enrichment in the FRT. Cells from both sites
had statistically significantly greater expression of IFN-y from UV-HSV-2 stimulated CD4+
T cells (Figure 3A, top dotplots) compared to UV-mock stimulated cells (Figure 3A, bottom
dotplots): the net % HSV-2 reactive CD4+ T cell response from T cells derived from this
cervical biopsy versus PBMC was 5.44% versus 0.14%, respectively. In total, we measured
HSV-2 reactive CD4+ T cell responses ex vivo in cytobrush samples from 11 HSV-2+
women (Figure 3F) and in biopsy samples from 6 HSV-2+ women (data not shown) along
with their corresponding PBMC. In all but one cytobrush sample, the net % HSV-2 reactive
CD4+/IFN-y+ T cell response was greater in the cervical samples compared to PBMC. The
median frequency of cytobrush-derived HSV-2 reactive CD4+ T cells was 5.06% compared
to a median of 0.15% in PBMC (P=0.0044). There was a median 22-fold enrichment (range
1-82 fold) of cytobrush-derived HSV-2 reactive CD4+ T cells compared to PBMC-derived
cells. Similarly, there was a 25-fold (range 3-45) enrichment of cervical biopsy-derived
HSV-2 reactive CD4+ T cells compared to PBMC-derived T cells (data not shown).
Therefore, these data suggest that HSV-2 reactive CD4+ T cells are enriched in the cervix
compared to the circulation.

Detection of HSV-2 reactive CD8+ T cells in cervical samples

Previously, we demonstrated that HSV-2 reactive CD8+ T cell activity in cervical T cell
lines was detected by ICS and flow cytometry by co-culturing the T cell lines with
autologous HSV-2 infected dendritic cells (DC) (14). We adapted this stimulation method in
order to determine whether HSV-2 reactive CD8+ T cells could be detected ex vivoin
cervical biopsy samples. Figure 4A displays the expression of IFN-y by CD8+ T cells
isolated from a cervical biopsy and incubated ex vivo with mock DC or HSV-2 DC. In total,
6 biopsies were examined ex vivo for viral reactive CD8+ T cell responses by ICS and flow
cytometry. As displayed in Figure 4B, 5 of the cervical biopsy samples had statistically
significantly greater proportions of CD8+/IFN-y+ cells co-incubated with HSV-2 DC
compared to mock DC (P<0.05 by Fisher’s Exact Test) while no measurable HSV-2 reactive
CD8+ T cells were present in a biopsy from one subject. The median frequency of HSV-2
reactive CD8+ T cells from the cervical samples was 1.06% (range 0-1.68%).

We also measured the expression of CD103 on the CD8+ T cells to determine if the HSV-2-
reactive CD8+ cervical T cells expressed Trp phenotypic markers. As shown for biopsy-
derived cells from a representative subject (Figure 4A), 16.7% of the CD8+ T cells that
expressed IFN-y in response to HSV-2 DC also co-expressed CD103. Of the 5 cervical
samples with detectable HSV-2 reactive CD8+ T cells, the median proportion of HSV-2
reactive CD8+ T cells that co-expressed CD103 was 16.7% (range 0-24.4%). If we assess
the proportion of CD103+ and CD103—- CD8+ cervical T cells that are IFN-y+ (that is,
HSV-2 reactive), a median of 1.5% (range 0-2.1%) of CD103+ cells are IFN-y+ compared
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to 1.6% (range 0.4-1.8%) of CD103- cells (P=0.89) (Figure 4C). These data suggest that
HSV-2 reactive CD8+ T cells derived from the cervix are present in similar proportions of
CD103+ and CD103- populations.

Discussion

Our ex vivo analysis of cervix-derived T cells from HSV-2 infected women revealed that
HSV-2 reactive T cells are present at this mucosal site and in sufficient quantities to analyze
both phenotypic markers and functional characteristics. Total CD4+ and CD8+ T cells were
primarily of the Tgp phenotype (CCR7-/CD45RA-) (15) and the expression of CD69 on
the majority of both subsets distinguished them from PBMC. The analysis of CD103 and
CD69 on these cells revealed 3 distinct populations of both CD4+ and CD8+ T cells:
CD69+/CD103+ cells were more abundant in the CD8+ T cell subset compared to the CD4+
T cell subset, while the CD4+ T cell subset was predominantly comprised of CD69+/
CD103- cells. HSV-2 reactive CD4+ T cells expressed IFN-y, IL-2 and CD103 and were
significantly enriched in this mucosal compartment compared to the blood. Functional
HSV-2 reactive CD8+ T cells were also detected in the cervix and similar proportions were
CD103+ and CD103-.

In our prior studies, non-specific polyclonal /n vitro expansion of cervix-derived
lymphocytes obtained from cytobrushes allowed us to assess the phenotype of total and
HSV-2 reactive CD3+ T cells as well as the specific viral antigens recognized by the HSV-
reactive T cells (13, 14). Total CD3+ T cells were predominantly CD4+ and HSV-2 reactive
T cells could be detected in cervical T cell lines from the majority of HSV-2 infected
women. Interestingly, HSV-2 reactive CD4+ T cells showed greater antigenic diversity than
their CD8+ counterparts (14). The data were also consistent with local enrichment, but the
non-specific polyclonal expansion prior to antigen-specific readouts left open the possibility
that biased clonotype expansion could influence the relative abundance of HSV-2-reactive
cells. In our current study, we therefore directly measured both the phenotype of cervix-
derived total T cells and the abundance of HSV-2 CD4+ reactive T cells in the cervix ex
vivo. The majority of total CD3+ T cells derived from the cervix by cytobrush or biopsy
were CD4+, although CD8+ T cells derived from biopsies made up a greater proportion of
total CD3+ T cells compared to those derived from cytobrushes (Figure 1). These data are
similar to a comparison of the yield and profile of T cells from HIV-negative women
obtained from cytobrushes and biopsy which demonstrated that both methods resulted in the
isolation of higher numbers of total CD4+ T cells compared to CD8+ T cells (20). We
further showed that the vast majority of total CD4+ and CD8+ T cells derived from the
cervix were Tgp (CCR7-/CD45RA-), in contrast to blood, which had a more balanced
profile of naive, Tem, Tem, and Temra (Figure 1). These data are consistent with those
obtained by the study of T cells obtained from mucosal tissue from human organ donors
which suggested that mucosal sites are predominantly populated with CD4+ and CD8+ Tgpm
and are stably maintained (21), although lymphocytes from the female genital tract were not
analyzed in that study.

It is possible that collagenase digestion resulted in a loss of expression of cell surface
markers such as CD4 and CCRY7 in the biopsy samples compared to cytobrush and PBMC
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samples that were processed in the absence of collagenase; this would have resulted in
underreporting of the frequencies of total CD4+ T cells and over-reporting of Tgp, in the
biopsy samples. While tissue digestion with dispase had significant effects on many cell
surface molecules, multiple rounds of low concentration of collagenase have been shown by
others to have minimal effects on CD4 (22, 23). In regards to CCR7 expression, we showed
that total cytobrush-derived CD4+ and CD8+ T cells from 3 participants isolated in the
absence of collagenase also contained higher proportions of Tgy (Supplemental Figure 1A),
similar to what was observed in the biopsy samples (Fig.1). Moreover, our data are
consistent with a study of cervical T cells obtained by cytobrush demonstrating that the
majority of CD4+ and CD8+ T cells analyzed ex vivowere Tgpy (24).

T cells derived from tissues are often distinguished from circulating T cells by the
expression of CD69 and CD103, both of which are thought to enhance T cell retention
within peripheral tissues. Surface expression of CD69, an early leukocyte cell activation
marker, has been shown to interfere with sphingosine-1-phosphate receptor function leading
to T cell retention and local memory formation (16). CD103, a constituent of aEB7 integrin,
participates in T cell retention through interaction with E-cadherin expressed on epithelial
cells (17). Studies of human organ donors revealed that the highest frequency of CD69
expression was on tissue-derived CD4+ and CD8+ Tgry, and that CD103 was most highly
expressed by gut-derived CD8+ T cells (21, 25). Recently, the presence of 4 discrete
populations of resident and recirculating memory T cells was described in human skin (18).
Non-recirculating Ty were CD69+ and divided into CD103+ Try versus CD103- Trp,
the former demonstrating superior effector function but less proliferative potential (18).
Based on this terminology, the majority of the cervix-derived CD4+ T cells we analyzed
were CD103- Trp (high proliferative potential) while there was a significantly greater
proportion of CD103+ Trp (low proliferative potential) in the cervix-derived CD8+ T
subset (Figure 2D). If these CD8+ CD103+ Tgy indeed have less proliferative potential, it
may explain at least in part why in our previous study of /n vitro polyclonally expanded
cervix-derived T cells were predominantly CD4+ (14). Importantly, it emphasizes the need
to analyze T cells ex vivoto more accurately quantitate the proportions of resident and
recirculating T cells within the cervix to achieve an unbiased assessment of the phenotypic
makeup of these mucosal T cells.

Approximately 17% of the HSV-2 reactive CD4+ and CD8+ T cells derived from the cervix
expressed CD103. While a higher proportion of total cervix-derived CD8+ T cells expressed
CD103 compared to total cervix-derived CD4+ T cells, interestingly, HSV-2 CD4+ T cells
were enriched in the CD103+ population compared to the HSV-2 reactive CD8+ T cells,
which were equally distributed among the CD103+ and CD103- populations. While we
cannot rule out the possibility that T cell stimulation results in the downregulation of CD103
on the HSV-2 reactive T cells, further analysis will be required to determine the relative
contributions of CD103+ and CD103- populations and whether the cervix-derived HSV-2
reactive T cells are comprised of non-recirculating CD69+/CD103- Try as described by
Watanabe et al. (18). Recently, we have optimized the stimulation of blood-derived HSV-2
reactive CD8s using cross-presentation (26) and are employing this strategy to more fully
assess the quantity and phenotype of HSV-2 reactive CD8+ T cells populating the cervix.
Our ability to analyze cervix-derived HSV-2 reactive CD8+ T cells ex vivowill allow us to
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more accurately characterize the functional capacity of T cells residing in this important site
of HSV-2 infection and reactivation. This is especially important for qualitative analysis of
cells with apparently decreased /in vitro proliferative potential such as CD8alpha(+)/beta(-) T
cells, that reside in skin at the dermalepidermal junction and appear to play an important role
in immunosurveillance (27).

The role of CD4+ T cells within tissues has been largely understudied compared to their
CD8+ T cell counterparts. Evidence suggests that CD4+ Tgp predominate in tissue and are
integral for /n situ protective immunity in mucosal sites including the lung and the vagina
(28-31). Recently, elegant parabiosis experiments demonstrated that uterine CD4+ Ty
generated by mucosal immunization with a candidate ChAlamyadia vaccine were required for
optimal protection from lethal challenge (32). A protective role of IFN-y has been
demonstrated in several models of mucosal viral infection. CD4+ T cell-derived IFN-y was
necessary for generating lung-resident CD103+ CD8+ Tgy after influenza virus infection in
mice; in the absence of this CD4+ T cell help, CD8+ T cells were impaired in their ability to
mediate protection against viral challenge (31). In the murine vaginal model of HSV, the
expression of IFN-y from CD4+ T cells was critical for CD8+ T cell mobilization and
protection from lethal HSV infection (30, 33). In the current study, the proportion of HSV-2
reactive CD4+ T cells expressing IFN-y was higher than those producing IL-2 and both
were well above the level of reactivity of 0.30% noted in our cross-sectional study of PBMC
from 67 HSV-2-infected persons (34). The ex vivo analysis of HSV-2 reactive T cells
confirmed our initial observations (13, 14) that HSV-2-reactive T cells are significantly
enriched in the cervix compared to blood (Figure 3F). Further study of the factors produced
by cervix-derived HSV-2 reactive CD4+ T cells will be required to assess the possible
protective mechanism(s) of these cells.

To our knowledge, this is the first demonstration of HSV-2 reactive T cell functional
responses measured ex vivo from a mucosal surface. It is possible that the UV-HSV-2 or
HSV-DC stimulation of the cervix-derived T cells triggered non-antigen specific T cell
responses. However, we did not detect HSV-2 reactive CD4+ T cells ex vivoin cervical T
cells obtained from 2 HSVneg women. Moreover, non-specific polyclonal expansion of
cervical cytobrush-derived T cells from 5 of the HSV-2 infected participants contained
HLA-restricted CD4+ and CD8+ T cells that were reactive to HSV-2 peptides (14),
suggesting the presence of bona fide HSV-2 reactive T cells in the initial cervical cytobrush
sample.

Most recognized HSV-2 recurrences are on the external genitalia in men and women.
However, the cervix also appears to be a physiologically significant site of infection. HSV
infection of the cervix, including ulcers, has been demonstrated by colposcopy examination,
most frequently in the context of primary infection (35), while the prevalence of cervical
involvement during typical recurrent genital herpes in women has not been well
characterized. The frequent detection and enrichment of HSV-specific T cells in the cervix
suggests either intermittent exposure to antigen or long-term persistence of cells after
primary infection. Cervical shedding of HSV-2 tends to occur at lower rates than from other
areas of the lower genital tract (36). However, HSV infection of the uterine cervix as
measured by cell culture was detected in 5.2% of women in a large cross-sectional study,
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(37) and we showed that HSV-2 DNA was present in 5%-7% of CVL samples (14, 38). It is
also possible that the cervical cells we detected in this study are long-persisting Ty that are
not maintained by local re-exposure to antigen. Rigorous examination of the role of local
antigen awaits the licensing of highly effective anti-HSV drugs: the currently licensed
compounds have significant breakthroughs of viral shedding when measured by sensitive
methods (2) such that we are not currently able to remove antigen from the system.

Our findings, placed into the current context of HSV and T-cell immunology, suggest further
studies to better define FRT Try. We have published HSV-2-specific HLA class 11 tetramers
that can detect peptide-specific CD4 T-cells ex vivo (39). Single-cell transcriptomics and
highly dimensional protein methods (CyTOF) could be used to compare blood and FRT-
derived tetramer(+) T-cells to discover further Try markers. Therapeutic vaccines that have
shown activity against FRT HSV-2 shedding and lesions have reached phase Il in clinical
trials (5) but their effects, if any, on antigen-specific or total Tgry are unknown. Antiviral
compounds applied directly to the FRT can reduce the risk of HSV-2 acquisition (40), have
complex immune signatures (41), and remain under consideration for HIV-1 prevention.
Their effect on Try should be investigated. More fundamentally, TCR CDR3 signatures can
now be derived for HSV-2-specific T-cells in the circulation and in skin biopsies using next-
generation sequencing methods to demonstrate overlap in cutaneous Try (27); these have
not yet been applied to cervical samples.

In summary, this study assessed functional HSV-2 reactive T cell responses of lymphocytes
isolated from the human FRT and showed that they are enriched in this mucosal
compartment compared to the circulation. The expression of differentiation and tissue-
specific markers on T cells derived from the human FRT revealed distinct populations of
CD4+ and CD8+ T cells that may relate to their retention and control at sites of HSV-2
exposure and infection. The further study of T cells in the FRT ex vivo should provide
mechanistic data that may lead to correlates of immune protection and novel strategies to
prevent HSV-2 infection.

Study Population

Healthy HSV-2 seropositive and HSV-1- and HSV-2-seronegative women at least 18 years
old were enrolled into IRB-approved protocols at the University of Washington Virology
Research Clinic (VRC), Seattle, WA. Women were excluded from the study if they were
HIV-seropositive, pregnant, or had undergone a hysterectomy. All participants provided
written informed consent. HSV Western blot to detect antibodies to HSV-1 and HSV-2 was
performed as previously described (42, 43).

Cervical mucosal sample collection and transport

Samples were collected between menstrual cycles to prevent menstrual blood in cervical
samples. Cervicovaginal lavage (CVL) fluid was obtained in order to measure HSV DNA by
washing the cervical os and posterior vaginal wall with 10 ml of phosphate buffered saline
(PBS, pH 7.0) as previously described (44). Cervical T cells were collected by cytobrush or

Mucosal Immunol. Author manuscript; available in PMC 2017 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Posavad et al.

Page 11

biopsy during speculum examination. The Cytobrush Plus® Cell Collector (Medscand, CA)
was inserted into the cervical os, rotated through 360° once, and immediately placed in 5 ml
of cold transport medium RPMI-CVX (RPMI 1640 medium supplemented with 5 mM I-
glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin, and 10% human serum, 2.5 pug/ml
amphotericin B, and 5 pg/ml ciprofloxacin). One biopsy was obtained using a Baby Tischler
Biopsy Forceps (Wallach Surgical, Trumbull, CT, USA) with a 4.2x2.3 mm bite size. The
biopsy was placed in 5 ml of RPMI-CVX. No local injection anesthetic was used before
biopsy collection. The order of sample collection was CVL, cytobrush, then biopsy. Cervical
samples with visible red blood cell contamination were discarded. All samples were
transported to the laboratory on wet ice and processed within four hours of collection.

CVL processing

Samples were centrifuged at 1000 x g for 20 min at 4°C, aliquoted and stored at —80°C as
previously described (44)

Cytobrush processing

Under sterile conditions, cervical cells were isolated as previously described (14). Briefly,
cells were dislodged from the sides of the tube by vortexing, the transport medium flushed
through the cytobrush bristles and the cell suspension passed through a 40 uM filter into a
clean 50-ml centrifuge tube. Cells were pelleted at 250x g for 10 min, resuspended in RPMI-
CVX and counted.

Biopsy processing

Cells were isolated from biopsies by collagenase digestion as described in detail in (20).
Briefly, biopsies were cut into smaller pieces with sterile razor blades, placed in warm
collagenase digestion media [1 mg/ml collagenase type Il (Sigma-Aldrich C6885, St. Louis,
MO, USA) in a 1:1 mixture of PBS and R15 [RPMI 1640 medium supplemented with 5mM
I-glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin, and 15% heat inactivated fetal
bovine serum (Gemini Bio-Products, West Sacramento, CA, USA)] with 1 unit/ml
DeoxyRibonuclease | (DNase) (Sigma) and shaken at 200 rpm in a 37°C incubator for 30
minutes. Samples were then expelled through a 16-gauge needle ten times and passed
through a 70 um cell strainer into fresh R15. The tissue collected on the strainer was placed
in fresh collagenase digestion media with DNase and the cycle repeated four times. During
subsequent rounds of digestion, the cell suspension was centrifuged and cell pellets
resuspended in R15 and kept on ice. Pooled cells from serial digestions were used for
analysis.

PBMC, DC and viruses

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque and analyzed
ex vivo or cryopreserved within 8 hours of venipuncture as previously described (45).
Dendritic cells were generated from PBMC using granulocyte-macrophage colony-
stimulating factor and interleukin-4 as previously described (46). HSV-2 strain 333 was used
at a multiplicity of infection of 10 or was ultraviolet (UV)-inactivated to use as viral antigen
where indicated.

Mucosal Immunol. Author manuscript; available in PMC 2017 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Posavad et al.

Page 12

Surface staining, intracellular cytokine staining (ICS) and flow cytometry

Total cells isolated from cervical samples or PBMC were surface stained to assess the
expression of T cell subsets (CD4 and CD8), markers of T cell differentiation (CCR7 and
CDA45RA) and markers of tissue residency (CD103 and CD69). Cells were suspended in
PBS and stained with the LIVE/DEAD Fixable Aqua Dead Cell Stain kit (Life
Technologies, Grand Island, NY, USA). To analyze T cell differentiation, cells were washed
in FACS wash [(PBS containing 1% bovine serum albumin (Sigma)], and stained with the
Human Naive/Memory T Cell Panel (CD3 APC-Cy7, CD4-PerCP-Cy5.5, CCR7-APC and
CD45RA-FITC) (BD) per manufacturer’s recommendation; gating focused attention on live
CD3+ cells in the lymphocyte forward/side scatter region that were CD4+ or CD4-negative,
the latter of which was considered CD8+ for quantitation. To analyze markers of tissue
residency, cells were washed in FACS wash and stained with CD3-APC-Cy7, CD4-PerCP-
Cy5.5, CD69-APC, and CD103-PE (all from BD).

ICS and flow cytometry was employed to assess the expression of CD103 and cytokine
production (IFN-y and IL-2) from virus reactive T cells derived from the cervix and PBMC.
To measure CD4+ T cell responses to HSV-2 ex vivo, T cells isolated from cervical samples
or PBMC were co-incubated with UV-mock antigen (negative control) or UV-HSV-2 for 6
hr. To measure CD8+ T cell responses to HSV-2 ex vivo, T cells isolated from cervical
samples were co-incubated with mock DC (negative control) or DC previously infected for
18 hours with HSV-2 (HSV-2 DC) (50,000/well). ICS and flow cytometry was performed
using a 6-color ICS panel in a 96-well plate format modified from (19) as previously
described (47) with modifications. During the 6 hr incubation at 37°C, brefeldin A (10
pg/ml, Sigma, St. Louis, MO) and costimulatory antibodies specific for CD28 and CD49d
(each at 1 pg/ml, BD) were included. Cells were stained with the LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Life Technologies) and antibodies CD3-ECD (Beckman-
Coulter), CD4-FITC, CD8-PerCp-Cy5.5, IFN-y-APC, and IL-2-PE or CD103-PE (all from
BD). Gating focused attention on live CD3+ cells in the lymphocyte forward/side scatter
region that were CD4 or CD8 single-positive. Samples were collected from 96-well plates
using High Throughput Sample (HTS, BD) device for analysis by the LSRII and all FACS
analyses were performed using FlowJo® software (Treestar, Inc., Ashland, OR).

Measurement of HSV DNA in cervical secretions

CVL fluid was evaluated for HSV DNA by quantitative, real-time, fluorescence-based PCR
as described (48).

Statistical analysis

For a cervical sample to be considered positive for HSV-2 reactive T cells, the percentage of
cytokine positive T cells cultured with viral antigen needed to be statistically significantly
greater than the percentage of cytokine positive T cells cultured with control antigen (mock).
Fisher’s exact tests were used to compare the rate of cytokine production between the
stimulated (HSV-2) and negative control (mock) cells for each cytokine subset (IFN-y, IL-2)
as previously described (19); statistical significance was defined as P<0.05. Results were
considered invalid if fewer than 100 events were analyzed. The Wilcoxon Signed Rank test
was employed to determine the differences between samples that were paired and the
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Wilcoxon Rank Sum test was employed to determine the difference when samples were not
paired; statistical significance was defined as P<0.05 with 2-tailed a.. We compared the
proportion of total CD3+ T cells that were CD4+ and CD8+ cells between cervical
cytobrushes and biopsies and the proportion of total CD4+ and CD8+ T cells that were
CD69+, CD103+, naive, Tcm, Tem, and Tepmra between PBMC- and biopsy-derived T
cells. We also compared the proportion of HSV-2 reactive T cells from each compartment
that were CD103+ and the proportion of CD103+ and CD103- cells that were IFN-y+.
Finally, we compared the frequencies of HSV-2 reactive CD4+ T cells between PBMC-,
cervical cytobrush- and cervical biopsy-derived T cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phenotype of T cellsisolated from cervix and PBMC
(A) Representative flow cytometry gating strategy for the enumeration of T cell subsets.

Cells isolated from PBMC (top row of graphs) and a cervical biopsy (bottom row of graphs)
from a representative participant were gated on lymphocytes, singlets, live cells, CD3+ cells,
and finally CD4+ and CD8+ (CD3+/CD4-) cells. The expression of CCR7 and CD45RA
was analyzed on total CD4+ and total CD8+ (CD3+/CD4-) cells and gated as quadrants. The
box at right labels quadrants (15). (B) Yield and T cell subset composition of CD3+ T cells
from cervical samples. Cells were isolated from cytobrush (closed circles) or biopsy (open
circles) samples and enumerated for the total number of CD3+ cells (left graph). The % of
the total CD3+ cells that are CD4+ or CD8+ (CD3+/CD4-) is displayed in the right graph.
Medians are presented as bars. (C) Cervix-derived CD4+ and CD8+ T cells are
predominantly Tgp,. Percentage contribution of each T cell population to the total CD4+
(left) or CD8+ (right) T cell subset from PBMC or cervical biopsy is displayed from HSV-2-
infected participants (n=7). Each box displays the median, 25t and 75™ percentiles and
error bars display the 10" and 90t percentiles.
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Figure 2. Expression of Tr\-associated markerson total T cellsisolated from the cervix or
PBMC

(A) Representative histograms to measure the expression of CD69 and CD103 on CD4+ and
CD8+ T cells. T cells isolated from PBMC (grey line) or cervical biopsy (black line) from a
representative participant were analyzed by flow cytometry. (B) Expression of CD69 and
CD103 on T cells. The percentage contribution of CD69+ and CD103+ to the total CD4+ or
CD8+ T cell subset isolated from PBMC or cervical biopsy from HSV-2 infected
participants (n=9) is displayed. Each box displays the median, 25! and 75™ percentiles and
error bars display the 10t and 90t percentiles from HSV-2 infected participants (n=9).
*,P=0.008 ; **, P=0.015). (C) Representative dotplots displaying the co-expression of
CD103 and CD69 on PBMC or cervix derived CD4+ and CD8+ T cells from a
representative participant. (D) Co-expression of CD69 and CD103 on T cells derived from
the cervix. The percentage contribution of each of 4 populations to the total CD4+ or CD8+
T cell subset from cervix-derived T cells from HSV-2 infected participants (n=9) is
displayed. Each box displays the median, 25t and 75! percentiles and error bars display the
10t and 90™ percentiles.
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Figure 3. HSV-2 reactive CD4+ T cellsare enriched in the CD103+ subset of cervical cells
Cells isolated from the cervix or blood were co-incubated with UV-mock or UV-HSV-2

antigen and tested ex vivo for the expression of cytokines and CD103. (A) Representative
dotplots comparing the reactivity of CD103+ and CD103- cells for IFN-y expression in
response to HSV-2 antigen. T cells from a cervical biopsy (left graphs) or PBMC (right
graphs) from a representative participant were cultured with UV-mock (bottom graphs) or
UV-HSV-2 (top graphs) and the resultant CD4+ T cells were analyzed by ICS and flow
cytometry for the expression of IFN-y and CD103. (B) Net % HSV-2 specific CD4+ T cells
(CD4+/IFN-y+) was measured in cytobrush and biopsy samples; *, proportion of CD4+/
IFN-y+ cells stimulated with UV-HSV-2 not statistically significantly different than those
stimulated with mock (Fisher’s Exact test P>0.05). Median of all cervical samples where
>100 cells analyzed is depicted by the bar. (C) HSV-2 reactive CD4+ T cells are enriched in
the CD103(+) subset. The percentage contribution of IFN-y+ (HSV-2 reactive) cells to the
total CD103(+) and CD103(-) CD4+ T cell subsets from 5 participants is displayed. Bars
represent the medians. (D) Representative dotplots displaying IFN-y and IL-2 expression on
CDA4+ T cells derived from a cervical cytobrush sample from a representative participant co-
incubated with mock (bottom graph) or UV-HSV-2 (top graph). (E) Co-expression of IFN-y
and IL-2 by HSV-2 reactive CD4+ T cells derived from cervical cytobrushes. The percentage
of single and dual cytokine expressing HSV-2 reactive CD4+ T cells relative to the total
HSV-2 reactive CD4+ T cell population is displayed. P, participant. (F) HSV-2 reactive
CDA4+ T cells are more abundant in the cervix compared to the blood. Net % HSV-2 reactive
CD4+/IFN-y+ T cells was calculated by ICS/flow cytometry from T cells derived from
cervical cytobrushes (cervix) or PBMC.
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Figure 4. Detection of cervix-derived HSV-2 reactive CD8+ T cells using autologous HSV-2

infected DC

Cells isolated from cervical biopsy samples were co-cultured with autologous mock infected
or HSV-2 infected DC and tested ex vivo for the expression of IFN-y and CD103. (A)
Representative dotplots for the expression of IFN-y and CD103 by CD8+ T cells isolated
from a cervical biopsy in response to mock DC (bottom graphs) or HSV-2 DC (bottom
graphs). T cells were isolated from a cervical biopsy from a representative HSV-2 infected
participant and co-cultured with autologous mock DC or HSV-2 DC and the resultant CD8+
T cells were analyzed by ICS and flow cytometry for the expression of IFN-y and CD103.
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(B) Net % HSV-2 reactive CD8+ T cells (CD8+/IFN-y+) was measured in biopsy samples
from 5 HSV-2 infected subjects; the bar depicts the median of all cervical biopsy samples.
(C) Expression of CD103 on HSV-2 reactive CD8+ T cells derived from cervical biopsies.
The percentage contribution of IFN-y+ (HSV-2 reactive) cells to the total CD103(+) and
CD103(-) CD8+ T cell subsets from 5 participants is displayed. Bars represent the medians.
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