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SUMMARY

Genital herpes is characterized by recurrent episodes of epithelial blistering. The mechanisms causing this
pathology are ill defined. Using a mouse model of vaginal herpes simplex virus 2 (HSV-2) infection, we
show that interleukin-18 (IL-18) acts upon natural killer (NK) cells to promote accumulation of the serine pro-
tease granzyme B in the vagina, coinciding with vaginal epithelial ulceration. Genetic loss of granzyme B or
therapeutic inhibition by a specific protease inhibitor reduces disease and restores epithelial integrity without
altering viral control. Distinct effects of granzyme B and perforin deficiency on pathology indicates that gran-
zyme B acts independent of its classic cytotoxic role. IL-18 and granzyme B are markedly elevated in human
herpetic ulcers compared with non-herpetic ulcers, suggesting engagement of these pathways in HSV-in-
fected patients. Our study reveals a role for granzyme B in destructing mucosal epithelium during HSV-2

infection, identifying a therapeutic target to augment treatment of genital herpes.

INTRODUCTION

Genital herpes is an incurable sexually transmitted infection (STI)
that is caused by herpes simplex virus 2 (HSV-2) and dispropor-
tionately affects women across the globe.' Genital herpes is
defined by recurrent episodes of genital ulcers and inflammation,
and this pathology can contribute to additional adverse events,
such as increased risk of acquiring other STls, like human immu-
nodeficiency virus (HIV), particularly in areas of the world where
high prevalence of HSV and HIV overlap.® Despite the high level of
stigma and discomfort associated with the symptoms of genital
herpes, little is known about the factors that cause this distinct
disease. So far, the only major correlate that has been implicated
in driving the pathology of symptomatic episodes is poorly
controlled viral replication.* Acyclovir, the drug most commonly
used to treat genital herpes, is a nucleoside analog that inacti-
vates the viral polymerase and directly inhibits HSV replication.®
However, while acyclovir therapy is highly effective, it does not
completely suppress recurrent disease and has little impact on
susceptibility to HIV infection.” This suggests that genital herpes
pathology, particularly that which affects the vaginal barrier
though which STls enter, is not ameliorated by acyclovir therapy.
Beyond the lytic effects of viral replication, the mechanisms that
drive genital disease during HSV-2 infection are ill defined.
Interleukin-18 (IL-18) is a member of the IL-1 family of cyto-
kines and is known to have pleiotropic effects in multiple cellular
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compartments. IL-18 was first described as a potent inducer of
interferon y (IFNy) from lymphocytes, such as natural killer (NK)
cells and T cells,® and therefore is best known for mediating pro-
tective type 1 immunity against several viral infections.”'" In
support of this, studies in patients and animal models of HSV-2
vaginal infection indicate that immune responses by T cells and
NK cells are largely protective and required for resolving HSV-2
replication in the vaginal mucosa in mice'*~'” and humans during
recurrent disease.'®2® During genital HSV-2 infection, IL-18 is
generally considered protective because genetic deficiency of
IL-18 renders mice highly susceptible to HSV-2 infection,?* and
IL-18 promotes NK cell-mediated production of IFNy within the
first couple of days of inoculation.'*'® In contrast, our lab
recently revealed opposing, time-dependent effects of IL-18,
where neutralizing IL-18 during the resolution phase of infection
alleviates inflammatory disease without impairing viral control in
the vagina,?® suggesting a more complex role of IL-18. Whether
IL-18 is produced during recurrent HSV infection in humans and
whether it exerts a protective or pathogenic effect is unknown.
Along with its impact on cytokine production, IL-18 has also
been reported to enhance granzyme B expression in vitro and
promote granzyme B-mediated cytotoxicity.”®?” Granzyme B
is a serine protease expressed in cytotoxic lymphocytes
(CTLs), such as NK cells and CD8 T cells, and is best known
for working in concert with perforin to facilitate the cytolytic ac-
tivity of CTLs.?®° Directional release of granzyme B and
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perforin from CTLs toward target cells such as tumors or virally
infected cells triggers apoptotic pathways that ultimately result
in cell death.®'~** During viral infection, granzyme B, in conjunc-
tion with perforin, is often associated with viral control and host
protection.>>” Perforin deficiency is dispensable for antiviral
control and has little impact on secondary genital HSV-2 infec-
tion in immunized mice, '® suggesting that cytotoxic mechanisms
are dispensable for antiviral control during secondary infection.
However, detection of granzyme B during recurrent episodes
of genital herpes does not correlate with control of viral replica-
tion.®® More recently, studies have demonstrated the impor-
tance of granzyme B and its proteolytic activity beyond induction
of target cell death. In non-infectious disease settings, granzyme
B can accumulate in the extracellular space, whether by non-
specific degranulation®® or by “leakage” after release of the
immunological synapse between CTLs and target cells,***
and drive pathology in the surrounding tissue. Granzyme B can
cause blistering and epithelial denuding by directly cleaving
hemidesmosomal proteins during autoinflammatory diseases
of the skin“®*® and can delay wound repair after burn injuries
and in aged skin.****® Whether granzyme B contributes to tissue
damage in the context of viral infection is unclear.

In this study, we use a mouse model of HSV-2 infection to build
on our previous findings and dissect the mechanism by which IL-
18 causes pathology. We show that IL-18 acts on NK cells to
induce elevated levels of extracellular granzyme B in the vagina
and demonstrate a role of granzyme B in causing epithelial dam-
age independent of perforin or changes in viral control. Impor-
tantly, the effects of granzyme B could be suppressed through
therapeutic treatment of HSV-2-infected mice with VTI-1002, a
granzyme B-specific protease inhibitor. IL-18 and granzyme B
were markedly elevated in human herpetic ulcers compared
with non-herpetic ulcers, which suggests that granzyme B may
represent an immunomodulatory pathway to treat genital herpes
disease by augmenting antiviral therapies.

RESULTS

IL-18 drives granzyme B expression during HSV-2
infection

In our previous study, we had shown that a high level of IL-18 in the
vagina was associated with severe genital disease after vaginal
HSV-2 infection in mice.® Local therapeutic neutralization of IL-
18 after vaginal HSV-2 infection resulted in a significant reduction
of disease severity.”® Because IL-18 is best known for its modula-
tion of lymphocyte responses,®*“*® and disease onset in mice
coincides with robust infiltration of lymphocytes into the vagina, '®
we first examined the effector functions of T cells and NK cells af-
ter IL-18 neutralization. Female C57BL/6 mice were treated with
depot medroxyprogesterone acetate (DMPA) to synchronize the
estrus cycle and induce uniform susceptibility to HSV vaginal
infection.”® All mice were inoculated intravaginally (ivag) with
5,000 plague-forming units (PFUs) of HSV-2 186 syn+. At 3, 4,
and 5 days post infection (d.p.i.), mice were treated ivag with
anti-IL-18 antibody or an isotype control.?® IL-18 neutralization
did not affect the total number of vaginal lymphocytes (Figure 1A).
However, we found that the amount of granzyme B expressed per
cell was reduced in vaginal CTLs (Figure 1B), including NK cells
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(Figures 1B and 1C). Thus, our data indicate that IL-18 affects
the expression of cytotoxic granules in lymphocytes, especially
NK cells, during HSV-2 infection.

IL-18R signaling in NK cells drives granzyme B
accumulation and ulceration in the vagina

Because IL-18 appeared to have an impact on granzyme B
expression in CTLs, we first examined IL-18 signaling specif-
ically in NK cells through conditional deletion of the IL-18
receptor (IL-18R). //718r1"" mice were bred to Ncr1-Cre mice
(I118r conditional knockout [CKOJNK) to produce mice in which
IL-18R expression was ablated on group 1 innate lymphoid cells
(ILC), including NK cells (Figure 2A). Vaginal HSV-2 infection of
DMPA-treated 1118r CKONK mice or Cre littermate controls unex-
pectedly resulted in minimal differences in external disease
severity (Figure 2B) and had little impact on control of viral repli-
cation in the vaginal lumen (Figure 2C) or tissue (Figure 2D),
despite the expected loss of IFNy production at 2 d.p.i. (Fig-
ure S1A)."*'® Measurement of secreted granzyme B in the
vaginal lumen at 5 d.p.i., which is the peak of granzyme B accu-
mulation (Figure S1B), revealed that 1118r CKON® mice expressed
significantly less granzyme B in the vagina relative to controls
(Figure 2E). Importantly, reduction in granzyme B levels were
not due to major differences in infiltration of CD4 T cell, CD8
T cells, and NK cells, which were comparable between [118r
CKONK mice and controls (Figure 2F), or changes in IL-18 levels
(Figure S1C). Rather, we detected decreased expression of
granzyme B specifically in IL-18R-deficient NK cells relative to
controls (Figure 2G). Conventional disease scoring in murine
models of HSV-2 infection typically focuses on pathology of
the external genital skin and neurological signs of viral dissemi-
nation.”® However, our cellular and molecular analyses
(Figures 2C-2G) focus on the vaginal mucosa rather than the
genital skin. Thus, to better understand direct relationships be-
tween host responses in the vagina and tissue damage, we
chose to quantify disruptions to the vaginal epithelium.>' To
quantify mucosal pathology, we performed our analysis via his-
tology using whole-slide imaging and measured the percentage
of damaged epithelium in each mouse®' (Figure S2). Remark-
ably, despite similar severity in external disease scores, 1118r
CKONK mice exhibited a significant reduction in damage to the
vaginal epithelium at 7 d.p.i. (Figure 2H), corresponding to
decreased vaginal granzyme B levels. As we observed at 5
d.p.i., infiltration of lymphocytes into the vaginal tissue at 7
d.p.i. was comparable between 1118r CKONX mice and controls
(Figure S1D). After primary vaginal infection, HSV spreads into
the ganglia and then disseminates into tertiary sites such as
the skin.>?=>* There was little difference in viral replication at sec-
ondary and tertiary sites of infection such as the ganglia (Fig-
ure S1E) and skin (Figure S1F), respectively, suggesting that
disparity in external and internal pathology was likely not due
to loss of NK cell-mediated viral restriction in the 1118r CKONK
mice at distal sites of HSV-2 infection. Together, our data
show that IL-18R signaling in NK cells regulates the amount of
extracellular granzyme B that is recovered in the vagina
during HSV-2 infection and suggest that the role of NK cells in
modulating pathology may be distinct in vaginal mucosa and
genital skin.
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IL-18R signaling in T cells does not determine disease
severity during vaginal HSV-2 infection

We next wanted to confirm that the effects of IL-18 were driven
by NK cells rather than T cells. To do so, we generated animals
specifically lacking IL-18R1 in T cells by breeding //78r1"" x
Cd4-Cre mice (I118r CKO™®" (Figure S3A). As expected, T cell-
specific deletion of 1118r1 did not alleviate external genital
disease (Figure S3B), as observed after IL-18 therapeutic
neutralization®® and did not alter infectious viral load in the
vaginal tract (Figure S3C). Measurement of vaginal granzyme B
at 5 d.p.i. showed comparable amounts between 1118r CKO™®"
mice and Cre controls (Figure S3D). IFNy levels were also equiv-
alent between the two groups (Figure S3E), suggesting that IL-18
signaling in T cells had little in vivo effect on these effector mol-
ecules. Unlike NK cell-specific deletion of IL-18R, quantification
of the epithelial ulceration revealed that damage to the vaginal
barrier was similar between I118r CKO™®®" mice and their controls
(Figure S3F). Together, the data show that IL-18R expression in
T cells does not dictate disease outcomes or granzyme B accu-
mulation in the vagina during HSV-2 infection.

Genetic deficiency of granzyme B alleviates genital
tissue damage during HSV-2 infection

Our findings so far suggest a relationship between reduced gran-
zyme B levels in the vagina and milder vaginal pathology during
HSV-2 infection in mice. To determine whether granzyme B is
directly required for causing barrier damage, we DMPA-treated
mice genetically deficient for granzyme B (Gzmb knockout
[KO])*° and infected ivag with HSV-2. In contrast to 1118r
CKONK mice, external disease severity was significantly reduced

ure 3A). This disparity in disease was
independent of differences in viral control
in the vaginal lumen (Figure 3B), vaginal
tissue (Figure 3C), genital skin (Figure S4A), or ganglia (Fig-
ure S4B). We also observed little difference in NK cell and
T cell recruitment into the vagina at 7 d.p.i. (Figure S4C). Quan-
titative analysis of damage to the vaginal mucosa at 7 d.p.i.
also revealed a marked reduction in epithelial ulceration in
Gzmb KO mice compared with littermate controls (Figure 3D).
In addition to directly causing damage, granzyme B has been
implicated in delay of wound healing.***°® To distinguish be-
tween these two possibilities, we also evaluated damage of the
vaginal epithelium at 5 d.p.i. At this earlier time point, while there
was less mucosal damage in the Gzmb KO and control mice as
expected, vaginal pathology in Gzmb KO mice was still reduced
compared with controls (Figure 3E). This suggests that granzyme
B accumulation at 5 d.p.i. initiates progressive epithelial
denuding rather than preventing tissue repair, culminating in
extensive tissue damage at 7 d.p.i. Furthermore, extracellular
granzyme B can cleave hemidesmosomal components such
as type XVII collagen (collagen XVII)*?°7:°8 and drive pathology
during non-infectious blistering diseases.*®*° Accordingly, we
found that, during HSV-2 genital infection, the expression of
collagen XVII was progressively disrupted over the course of
infection (Figure S5A). An increasing number of granzyme
B-expressing cells could be detected in close proximity to areas
of vaginal epithelial damage and disrupted collagen XVII staining
(Figure S5A), and areas of vaginal epithelial ulceration exhibited a
significantly greater concentration of granzyme B+ cells
compared with areas of intact epithelium (Figures S5B and
S5C). Importantly, Gzmb KO mice infected with HSV-2 displayed
near-intact collagen XVII expression along the basal epithelial
layer throughout the vagina, which was in stark contrast to the
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Figure 2. IL-18R signaling in conventional NK (cNK) cells drives granzyme B accumulation and ulceration in the vagina

DMPA-treated /118r1"" x Ncr1-Cre (1118r CKONK) mice or Cre littermate controls were infected as described in Figure 1.

(A) Representative staining of IL-18R on the indicated vaginal cell subsets at 5 d.p.i., as analyzed by flow cytometry. Gray-shaded histograms show cells from Cre
controls (ctrls), and red histograms show cells from 1118r CKONK mice.

(B) Disease scores over the first 7 d.p.i. of Cre ctrls (n = 9) or 118r CKONK mice (n = 18).

(C and D) Infectious virus, represented as Log4g PFUs/mL, was determined by plague assay of vaginal washes on the indicated days in vaginal washes (Cre ctrls,
n =9; 1118 CKOK, n = 18) (C) and in homogenized vaginal tissues at 7 d.p.i. (Cre ctrls, n = 7; I118r CKONX, n = 4) (D).

(E) Vaginal granzyme B levels were determined by ELISA in washes at 5 d.p.i. in Cre ctrls (n = 16) or 1118 CKONK mice (n = 23).

(F and G) Graphs show the number of indicated cells types counted in the vagina (F) or MFI of granzyme B expression in the indicated cell types (G) from Cre ctrls
or 1118r CKONK mice (n = 5/group) at 5 d.p.i., as determined by flow cytometry.

(H) Vaginal tissues were harvested at 7 d.p.i. for hematoxylin and eosin (H&E) staining. Top panels show examples of imaged vaginal sections. Scale bars, 5 mm.
Red lines and dotted lines indicate damaged epithelium. Black dotted boxes show the magnified area in the bottom panel. Black arrows denote the basement
membrane. LP, lamina propria. Bottom panel scale bars, 250 pm. The graph shows the percentage of damaged epithelium (n = 10/group, 1 section analyzed per
mouse).

Data are representative of 2 independent repeats (A), pooled from 3 independent repeats (B, C, and H), 2 repeats (D), 5 repeats (E), and 4 repeats (F and G). Data in
(B) are represented as median with 95% confidence interval and mean + SD in (D)-(H). Statistical significance was determined by two-way ANOVA with Geisser-
Greenhouse correction and Bonferroni’s multiple-comparisons test (B), two-way ANOVA with Bonferroni’s multiple-comparisons test on log-transformed values
(C), Student’s t test (D, E, and H), or one-way ANOVA with Tukey’s multiple-comparisons test (F and G). *p < 0.05, **p < 0.01, ***p < 0.005.

discontinuous expression in littermate controls (Figure 3F). While  downstream of IL-18. Collectively, our data reveal granzyme B

localized areas of damage were apparent in the Gzmb KO mice,
presumably caused by viral cytopathic effects, the pattern of
collagen XVII expression was distinct from that observed in con-
trol mice (Figure 3F). Finally, granzyme B has been reported to
cleave pro-IL-18 into its active form.>® However, we found that,
while vaginal granzyme B levels were absent in the Gzmb KO
mice, as expected (Figures S4D and 3F), there was no difference
in IL-18 (Figure S4E), indicating that the action of granzyme B lay

4 Cell Reports 42, 112410, April 25, 2023

as a crucial driver of immunopathology at the vaginal mucosa
and genital skin during genital HSV-2, likely through destruction
of barrier integrity.

Perforin deficiency does not alleviate epithelial damage
in the vagina during HSV-2 infection

Given the well-established relationship between perforinand gran-
zyme B in mediating the cytolytic activity of lymphocytes,*%345°
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we next wanted to test whether vaginalimmunopathology required
the perforin-dependent, apoptosis-inducing activity of granzyme
B. Unlike Gzmb KO mice, perforin-deficient (Prf1 KO) mice infected
vaginally with HSV-2 displayed external disease scores compara-
ble with WT controls (Figure 4A). However, while vaginal viral
burden was similar at 2 and 4 d.p.i., resolution of infection was de-
layed in Prf1 KO mice compared with wild-type (WT) controls
(Figures 4B and 4C). Furthermore, although vaginal granzyme B
accumulation was comparable between Prf1 KO mice and WT
controls at 5 d.p.i., granzyme B levels remained elevated in Prf1
KO mice (Figure 4D). Accordingly, we found that Prf1 KO mice ex-
hibited markedly more damage to the vaginal epithelium at 7 d.p.i.
(Figure 4E), which was in stark contrast to external disease
severity. Together, our data demonstrate that perforin and gran-
zyme B play distinct roles in viral control and induction of tissue
damage during HSV-2 infection and that the pathogenic activity
of granzyme B can be uncoupled from its classic perforin-depen-
dent cytotoxic function.

Therapeutic inhibition of granzyme B reduces genital
tissue damage during HSV-2 infection

Because granzyme B ablation could reduce disease without
affecting viral control, we wanted to determine whether this pro-
tease would make a feasible target for reducing mucosal disrup-

and littermate ctrls at 7 d.p.i. and stained with an-
tibodies against collagen XVII (red), granzyme B
(green), and DAPI (blue). Scale bars, 50 um.

Data are pooled from 9 independent repeats (A), 5
repeats (B), 3 repeats (C, D, and F), and 2 repeats
(E). Data in (A) are represented as median with 95%
confidence interval and mean + SD in (B)—(E). Sta-
tistical significance was determined by two-way
ANOVA with Geisser-Greenhouse correction and
Bonferroni’s multiple-comparisons test (A), two-
way ANOVA with Bonferroni’s multiple-compari-
sons test (B), or Student’s t test (C-E). *p < 0.05,
**p < 0.01, **p < 0.005.

tion during genital herpes. To test this, we used VTI-1002, a gel-
formulated small-molecule inhibitor that has a high degree of
specificity for granzyme B enzymatic activity’* and has been
successfully used to reduce pathology in autoinflammatory dis-
eases affecting the skin.*>*> DMPA-treated mice were inocu-
lated with HSV-2 and treated daily with topical VTI-1002 or a
control gel from 4-6 d.p.i. through an ivag route (Figure 5A). Ther-
apeutic inhibition of granzyme B protease activity resulted in a
marked reduction of vaginal epithelial damage relative to mice
receiving the control gel (Figure 5B) and did not inhibit viral con-
trol (Figure 5C). Furthermore, the distribution of collagen XVII
was largely uninterrupted in VTI-1002-treated animals, similar
to Gzmb KO mice, despite robust infiltration of cells expressing
granzyme B (Figure 5D), suggesting that granzyme B protease
activity in the extracellular space was responsible for cleavage
of this hemidesmosomal component. We also treated HSV-2-in-
fected Prf1 KO mice with the granzyme B inhibitor to determine
whether increased viral burden (Figures 4B and 4C) or sustained
granzyme B accumulation (Figure 4D) was responsible for the
extensive epithelial damage in these mice. We found that treat-
ment with the inhibitor had no effect on viral replication or clear-
ance (Figure 5SD). Furthermore, the granzyme B inhibitor had
little impact on barrier damage (Figure S5E), suggesting that un-
controlled viral replication can also lyse epithelial cells. Although
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Figure 4. Perforin deficiency does not alle-
viate epithelial damage in the vagina during
HSV-2 infection

(A) Inflammation scores over the first 7 d.p.i. of
perforin-1 KO mice (Prf1 KO; n = 10) or WT ctrls
(n=14).

(B and C) Infectious viral loads, represented as
Logio PFUs/mL, were determined by plaque
assay on the indicated days in vaginal washes
(Prf1 KO, n = 8; WT ctrls, n = 15) (B) and in ho-
mogenized vaginal tissues at 7 d.p.i. (Prf1 KO, n=
7; ctrls, n = 5) (C).

(D) Vaginal granzyme B levels were determined by
ELISA in washes at the indicated days in Prf1 KO
mice (n = 7-13) or ctrls (n = 9-20).

(E) Vaginal tissues were harvested at 7 d.p.i. for
H&E staining. The entire vaginal epithelium was
imaged, and red lines outline damaged epithe-
lium. Scale bars, 5 mm. Black dotted boxes show
the magnified area in the bottom panel. Red
dotted lines indicate damaged epithelium. Black
arrows denote the basement membrane. Bottom
panel scale bars, 250 um. The percentage of
damaged epithelium was quantified at 7 d.p.i.
(Prf1 KO, n =4, 2 independent sections quantified
per mouse; ctrls, n = 9, 1 independent section
quantified per mouse).

Data are pooled from 5 independent repeats (A,
B, and D) and 2 repeats (C and E). Data in (A) are
represented as median with 95% confidence in-
terval and mean + SD in (B)—(E). Statistical sig-

o Control
® Prf1 KO

Days post infection

7 d.p.i.

nificance was determined by two-way ANOVA with Geisser-Greenhouse correction and Bonferroni’s multiple-comparisons test (A), two-way ANOVA with
Bonferroni’s multiple-comparisons test (B and D), or Student’s t test (C and E). *p < 0.05, **p < 0.01,"*p < 0.005, ****p < 0.0001.

granzyme B has been evaluated previously in recurrent genital
herpes in women,'9*® whether IL-18 is also produced during hu-
man infection is unclear. To determine whether IL-18 and gran-
zyme B could be concurrently detected during HSV-induced
pathology in humans, we measured both analytes in swabs
taken from patients suffering from ulcers of unknown etiology.
We found that IL-18 (Figure 5E) and granzyme B (Figure 5F)
were markedly upregulated in ulcers that had been PCR
confirmed as HSV positive. Furthermore, we found a significant
correlation between the magnitude of IL-18 and granzyme B pro-
tein in the ulcers, suggesting that production and secretion of
these molecules may be related (Figure 5G). Collectively, our
data show that granzyme B could be therapeutically targeted
to reduce the inflammation and tissue damage associated with
genital herpes without impairing crucial antiviral control mecha-
nisms and may represent a novel target for therapeutics aimed at
reducing clinical signs of disease and barrier damage.

DISCUSSION

In this study, we evaluated cellular and molecular drivers of tis-
sue pathology using an animal model for a clinically important
disease, genital herpes. We had previously identified IL-18 as a
key component of the immunopathogenic response against
vaginal HSV-2 infection in mice. Here, we found that IL-18R
signaling specifically in NK cells led to accumulation of granzyme
B in the vaginal tissue and lumen, likely through regulation of
granzyme B expression and degranulation, and was associated
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with increased epithelial ulceration in the vagina but not genital
skin. Granzyme B, but not perforin, was required for tissue dam-
age of vagina and skin because deletion of granzyme B reduced
pathology at both sites without compromising lymphocyte
recruitment and viral control. Our findings suggest that the tissue
damage caused by granzyme B is likely not due to the classic
cytotoxic activity of granzyme B and perforin but rather due to
cleavage of hemidesmosomal proteins that help to anchor the
epithelium to the basement membrane. Moreover, topical inhibi-
tion of granzyme B using a specific protease inhibitor in the
vaginal lumen also reduced tissue damage, demonstrating the
therapeutic potential of targeting granzyme B. Importantly, we
found that IL-18 and granzyme B were coordinately upregulated
in swab samples taken from patients with herpetic ulcers
compared with non-herpetic ulcers, suggesting that the patho-
genic mechanisms we delineated in mice may also be active dur-
ing human genital herpes disease. Together, our results reveal
key host-derived mediators of tissue damage using a model of
vaginal HSV-2 infection and identify a potential therapeutic
target for alleviating genital herpes disease.

In the context of HSV infection and genital herpes, IL-18 and
NK cells have been shown to confer protection by promoting
innate antiviral responses®'~°* through production of antiviral cy-
tokines such as IFNy'“?* and recruitment of other immune
cells.®® Importantly, previous studies have shown that IL-18
can directly induce IFNy production from NK cells during the first
couple of days of genital HSV-2 infection,'* which is supported
by our own data. However, our study suggests that continued
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Figure 5. Therapeutic inhibition of granzyme B alleviates genital tissue damage

(A) Experimental schematic. Female WT C57BL/6 mice were infected as stated in Figure 1. Mice were treated ivag with VTI-1002 or blank gel ctrl at 4, 5, and 6
d.p.i. Tissues were harvested at 7 d.p.i. for analysis.

(B) Vaginal tissues were harvested at 7d.p.i. for H&E staining. The entire vaginal epithelium was imaged, and red lines outline damaged epithelium. Black dotted
boxes show the magnified area in the bottom panel. Red dotted lines indicate damaged epithelium. Black arrows denote the basement membrane. Bottom panel
scale bars, 250 um. The percentage of damaged epithelium was quantified at 7 d.p.i. (n = 8/group, 1 independent section analyzed per mouse).

(C) Infectious virus was determined by plaque assay on vaginal washes taken on the indicated days (n = 8/group).

(D) Vaginal tissues were harvested at 7 d.p.i. and stained with antibodies against collagen XVII (red), granzyme B (green), and DAPI (blue) for detection of cell
nuclei. White arrows show the basement membrane. Scale bars, 20 pm.

(E and F) Swab samples were taken from HSV— and HSV+ genital ulcers in humans and sampled by ELISA for human IL-18 (hIL-18) (HSV— ulcers, n = 13; HSV+
ulcers, n = 14) (E) and human granzyme B (hGranzymeB) (HSV— ulcers, n = 7; HSV+ ulcers, n = 13; HSV+ ulcers, n = 14) (F).

(G) Correlation of Log1o hGranzymeB levels in human genital ulcers on the y axis with Log1o hIL-18 levels on the x axis (n = 27/group).

Data are pooled from 2 independent repeats (A-D). Data are represented as mean + SD (B, C, E, and F). Statistical significance was determined by Student’s t test
(B, E, and F), two-way ANOVA with Bonferroni’s multiple-comparisons (C), and Pearson correlation (G). *p < 0.05, **p < 0.01.

IL-18 signaling in NK cells also drives production of pathogenic  However, the severe external pathology of 118r CKONK mice was
granzyme B at 5 d.p.i. within the vagina, highlighting the differen-  not due to increased HSV-2 dissemination and virus-mediated
tial temporal outcomes of the NK cell-IL-18 axis during genital damage because viral burden in the peripheral nervous tissue,
HSV-2. Furthermore, assessment of mucosal (internal) and skin  central nervous tissue, and genital skin itself was similar between
(external) pathology in our study indicates that IL-18 signaling  1118r CKONX mice and controls. Although we did not directly
may differentially regulate NK cell activity in discrete tissue com- measure granzyme B accumulation in the genital skin, our cur-
partments. External disease scores between 1118r CKONK mice  rent studies with Gzmb KO mice and previous studies neutral-
and controls were comparable, which was unexpected given izing IL-18%° suggest that these two molecules are important
the reduction of pathology in the vaginal mucosa of 1118r for the progression of external disease. Because IL-18R
CKONK mice. Dissemination of HSV, which is a highly lytic virus,  signaling in NK cells appeared to be dispensable in the onset
to tertiary tissue sites such as the skin depends on a neuronal  of external genital disease, it is possible that IL-18 may be acting
route of spread,®*®*®” and IL-18 and NK cells have been impli-  through a different cellular compartment in the genital skin,
cated in restricting HSV replication in the nervous system.*?*5%  where external disease is measured. Beyond its role in regulating
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lymphocyte function, IL-18 can exert pleiotropic effects in non-
hematopoietic compartments such as the gut epithelium, and
more recent studies have described the impact of IL-18 on the
maintenance of mucosal barrier integrity.?®°° Keratinocytes
have been shown to be able to express granzyme B upon expo-
sure to damaging perturbations,”®”" which raises the possibility
that IL-18 may induce a non-conventional source of granzyme B
to drive external genital pathology. Additionally, while protective
roles of memory T cells have been extensively studied during
recurrent genital herpes infection,’® the functional role of NK
cells in the context of recurrent episodes is not well understood.

Beyond its classic, perforin-dependent cytolytic activity, more
recent studies have shed light on non-classical roles of gran-
zyme B in the pathology of non-infectious and infectious
diseases. As demonstrated in human and animal studies, extra-
cellular granzyme B accumulates at lesional sites of autoimmune
blistering pemphigoid diseases (PDs), such as epidermolysis
bullosa acquisita (EBA) and bullous pemphigoid.*>** Previous
studies have shown that granzyme B is able to mediate the pro-
teolytic degradation of hemidesmosomal proteins, including
type VII and type XVII collagen, and B4 and o6 integrin at the
basement membrane. Furthermore, granzyme B works syner-
gistically with neutrophil elastase (NE) to enhance proteolysis
of a6 integrin during EBA.*>*® In our model of HSV-2 infection,
the later stages of external disease at 7 d.p.i. appear to progress
independent of granzyme B, which indicates potential roles of
other host molecules in promoting pathology. Our previous
work had demonstrated a clear role of neutrophils in exacer-
bating disease severity in the genital skin. Whether a neutro-
phil-derived protease such as NE coordinates with granzyme B
to drive this external pathology remains an open question. In
the context of infection, lymphocyte-derived granzyme B
expression has also been proposed to drive severe cutaneous
leishmaniasis lesions, notably through modulation of the inflam-
matory cytokine environment.”*"* While we did not observe any
differences in the levels of key inflammatory cytokines such as
IL-18 in the absence of granzyme B, it is possible that granzyme
B may dictate disease severity by modulating the levels of other
cytokines that promote pathology. Alongside the evidence that
granzyme B actively causes tissue damage, studies examining
wound repair after burn injury suggest that granzyme B may
also inhibit subsequent tissue repair through cleavage of extra-
cellular matrix (ECM) proteins such as decorin.*>°%"> While our
study suggests that accumulation of granzyme B directly causes
epithelial ulceration during the first week after infection, whether
granzyme B also regulates tissue repair after clearance of infec-
tion is unknown. Although we were unable to directly address
this question in the current study because of use of a WT strain
of HSV-2 that is lethal in mice, we will evaluate whether extracel-
lular granzyme B also affects mucosal repair after infection in
future studies.

Although the classic activities of granzyme B and perforin have
considerable overlap,®***%° our study reveals that very distinct
outcomes in vaginal pathology in the context of perforin defi-
ciency do not mimic that of granzyme B deficiency. In stark
contrast to granzyme B-deficient mice, loss of perforin led to a
significant increase in vaginal pathology compared with WT con-
trols, suggesting an immunopathogenic role of perforin, as

8 Cell Reports 42, 112410, April 25, 2023

Cell Reports

observed in ocular HSV infections.”® Approximately one-third
of degranulated granzyme B escapes into the immunological
synapse and extracellular milieu.”® Additionally, perforin defi-
ciency in mice can also prolong immune synapse formation,
leading to elevated secretion of inflammatory mediators from
CTLs."" Perforin deficiency could thus impede intracellular deliv-
ery, leading to the observed increased vaginal granzyme B and
associated heightened tissue damage. Unlike granzyme B, the
role of perforin is thought to be limited to induction of CTL-medi-
ated cytolysis.”” While cytotoxic activity is not necessary for
controlling viral replication during the early phase of HSV infec-
tion, it may be important for viral clearance.”®”® Although viral
shedding was similar between WT and perforin-deficient mice
through the first 4 days of infection, genetic ablation of perforin
delayed viral clearance at later time points,®® leading to
enhanced HSV-dependent cytopathic effects and greater
epithelial destruction. Furthermore, our data suggest that other
granzymes or cytotoxic granules may be able to compensate
for the loss of granzyme B and mediate the required cytotoxic
activity to promote viral clearance. While granzyme B is likely
the most thoroughly studied of the cytotoxic granules, other
granzymes, such as granzymes A, H, M, and K, have also been
reported to be important for antiviral control through cytotoxic
and non-cytotoxic mechanisms.?'~#® Additional studies will be
required to determine whether these granzymes play a similar
role during HSV-2 vaginal infection.

While acyclovir therapy can reduce disease severity and
recurrence rates of genital herpes in patients, likely by acceler-
ating viral control and preventing initiation of damaging host re-
sponses, acyclovir has no apparent impact on other adverse
events associated with genital herpes, such as increased risk
of HIV acquisition.” While the reason for this increased risk is un-
clear, one potential hypothesis that has been put forth is that
genital herpes compromises vaginal barrier function, which
may increase viral access to HIV-trophic target cells in the lamina
propria.® Clinical signs of genital herpes disease in patients as
well as in animal models of infection is usually evaluated by for-
mation of ulcers on the genital skin. However, pathology at the
vaginal barrier is less well defined. While HSV replication is an
important component of genital herpes disease, the inability of
acyclovir to reduce susceptibility to HIV, combined with the find-
ings of our study, suggests that damage of the vaginal mucosa
may be primarily driven by inflammatory host pathways that,
when engaged, can continue to degrade barrier function even af-
ter viral replication is controlled. Simultaneous detection of IL-18
and granzyme B in patients with herpetic ulcers suggest that the
host inflammatory pathways we identified in mice may also be
active during human disease. Because inhibition of IL-18%° or
granzyme B had little impact on viral control, these molecules
could be targeted in conjunction with acyclovir to fully eliminate
disease and reduce adverse events that cannot be controlled
with antiviral drugs alone. Beyond genital herpes, the immuno-
pathogenic mechanisms we described here may induce tissue
damage in other mucosal surfaces or tissues during other infec-
tions. More recently, elevated levels of IL-18 have been shown to
correlate with severe disease in severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2)-infected patients during
the ongoing COVID-19 pandemic,®"%° suggesting that IL-18
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may also contribute to pathology during mucosal viral infection
through an unknown mechanism. In the ongoing SARS-CoV-2
pandemic, increased granzyme B expression in hyperactivated
cytotoxic T cells and NK cell subsets is associated with severe
manifestations of coronavirus disease 2019 (COVID-19),57-8°
indicating that inhibition of IL-18 or granzyme B could be ideal
for more targeted therapies aimed at modulating damaging
host responses.

Limitations of the study

This study focused on how pathology can be induced by the im-
mune system, specifically by granzyme B as a downstream
effector of IL-18, during primary genital HSV-2 infection. Our
studies were performed with a widely used model of vaginal
HSV-2 infection. However, because of the complex nature of tis-
sue pathology, which was our primary readout, we acknowledge
that there is variation in the extent of disease observed from
study to study. We speculate that this may likely be due to fac-
tors outside of our control (in-house-bred vs. vendor-purchased
mice, housing in different animal rooms, slight variations in ge-
netic background, etc.). We also acknowledge that there is
uneven distribution of data points between the controls and
experimental groups and that our figures show pooled data
from an unusually large number of replicate experiments.
Because of our insistence on using littermate controls and inoc-
ulating all mice at similar ages, litters were infected as they were
produced, regardless of litter size, resulting in pooling of many
independent experiments. Furthermore, the representation of
expected genotypes in these litters was often lopsided; this
was a feature of animal husbandry that was unfortunately out
of our control.

Finally, our study focuses on host-mediated disease during
primary HSV-2 infection. Technical limitations of this model,
including the requirement of DMPA, restrict our findings to
one stage of the murine estrus cycle. Considering the impact
of sex hormones on antiviral host responses,'® it is unclear
whether our findings apply to other stages of the sex hormone
cycle. Other differentiating factors, including vaginal micro-
biome composition and vaginal pH, could also affect transla-
tion of our findings from mice to humans. In humans, clinical
recurrent disease manifests during reactivation of latent virus.
The presence of tissue-resident memory T cells and antiviral
control exerted could potentially alter the inflammatory micro-
environment and augment the mechanisms involved in
balancing immunopathology and protection. Unfortunately,
murine models of recurrent disease are currently unavailable.
Thus, future studies should include other rodent models in
which recurrent disease does occur, such as guinea pigs, and
ideally, these pathways should be examined in patients with
genital herpes.
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Antibodies

anti-mouse IL-18 (YIGIF74-1G7) BioXCell Cat# BE0237; RRID:AB_2687719
Rat IgG2a (2A3) BioXCell Cat# BE0089; RRID:AB_1107769
FITC anti-mouse CD3e (145-2C11) Biolegend Cat# 100306; RRID:AB_312671
PerCP/Cyanine5.5 anti-mouse CD4 (RM4-4) Biolegend Cat# 116012; RRID:AB_2563023
Pacific Blue anti-mouse Ly-6G (1A8) Biolegend Cat# 127611; RRID:AB_1877212
PE anti-mouse NK-1.1 (PK136) Biolegend Cat# 108707; RRID:AB_313394
PE/Dazzle 594 anti-mouse NKp46 (29A1.4) Biolegend Cat# 137629; RRID:AB_2616665
PE/Cyanine7 anti-mouse CD8a (53-6.7) Biolegend Cat# 100722; RRID:AB_312761

PE anti-mouse CD218a (IL-18Ra) (A17071D) Biolegend Cat# 157903; RRID:AB_2860732
PE Rat IgG2b, « Isotype Ctrl (RTK4530) Biolegend Cat# 400607; RRID:AB_326551
APC anti-mouse CD8a (53-6.7) Biolegend Cat# 100712; RRID:AB_312751
Alexa Fluor 700 anti-mouse NK-1.1 (PK136) Biolegend Cat# 108730; RRID:AB_2291262
PE anti-mouse CD4 (GK1.5) Biolegend Cat# 100408; RRID:AB_312693
PerCP/Cyanine5.5 anti-mouse Ly-6G (1A8) Biolegend Cat# 127616; RRID:AB_1877271
FITC anti-mouse CD8a (53-6.7) Biolegend Cat# 100706; RRID:AB_312745
PE/Dazzle 594 anti-mouse CD4 (GK1.5) Biolegend Cat# 100456; RRID:AB_2565845
PE anti-mouse CD3¢ (145-2C11) Biolegend Cat# 100308; RRID:AB_312673
APC anti-granzyme B (GB12) ThermoFisher Scientific Cat# MHGBO05; RRID:AB_10373420
anti-mouse CD16/32 (Fc block) Biolegend Cat# 101320; RRID:AB_1574975
Live/Dead Fixable Aqua Dead Cell Stain kit Molecular Probes Cat# L34957

rabbit anti-HSV primary antibody Dako Cat# B0116, RRID:AB_2335703
biotinylated anti-mouse granzyme b antibody (AF1865) R&D Cat# BAF1865; RRID:AB_2114416
Rabbit recombinant monoclonal Invitrogen Cat# MA5-31984; RRID:AB_2809278

COL17A1 antibody (SR46-05)
Goat Polyclonal Anti-Rabbit IgG H&L (Alexa Fluor 488)
Goat Polyclonal anti-Rat IgG H&L (Alexa Fluor 568)

Life Technologies
Life Technologies

Cat# ab150077, RRID:AB_2630356
Cat# A-11077, RRID:AB_2534121

human serum IgG Innovative Research Cat# 50643486
Bacterial and virus strains
HSV-2 186 syn+ Spang et al.”” N/A

Chemicals, peptides, and recombinant proteins

Formaldehyde, Para

sodium azide

dry milk

calcium chloride dihydrate

magnesium chloride hexahydrate

Triton™ X-100

TWEEN® 20

2-Mercaptoethanol

L-Lysine monohydrochloride

sodium phosphate monobasic monohydrate
D-(+)-Glucose

Sucrose

Cytofix/Cytoperm Fixation/Permeabilization Solution
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Fisher Chemical
Sigma-Aldrich
Carnation
Amresco
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BD

Cat# 04042-500
Cat# S2002-25G
N/A

Cat# 0556-500G
Cat# M9272-500G
Cat# 93443-100ML
Cat# P7949-500ML
Cat# M3148-100ML
Cat# L8662-100G
Cat# S9638-500G
Cat# G5767-500G
Cat# S0389-500G
Cat# 554722
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Perm/ Wash Buffer BD Cat# 554723
Scigen Tissue-Plus™ O.C.T. Compound Fisher Scientific Cati# 23-730-571
4’ 6-diamidino-2-phenylindole Life Technologies Cat# D1306
MedroxyPROGESTERone Acetate Northstar NDC 16714-981-01
VTI-1002 ViDA Therapeutics, Provided N/A

by D.J. Granville; Shen et al.**
Blank gel (control for VTI-1002) Provided by D.J. Granville; N/A

Shen et al.**
Dispase Il Roche Cat# 4942078001
Collagenase D Roche Cat# 11088866001
Dnase | Roche Cat# 10104159001
fetal bovine serum Corning Cat# 35-010-CV
DMEM, high glucose Gibco Cat# 11965-092
RPMI 1640 Gibco Cat# 11875-093
Dulbecco’s Phosphate Buffered Saline (DPBS) Sigma-Aldrich Cat# D8537-500ML
Phosphate Buffered Saline Powder Sigma-Aldrich Cat# P3813
Penicillin-Streptomycin Gibco Cat# 15140-122
bovine serum albumin Sigma-Aldrich Cat# A9418-10G

normal goat serum

Normal donkey serum

Jackson Immunoresearch

Jackson Immunoresearch

Cat# 005-000-121
RRID: AB_2336990
Cat# 017-000-121
RRID: AB_2337258

Critical commercial assays

Mouse Granzyme B DuoSet ELISA kit R&D Cat# DY1865-05

Mouse IFN-y DuoSet ELISA kit R&D Cat# DY485-05

Mouse IL-18 ELISA kit MBL Cat# 7625

Avidin/ Biotin Blocking Kit Vector Laboratories Cat# SP-2001 RRID:AB_2336231

Human Granzyme B DuoSet ELISA kit R&D Cat# DY2906-05
RRID:AB_2893368

Human Total IL-18 DuoSet ELISA kit R&D Cat# DY318-05

Experimental models: Cell lines

Vero Cells (CCL81) ATCC CCL-81; RRID: CVCL_0059

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ
Mouse: Ncr1-Cre

Mouse: /I-18r7fiox/flox

Mouse: B6.129S2-Gzmbtm1Ley/J

Mouse: C57BL/6-Prf1tm1Sdz/J

Jackson Laboratory
Jackson Laboratory

Provided by W. Yokoyama;
Narni-Mancinelli et al.®’
Provided by R. A. Flavell;
Nowarski et al.??

Provided by T. J. Ley;
Pham et al.”®

Jackson Laboratory

Cat# 000664; RRID: IMSR_JAX:000664
Cat# 022071; RRID:IMSR_JAX:022071
N/A

N/A

RRID:IMSR_JAX:002248

Cat# 002407; RRID:IMSR_JAX:002407

Software and algorithms

Image J Fiji
NDP 2.0

GraphPad Prism

FlowJo

NIH
Hamamatsu

GraphPad Software

BD

https://imagej.net/software/fiji/

https://www.hamamatsu.com/jp/en/
product/life-science-and-medical-systems/
digital-slide-scanner/U12388-01.html
http://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/solutions/flowjo
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Haina Shin
(haina.shin@wustl.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals.®* The
protocols were approved by the IACUC at the Washington University School of Medicine (assurance no. A3381-01). All experiments
conducted conformed to the relevant regulatory standards and all efforts were made to minimize animal suffering. All animal exper-
iments were performed under biosafety level 2 (BSL2) containment.

Mice

Six-week-old female C57BL/6J mice were purchased from Jackson Laboratories and rested for at least 1 week and infected at a
minimum of 7 weeks of age. Cd4-Cre (B6.Cg-Tg(Cd4-cre)1Cwi/Bflud) and Prf1 KO mice (C57BL/6-Prf1tm1Sdz/J) were purchased
from Jackson Laboratories. Ncr1-Cre mice were provided by W. M. Yokoyama (Washington University, St Louis) and generated
as previously described. 1118r1™"" mice were obtained from R. A. Flavell (Yale University, New Haven).?> Gzmb KO mice were provided
by T.J. Ley (Washington University, St. Louis).>® Cre-littermates generated from breeding pairs were used as controls. All mice
used in the study were maintained on a 12 hr light/dark cycle with unlimited access to food and water. This study was carried out
in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Human samples

De-identified runoff swab samples were acquired from the Clinical Microbiology Laboratory at Barnes Jewish Hospital (St. Louis, MO)
on a fee-per-sample basis. Swabs were originally collected from patients with ulcerative pathology of unknown etiology that were
tested for the presence of HSV via polymerase chain reaction (PCR) for diagnostic purposes as part of standard care. No limitations
were placed on analyzed samples in terms of patient demographics, affected body area, status of other infections, or positive diag-
nosis of a specific HSV type.

Cell lines

Vero Cells (African green monkey kidney epithelial cells, ATCC) were cultured in Dulbeco’s Modified Eagle Medium (Gibco) contain-
ing 1% fetal bovine serum (FBS, Corning) and maintained at 37°C with 5% CO.. All tissue culture experiments were performed under
BSL2 containment.

Viruses and virus propagation

WT HSV-2 186 syn+°° was propagated and titered on Vero cells as previously described. Briefly, to propagate virus stocks, Vero cells
were plated in T150 tissue culture flasks. At 80% confluence, the virus was inoculated at 0.01 MOI for incubation at 37°C. At 2-3 days
after infection, infected cells were harvested and resuspended in equal volumes of virus supernatant and twice-autoclaved milk prior
to sonication. The lysed cells were aliquoted for use as viral stock.

Mouse infection studies

All mice were injected subcutaneously in the neck ruff once with 2 mg of DMPA (Northstar) 5-7 days prior to virus inoculation. For
intravaginal virus inoculation, a sterile calginate swab (McKesson) moistened with sterile PBS was used to gently disrupt mucous
from the vaginal cavity. Stock virus was diluted in sterile PBS and 5000 PFU virus was inoculated in a 10 pl volume into the vaginal
cavity via a pipette tip. For experiments in which IL-18 was neutralized, mice were treated daily with 100 nug of anti-IL-18 antibody
(clone YIGIF74-1G7) or rat IgG2a isotype control (clone 2A3) (BioXCell) at 3-5 d.p.i. through an intravaginal route. For experiments
in which the protease activity of granzyme B was inhibited, mice were treated daily with 50uL (3.6mg/mL) of gel-formulated VTI-1002
or vehicle control gel (carbopol, propylene glycol, methyl paraben, and propyl paraben in acetate buffer ) at 4-6 d.p.i. through an
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intravaginal route. Both VTI-1002 and control gel were gifts from D.J. Granville (The University of British Columbia, Vancouver).** Se-
lection of mice for each treatment was random. Mice were weighed and monitored for signs of disease for 1 week following infection
in an blinded manner and monitored for survival for 2 weeks. Genital disease was scored as follows: 0 — no inflammation, 1 - mild
redness and swelling around the vaginal opening, 2 — fur loss and visible ulceration, 3 — severe ulceration and mild signs of sickness
behavior (lack of grooming), 4 —hindlimb paralysis, and 5 — moribund as previously described.*°

METHOD DETAILS

Vaginal tissue processing

All tissues were harvested from animals sedated with ketamine and xylazine and thoroughly perfused with a minimum of 15 ml of
PBS. Vaginas were processed as follows: tissue was cut into pieces and digested for 15 min in a shaking water bath held at 37°C
in a 0.5 mg/ml solution of Dispase Il (Roche) in PBS. Tissues were then transferred to a solution of 0.5 mg/ml Collagenase D (Roche)
and 15 pg/ml DNase | (Roche) in RPMI media (Gibco) supplemented with 10% FBS (Corning) and 1% pen/strep (Gibco) and digested
for 25 min in a shaking water bath held at 37°C. 50 pl of sterile EDTA was added to each sample and incubated at 37°C for another
5 min. Tissues were then mechanically disrupted through a 70 um cell strainer into a single-cell suspension using a 3 ml syringe
plunger. Tissues were washed with RPMI media with 1% FBS, centrifuged, and resuspended in 200 ul RPMI with 1% FBS and
1% pen/strep.

Virus quantification by plaque assay

For quantification of virus in the vaginal lumen, 50 ul washes with sterile PBS were collected using a pipette and a sterile calcium
alginate swab, and diluted in 950 ul of ABC buffer (0.5 mM CaCl,, 0.5 mM MgCl,, 1% glucose, and 1% FBS in sterile PBS). For titra-
tion of virus from tissue, the peri-vaginal skin and dorsal root ganglia (DRG) and harvested into pre-weighed tubes and flash frozen on
dry ice. ABC buffer was added to weighed tissues prior to bead homogenization and clarification by centrifugation. 10-fold serial di-
lutions of vaginal washes or tissue homogenate were titered by plaque assays on Vero cells plated in 6-well or 12-well plates®. After
inoculation and incubation for an hour, overlay media with human IgG was added to each well. Vero cells were stained with 0.1%
crystal violet for counting after a 2 day incubation period. All tissue culture experiments were performed under BSL2 containment.

Flow cytometry

Single-cell suspensions were plated in 96-well U-bottom plates and incubated with Live/Dead Fixable Aqua Dead Cell Stain kit (Mo-
lecular Probes) for 15 min at room temperature (RT) in the dark and then incubated with TruStain FcX (anti-CD16/32, Biolegend) for
15 min at RT in the dark. Surface staining was performed in FACS buffer (1% FBS and 0.02% sodium azide in PBS) on ice and in the
dark using the following antibodies: CD3 (clone 145-2 C11), CD4 (clone GK1.5), CD8a (clone 53-6.7), Ly6G (clone 1A8), NK1.1 (clone
PK136), NKp46 (clone 29A1.4), IL-18R1 (clone A17071D). All antibodies were purchased from Biolegend. For intracellular staining,
cells were first fixed and permeabilized by cytofix/cytoperm buffer (BD) for 30 min at RT in the dark. Intracellular staining was per-
formed in 1X perm/wash buffer (BD) using anti-Granzyme B (clone GB12, Invitrogen) antibody. Cell counts were performed by adding
Precision Count Beads (Biolegend) to samples prior to flow cytometric acquisition. The LSR Fortessa was used for sample acquisi-
tion (BD Biosciences) and FlowJo (Treestar) was used for analysis.

Cytokine and granzyme B measurement

To measure mouse cytokine and granzyme B secretion in the vaginal lumen, 2x50 uL washes with sterile PBS were collected using a
pipette from each mouse at indicated timepoints after infection. Washes were centrifuged to remove cells and mucus, and superna-
tants were snap-frozen on dry ice. ELISA kits were used to measure granzyme B, IFNy (R&D) and IL-18 (MBL) according to the man-
ufacturer’s protocol. For human samples, IL-18 and granzyme B were measured in the viral collection media used to collect and store
swabs. Commercial ELISA kits for each respective analyte (R&D) were used according to manufacturer’s protocol.

Tissue immunohistochemistry and immunofluorescent staining

All tissues were harvested from animals sedated with ketamine and xylazine and thoroughly perfused with a minimum of 15 ml of
PBS, followed by 15 ml of 4% PFA for immunohistochemistry (IHC) and immunofluorescent (IF) staining. Tissues were cryoprotected
in 30% sucrose, frozen in OCT medium (Fisher Scientific), and cut into 7 um sections onto a polylysine glass slide. For IHC, sections
were counterstained with hematoxylin and eosin (H&E), and whole slide images were captured using NanoZoomer 2.0-HT System
(Hamamatsu) and analyzed with the NDP.view2 software (Hamamatsu). The length of the entire vaginal epithelium was first traced
and determined, followed by areas with epithelial denuding and damage (Figure S2). The percentage of ulcerated epithelium was
calculated as damaged vaginal epithelium over total epithelium length®', areas of epithelial damaged was defined by separation
of the epithelium from the lamina propria and exposure of the lamina propria to the lumen due to denuded epithelium. For immuno-
fluorescence, cryosections were first blocked with 5% bovine serum albumin (BSA), 5% goat serum (Jackson Immunoresearch), and
0.1% Triton-X in PBS for 1 hr at RT. Cryosections were then treated with the Avidin/Biotin Blocking Kit (Vector Laboratories) accord-
ing to manufacturer’s protocol. Granzyme B was detected with a biotinylated primary goat anti-mouse polyclonal antibody (AF1865,
R&D systems), incubated overnight at 4°C and washed in PBS. Streptavidin-conjugated Alexa Fluor 647 (Life Technologies) was then
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added for 30 minutes at RT to visualize granzyme B. Collagen XVII was detected with an primary rabbit anti-mouse monoclonal
antibody (SR46-05, Invitrogen), incubated overnight at 4°C and washed in PBS. A secondary goat anti-rabbit Alexa Fluor 568 IgG
antibody (Life Technologies) was then added for 30 minutes at RT to visualize collagen XVII. DNA was visualized with 4’,6-diami-
dino-2-phenylindole (DAPI) (Life Technologies). Sections were imaged with a Zeiss Cell Observer inverted microscope using a
40x objective, acquired with Zen software, and total image exposure was adjusted using Photoshop (Adobe). Granzyme B+ cells
were quantified using ImageJ Fiji software (NIH) as previously described.®* Briefly, each image was divided into a grid of 10000
pixels® squares (Figure S6). Squares that fell within 30000 pixels” (3 squares) of the basement membrane, as denoted by collagen
XVII staining were marked, and granzyme B+ cells that fell within the marked squares were considered proximal and counted. Total
proximal granzyme B+ cell counts were then divided by total number of squares involved to obtain a frequency of granzyme B+ cells/
10000 pixels” squares. Image brightness was adjusted using Photoshop (Adobe) and merged with Image J64 (NIH).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All numerical data analyses were performed on Graphpad Prism 9 software. Values were log-transformed to normalize distribution
and variances where necessary. Statistical significance for datasets with more than two variables were analyzed by repeated mea-
sures two-way analyses of variance (ANOVA) with Bonferroni’s multiple comparisons test. The Geisser-Greenhouse correction was
used for ordinal datasets to correct any violations of sphericity and to provide a more stringent calculation of p values. For compar-
isons between two groups of normally distributed, continuous datasets at a given time point, statistical significance was measured by
unpaired two-tailed Student’s t-test. Pearson correlation was used to analyze correlations between two continuous datasets. A
p < 0.05 was considered statistically significant. To maintain objectivity and to remove investigator bias, all data collection, including
disease scoring, measurement of epithelial damage, and viral titering, were performed blinded. Where treatment interventions were
applicable, mice were treated by one investigator and inflammation was assessed in a blinded manner by another investigator. Ex-
periments were unblinded only after completion of data analysis. No outliers were excluded from our data. No predefined power an-
alyses were performed to determine group sizes to achieve statistical significance; rather, group sizes were determined by historical
data generated by our laboratory. To minimize potential confounding effects of microbiome and genetic background, only littermates
were used as controls for all mutant mice that were bred in-house. For mutant mice that were purchased, recommended control mice
of the same genetic background were purchased from the same vendor. Mouse and sample numbers per group and experimental
repeat information is provided in the figure legends. All data points represent individual biological replicates, and the 'n’ for each
group refers to biological replicates.
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