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A murine papillomavirus, MmuPV1, infects both cutaneous and mucosal epithelia
of laboratory mice and can be used to model high-risk human papillomavirus (HPV)
infection and HPV-associated disease. We have shown that estrogen exacerbates pap-
illomavirus-induced cervical disease in HPV-transgenic mice. We have also previously
identified stress keratin 17 (K17) as a host factor that supports MmuPV1-induced
cutaneous disease. Here, we sought to test the role of estrogen and K17 in MmuPV1
infection and associated disease in the female reproductive tract. We experimentally
infected wild-type and K17 knockout (K17KO) mice with MmuPV1 in the female
reproductive tract in the presence or absence of exogenous estrogen for 6 mon. We
observed that a significantly higher percentage of K17KO mice cleared the virus as
opposed to wild-type mice. In estrogen-treated wild-type mice, the MmuPV1 viral
copy number was significantly higher compared to untreated mice by as early as 2
wk postinfection, suggesting that estrogen may help facilitate MmuPV1 infection
and/or establishment. Consistent with this, viral clearance was not observed in either
wild-type or K17KO mice when treated with estrogen. Furthermore, neoplastic dis-
ease progression and cervical carcinogenesis were supported by the presence of K17
and exacerbated by estrogen treatment. Subsequent analyses indicated that estrogen
treatment induces a systemic immunosuppressive state in MmuPV1-infected animals
and that both estrogen and K17 modulate the local intratumoral immune microen-
vironment within MmuPV1-induced neoplastic lesions. Collectively, these findings
suggest that estrogen and K17 act at multiple stages of papillomavirus-induced disease
at least in part via immunomodulatory mechanisms.

papillomavirus | estrogen | cervical cancer

Nearly all human cervical cancers are associated with high-risk human papillomavirus
(HPV) (1). A murine papillomavirus, MmuPV1, was discovered a decade ago (2) and is
revolutionizing our ability to model HPV-associated cutaneous and mucosal disease in
laboratory mice (3). MmuPV1 infection-based models are facilitating long-sought studies
of host factors and host immune responses that contribute to papillomavirus infection
and virus-induced disease progression (4—16). One host factor studied in the context of
cervical carcinogenesis is the female hormone estrogen. In HPV16 transgenic mice, we
and others have shown that estrogen is required for the onset, maintenance, and progres-
sion of papillomavirus-induced neoplastic disease (17-20) and treatment with estrogen
receptor & (ERa) inhibitors promotes regression of cervical cancer (21). We have also
found that estrogen treatment exacerbates the incidence and severity of disease in MmuPV1
cervicovaginal infection models (7, 16).

Estrogen is a well-established risk factor for certain types of human cancer, such as
breast cancer. Upon binding to the hormone ligand, estrogen receptors translocate to the
nucleus and drive transcription of genes that promote cell cycle and cell proliferation
(22-27). Estrogen can also induce DNA damage and suppress DNA repair pathways to
drive cellular transformation in breast cancer (28-30). In vitro, estrogen can induce HPV
oncogene expression and suppress apoptosis in HPV-infected epithelial cells (31-34). In
other studies, in contrast, estrogen can inhibit HPV oncogene expression and induce
apoptosis (35, 36). There is now accumulating evidence supporting nonautonomous
effects of estrogen on immune cells and the tumor microenvironment (37). However, the
exact molecular mechanisms by which estrogen contributes to cervical carcinogenesis are
less clear. In human cervical cancers, ERa expression is often lost in epithelial cells yet is
maintained in the underlying stroma (38). Using genetically engineered mice to generate
tissue-specific deletion of the Es7] gene encoding ERa, Chung and colleagues have estab-
lished that stromal ERa expression in the cervix is both required and sufficient for
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HPV-mediated disease in HPV16 transgenic mice (39, 40). We
previously reported that estrogen induces significant gene expres-
sion changes in the underlying stroma, including an upregulation
in the expression of inflammatory chemokines critical for neutro-
phil recruitment in estrogen-induced disease sites in HPV trans-
genic mice (41). Estrogen can induce myeloid-derived suppressor
cell (MDSC) expansion in murine cancer models independently
of tumor cell ERa signaling but dependent on immune cell func-
tions (42—-46). MDSCs mainly include immature neutrophils that
act through suppressing the function of antitumor T cells in cancers
(47-49). Considering this collection of evidence, we hypothesize that
estrogen supports persistent viral infection and exacerbates pap-
illomavirus-induced cervical disease at least in part through
immune suppression.

We have previously identified stress keratin 17 (K17) as a host
factor that mediates local immunosuppression in papillomavi-
rus-induced cutaneous disease (11). K17 expression is often absent
in normal healthy interfollicular epithelial tissues and is restricted
to hair follicles and sebaceous glands (50). Its expression can be
induced by wounding or an inflammatory microenvironment
(51-53). We have shown that MmuPV1 infection induces K17
expression in the skin, which is required to prevent T cell infiltra-
tion in MmuPV1-induced papillomas by downregulating expres-
sion of chemokines that recruit CXCR3+ T cells (11). In this
report, we sought to test whether K17 expression and/or estrogen
are required for persistent MmuPV1 mucosal infection and
whether they cooperate to exacerbate cervicovaginal disease pro-
gression through suppression of the host immune response.

Results

K17 and Estrogen Cooperate to Promote Viral Persistence
and Disease Progression in MmuPV1-Infected Reproductive
Tract Lesions. We previously reported that MmuPV1 is sexually
transmitted and can naturally infect the reproductive tract of
female ‘recipient’ mice (8). We performed immunofluorescence
for K17 on the reproductive tracts of female recipient mice
from this study, which are female mice that naturally acquired
MmuPV1 from male mice via sexual transmission. Using
immunofluorescence analysis, we costained for K17 protein and
the MmuPV1 E4 protein on the same tissue section (Fig. 14).
We observed overexpression of K17 in focal areas of the mucosal
epithelia corresponding to MmuPV1-infected regions within
the female reproductive tract. These results are consistent with
results obtained using in situ RNA hybridization (RNAscope)
for MmuPV1 E4 transcripts and K17 immunofluorescence on
separate, adjacent tissue sections (S Appendix, Fig. S1), in which
we also observed K17 protein overexpression in regions of tissue
expressing MmuPV1 E4 transcripts. These findings indicate that
natural MmuPV1 infection of mucosal epithelia induces K17
expression consistent with our earlier findings that MmuPV1
induces K17 expression in cutaneous epithelia (11).

To test whether K17 is required for persistent MmuPV1 infec-
tions, we experimentally infected the reproductive tracts of wild-
type (WT) and germline K17 knock-out (K17KO) female mice,
both on the FVB/N genetic background, with 10® viral genome
equivalents (VGE) and performed vaginal lavages every 2 wk over
a 6-mon time course to track MmuPV1 copy number using
qPCR. We observed that approximately 30% (n = 3/10) of WT
mice spontaneously cleared MmuPV1 infection, based upon
qPCR cycle threshold values that were comparable to mock-in-
fected animals. The incidence of spontaneous viral clearance in
WT animals is similar to our previous results (7), and we speculate
that the strength of an individual's immune response may
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contribute to viral clearance or persistence. In contrast, 78% (n =
719) of the K17KO mice spontaneously cleared their infections
(Fig. 1B), resulting in a significantly lower number of K17KO
mice with persistent MmuPV1 infections at the 6-mon endpoint
(Fig. 1C, P < 0.05). Mice that cleared their infection did not
develop neoplastic disease (Fig. 1D) and animals with persistent
MmuPV1 infections developed various grades of cervicovaginal
disease with disease severity being significantly worse in the WT
mice compared to K17KO mice (Fig. 1 D and E).

To assess the effect of estrogen on viral clearance and disease
progression in the presence or absence of K17 expression, we
treated MmuPV 1-infected wild-type and K17KO mice with exog-
enous estrogen by subcutaneous implantation of a continuous-re-
lease pellet that delivers 0.05 mg of 17f-estradiol over a 60-d
period. This dose of estrogen induces a physiological level of estro-
gen that mimics persistent estrus in female mice (54). We have
previously shown that extended treatment with estrogen alone was
sufficient to drive carcinogenesis in MmuPV1-infected mice with-
out inducing immunosuppression by UV treatment (7); therefore,
no UV treatment was given to these animals. All estrogen-treated
mice (n = 13/13 WT, n = 6/6 K17KO) developed persistent
MmuPV1 infections that failed to clear over 6 mon (Fig. 1B). The
viral copy number in some estrogen-treated K17KO (K17KO+E2)
mice declined to near mock-infected levels by 10 wk postinfection,
but in all cases rebounded thereafter such that all K17KO+E2 mice
retained persistent infections and developed cervicovaginal disease
by the endpoint (Fig. 1 B, D, and E). Estrogen-treated wild-type
animals (WT+E2), unlike K17KO+E2 mice, maintained high
MmuPV1 copy numbers throughout the course of the study
(Fig. 1B). At the endpoint, disease severity in the WT+E2 mice
trended toward being more severe than in K17KO+E2 mice
(P =0.08), with approximately 40% (n = 5/13) of WT+E2 mice
developing squamous cell carcinoma (SCC), compared to 0%
(0/6) in K17KO+E2 animals (Fig. 1D). Collectively, these data
indicate that cervicovaginal carcinogenesis requires persistent
MmuPV1 infections, similar to the natural history of high-risk
HPV infections and human cervical disease (55). Our data also
indicate that estrogen and K17 expression, together, can potentiate
persistent MmuPV 1 cervicovaginal infections, reduce spontaneous
viral clearance, and exacerbate neoplastic disease including pro-
gression to SCC.

Estrogen, but Not K17, Increases MmuPV1 Viral Copy Number
at Early Times Postinfection in the Reproductive Tract of
Immunocompetent Mice. We detected MmuPV1 in vaginal
lavages at 2 wk postinfection (Fig. 1B), which was the earliest
timepoint we performed lavages to avoid potential disruption
to viral establishment. While MmuPV1 established infections
in all animals (Fig. 1B), we consistently observed significantly
higher MmuPV1 copy numbers in estrogen-treated animals at
2 wk postinfection irrespective of the K17 status (Fig. 24). These
findings suggest that estrogen, but not K17, increases viral copy
number at early times postinfection. The estrogen-induced increase
in MmuPV1 copy number correlated with lower circulating CD4
and CD8 T cell counts in the blood of estrogen-treated animals
(Fig. 2B). By 5 mon postinfection, the difference in the number
of circulating CD8+ T cells between untreated WT and estrogen-
treated WT animals infected with MmuPV1 was not significant
(Fig. 2B), likely due to a smaller sample size. The estrogen-
mediated suppression of circulating T cell count was also observed
in mock-infected mice, indicating the immunosuppressive effect
of estrogen was independent of MmuPV1 infection (SI Appendix,
Fig. S2). These findings demonstrate that estrogen led to a systemic
suppression of immune cells. The data in Fig. 2B also indicate that
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Fig. 1. K17 and estrogen cooperate to promote viral persistence and disease progression in MmuPV1-infected reproductive tract tissues. (A) K17 expression
is increased in MmuPV1-infected epithelia of the female reproductive tract. K17 and MmuPV1 E4 are costained on the same slide for immunofluorescence
detection. Green: K17, Red: MmuPV1 E4 protein, Blue: Hoescht (nuclei). (B) gPCR analysis of MmuPV1 viral copy number per 5 ng vaginal lavage DNA across
24 wk postinfection. Black arrows indicate estrogen pellet insertion. Blue line indicates level of background signal detected in mock-infected animals. WT
FVB: n =10, WT FVB+Estrogen: n = 13, K17KO FVB: n =9, K17KO FVB+Estrogen: n = 6. (C) The chi-square test of WT mice that cleared infection at the end point
(3 out of 10) vs. K17KO mice that cleared infection at the end point (7 out of 9). (D) Histopathology analysis of cervicovaginal disease severity. WT FVB: n = 10,
WT FVB+Estrogen: n = 13, K17KO FVB: n = 9, K17KO FVB+Estrogen: n = 6. The Wilcoxon rank sum test was used to compare disease severity between groups.
(E) Representative H&E images of MmuPV1-infected reproductive tract tissue from each group. Asterisks indicate statistical significance: *P < 0.05 **P < 0.01
***P < 0.005 ****P < 0.001 ns=not significant. Error bars indicate (SEM). All (Scale bars = 100 pm.)
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Fig. 2. Estrogen but not K17 promotes early establishment of MmuPV1 infection in the female reproductive tract of immunocompetent mice. (A) Mouse
reproductive tracts were infected with 108 VGE MmuPV1. MmuPV1 viral copy number per 5ng vaginal lavage DNA at 2 wk postinfection was measured using
quantitative PCR. WT FVB: n = 9, WT FVB+Estrogen: n =9, K17KO FVB: n = 5, K17KO FVB+Estrogen: n = 5. A Student's t test was used to compare MmuPV1 copy
numbers between groups. (B) Total white blood cell counts (WBC) were obtained by a complete blood count (CBC) automatic counter. Specific cell-type percentages
were determined by flow cytometry and were multiplied by the total WBC count to determine cell count per type. Three mice were included per group. (C)
Reproductive tracts of WT FVB mice were infected with 10° VGE, 107 VGE, or 108 VGE MmuPV1 and left untreated or treated with exogenous estrogen. N = 6 to
9 mice per group. MmuPV1 copy number at 2 wk postinfection were compared using Student's t test within each infection dose. (D) Reproductive tracts of NSG
mice were infected with 10° VGE, 107 VGE, or 10° VGE MmuPV1 and left untreated or treated with exogenous estrogen. N = 6 to 9 mice per group. MmuPV1
copy number values at 2 wk postinfection were compared using Student's t test within each infection dose. (E) Histopathology score of cervicovaginal disease in
WT reproductive tracts collected at 6 mon postinfection. 10° VGE n = 1 mouse, 10° VGE+Estrogen n = 5 mice, 10’ VGE n = 3 mice, 10’ VGE+Estrogen n = 6 mice,
108 VGE n = 4 mice, 10 VGE+Estrogen n = 3 mice. The Wilcoxon rank sum test was used to compare disease severity between groups. (F) Histopathology score
of cervicovaginal disease of NSG mouse reproductive tracts collected at 10 wk postinfection. 10° VGE n = 6 mouse, 10° VGE+Estrogen n = 5 mice, 10’ VGEn=6
mice, 10’ VGE+Estrogen n = 6 mice, 10° VGE n = 4 mice, 108 VGE+Estrogen n =4 mice. The Wilcoxon rank sum test was used to compare disease severity between
groups. (G) Representative H&E images of MmuPV1-infected reproductive tract tissues from mice infected with 108 VGE MmuPV1. Asterisks indicate statistical
significance: *P < 0.05 **P < 0.01 ***P < 0.005 ****P < 0.001 ns=not significant. Error bars indicate (SEM). All (Scale bars = 100 pm.)
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in K17KO mice not treated with estrogen, there is a substantial
increase in levels of all circulating immune cell types with the
exception of CD4+ T cells at 5 mon postinfection.

To test whether estrogen-mediated immunosuppression was
responsible for the enhanced viral copy number and disease pro-
gression we observed in estrogen-treated WT mice (Fig. 1), we
infected groups of immunocompetent WT (FVB/N) mice and
immunodeficient NOD-scid ]LZRg””H (NSG) mice with or without
exogenous estrogen treatment and measured MmuPV1 copy num-
ber at 2 wk postinfection. In addition to our standard dosage (10°
VGE), we also used lower virus doses (10° and 10" VGE) to avoid
saturating epithelia with infection in the highly susceptible NSG
mice. We again observed significantly or trending toward signifi-
cantly higher MmuPV1 copy number in estrogen-treated immu-
nocompetent WT mice at all three doses (Fig. 2C). In contrast,
estrogen did not increase MmuPV1 copy number in NSG mice
(Fig. 2D). Consistent with our prior observations (Fig. 1D), estro-
gen increased overall disease severity in WT mice across all virus
doses and SCC only developed in estrogen-treated animals
infected with 10% and 10" VGE (Fig. 2E). However, due to the
small group sizes that remained at the endpoint of this study (a
consequence of animal housing issues and not morbidity), these
differences did not reach statistical significance. In our previous
work, we found that immunodeficient mice (FoxNI™"™) devel-
oped SCC by 4 mon postinfection in the absence of estrogen
treatment (7). Therefore, we collected tissues from NSG mice at
an earlier time point (2 mon postinfection) to evaluate the influ-
ence of estrogen on disease progression in immunodeficient mice.
Estrogen did not exacerbate disease progression in the NSG mice
(Fig. 2 Fand G), though in one group (10" VGE), there were two
SCC scored at the 2-mon endpoint, which was somewhat unex-
pected for such an early timepoint postinfection. Overall, we
conclude that the effect of estrogen on early MmuPV1 viral copy
number and neoplastic disease progression in the female repro-
ductive tract is based, at least in part, on estrogen’s suppression of
the host immune system in immunocompetent mice.

Estrogen and K17 Modulate Local Immune Cell Infiltration in
MmuPV1-Infected Cervical Tissues. Our analyses of blood from
MmuPV1-infected animals (Fig. 2B) demonstrated that exogenous
estrogen treatment caused a reduction in circulating immune cells,
consistent with systemic immune suppression and, conversely, that
in the absence of K17, there were enhanced levels of circulating
immune cells at 5 mon postinfection. This prompted us to ask
if exogenous estrogen treatment and/or K17 gene status also
modulate the local immune microenvironment in the context of
MmuPV1-infected cervicovaginal tissues. We collected MmuPV1-
infected reproductive tissues at 6 mon postinfection (endpoint of
Fig. 1 B and D) and performed immunofluorescence for Ly6G
(neutrophil marker) and CD4/CD8 (T cell markers) (Fig. 34).
Corresponding H&E-stained tissue sections for each field within
the reproductive tract are shown in ST Appendix, Fig. S3. We
quantified immune cell infiltration by measuring the mean
fluorescence intensity (MFI) for Ly6G and counting the number
of CD4+ and CD8+ cells in tissues from the four cohorts of mice.
Opverall, the number of intraepithelial neutrophils was significantly
higher than intraepithelial T cells. In K17KO mice, we observed
minimal infiltration of immune cells in tissues collected at the
endpoint (6 mon postinfection), including in tissues of mice that
cleared infection and did not have disease at the endpoint (Fig. 3 A
and B and S/ Appendix, Fig. S3), suggesting a dampened immune
response correlating with less detectable immune infiltration in
tissues cleared of infection (Fig. 1 B and D). In estrogen-treated
K17KO tissues, all animals developed low- to high-grade disease

PNAS 2023 Vol.120 No.12 2214225120

(Fig. 1D) with a significantly higher infiltration of CD8+ T cells
and lower infiltration of neutrophils than estrogen-treated wild-
type animals (Fig. 3 A and B), suggesting that K17 expression
suppressed T cell infiltration and enhanced neutrophil infiltration.
When comparing wild-type animals with or without an estrogen
supplement, neutrophil infiltration was increased by estrogen
treatment (Fig. 3 A and B). Taken together, these data suggest
that K17 downregulates T cell infiltration and cooperates with
estrogen to upregulate neutrophil infiltration in the tumor
microenvironment.

To determine which chemokines and cytokines may be respon-
sible for T cell and neutrophil infiltration, we extracted RNA
from whole reproductive tract tissue sections and performed
quantitative RT-PCR for neutrophil chemokines (CXCLI,
CXCL2, CXCL3, and CXCL5) and T cell chemokines (CXCL9,
CXCL10, and CXCL11), as well as the T cell activation marker
[FNgamma. Among the four neutrophil chemokines that we
analyzed, only CXCL1 levels were significantly higher in WT+E2
animals compared to K17KO+E2 animals (Fig. 3C), correlating
with the increased neutrophil infiltration observed in wild-type
animals (Fig. 3B). CXCLI1 protein levels were confirmed by
immunofluorescence staining on a subset of tissues included for
qRT-PCR analysis (57 Appendix, Fig. S4). However, there was no
difference in chemokine expression between untreated and estro-
gen-treated wild-type animals (Fig. 3C), suggesting that other
mechanisms must be involved in the estrogen-dependent upreg-
ulation of neutrophil recruitment to MmuPV1-infected lesions.
Among the three T cell chemokines examined, we found CXCL9
expression correlated with higher CD8+ T cell infiltration in
K17KO+E2 tissues (Fig. 3Cand SI Appendix, Fig. S5). There were
no differences in expression of innate immunity-related cytokines
(SI Appendix, Fig. S6).

The T cell activation marker, IFNgamma, was not significantly
expressed in the total RNA extracted from the whole tissue sections
(Fig. 3C), where T cell numbers were relatively low. Therefore, we
collected the spleen from mice from these four groups and stimu-
lated splenic cells ex vivo with PMA and Ionomycin to measure
[FNgamma+-activated T cells. Interestingly, we observed accumu-
lation of both granulocytic MDSC (CD11b+Gr1 high, mostly
neutrophils) and monocytic MDSC (CD11b+Grl low) in the
spleen of estrogen-treated mice compared to untreated mice (WT+E
vs. WT, K17KO+E vs. K17KO, SI Appendix, Fig. S7). This accu-
mulation correlated with lower numbers of activated CD4 and
CDB8T cells in wild-type animals (87 Appendix, Fig. S7). However,
the accumulation of these myeloid cells in estrogen-treated K17KO
mice did not suppress T cell activation ex vivo, suggesting that these
myeloid cells, including neutrophils, may not possess immunosup-
pressive and protumoral functions. Thus, K17 and estrogen seem
to exert effects on different populations of immune cells to syner-
gistically prevent T cell infiltration and activation, leading to viral
persistence and disease progression to SCC.

Neutrophil Depletion Promotes Disease Progression in
Estrogen-Treated K17KO Mice, but Not Estrogen-Treated WT
Mice. In cancer patients, the neutrophil-lymphocyte ratio in
circulating blood correlates with the prognosis of various cancers,
including cervical cancer (56-64). Using the quantitative results
from the neutrophil and T cell marker immunofluorescence
analysis (Fig. 3B), we evaluated whether the level of neutrophil
or T cell infiltration was associated with disease severity in sites
of MmuPV1-induced cervicovaginal disease. Indeed, there was a
significant (P = 0.0002) positive correlation between neutrophil
infiltration and disease severity (Fig. 4A4), similar to what is

observed in cancer patients (59, 62, 65). Neither CD4 (= 0.72)
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Fig. 3. Estrogen and K17 modulate immune cell infiltration in MmuPV1-infected cervical tissues. (A) Representative immunofluorescence images (10x)
of reproductive tract tissues analyzed for Ly6G (Top; green), CD4 (Middle; green), and CD8 (Bottom; green) expression. Red: K14, Blue: Hoescht (nuclei). (B)
Quantification of mean fluorescence intensity (MFI) for Ly6G staining normalized to background per field (Left), and intraepithelial number of CD4+ (Middle) and
CD8+ (Right) cells. N = 4 to 6 mice per group were included for analysis. (C) Quantitative RT-PCR of gene expression normalized to glyceraldehyde-3-phosphate
dehydrogenase (GADPH) from bulk RNA extracted from whole reproductive tissues. N = 4 to 6 mice per group were included for analysis. Asterisks indicate
statistical significance: *P < 0.05 ***P < 0.005 ****P < 0.001 ns = not significant. The error bar indicates (SEM). All (Scale bars = 100 um.)

nor CD8 (P = 0.46) infiltration levels correlated with disease ~ begin to address this question, we depleted neutrophils using anti-
severity (S/ Appendix, Fig. S8). Ly6G antibody for a time period between 7 wk and 11 wk post-

Whether neutrophils contribute directly to disease progression  infection in estrogen-treated wild-type and K17KO animals. We
or are simply a biomarker for disease severity remains unclear. To. monitored MmuPV1 copy number via vaginal lavage and
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infected and estrogen-treated WT and K17KO animals were intraperitoneally injected with anti-Ly6G depletion antibody (Dep) or isotype control antibody (ISO)
starting at 7 wk postinfection, three times per week, until 12 wk postinfection. Blood from n = 3 mice per group was analyzed to count the number of cells
positive for Gr1, Ly6C, CD4, and CD8. (C) Vaginal lavages were performed every 2 wk to quantify MmuPV1 viral copy number per 5 ng DNA. N =9 to 14 mice per
group were included for analysis. (D) Reproductive tracts were collected at 12 wk postinfection, immediately after completion of the final antibody injection, and
subsequent histopathology of cervicovaginal disease was analyzed. WT+E2 ISO: n =9, WT+E2 Ly6G-Dep: n = 13, K17KO+E2 ISO: n = 9, K17KO+E2 Ly6G-Dep: n = 8.
The Wilcoxon rank sum test was used to compare disease severity between groups. (E) A proposed mechanism of action by K17 and estrogen in modulating
the cervicovaginal microenvironment in MmuPV1-infected tissue.
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evaluated disease severity at the end of 11 wk. Treatment with
anti-Ly6G antibody depleted over 90% circulating neutrophils
compared to isotype control-treated mice (Fig. 4B). The average
MmuPV1 copy number over time was not affected by neutrophil
depletion (Fig. 4C). Moreover, disease severity was not signifi-
cantly different when neutrophils were depleted in WT+E2 mice
(P=0.41) (Fig. 4 D and E), suggesting that neutrophil depletion
in wild-type animals was not sufficient to overcome the immuno-
suppressive environment induced by estrogen, despite increased
neutrophil infiltration observed as a marker for aggressive disease.
Interestingly, K17KO+E2 animals developed more severe disease
when neutrophils were depleted that trended toward statistical
significance (P =0.061) (Fig. 4 D and E). These data are consistent
with our observation that the increased MDSC counts in the
spleen of estrogen-treated K17KO mice did not suppress T cell
activation (SI Appendix, Fig. S7), suggesting that neutrophils
recruited to MmuPV1-infected K17KO tissues have antitumoral
rather than protumoral functions.

Discussion

In this report, we have identified two host factors, K17 and estro-
gen, that cooperate to support persistent MmuPV1 infection and
neoplastic disease progression in the murine female reproductive
tract through modulation of the host immune environment. Our
studies revealed that K17 is overexpressed in MmuPV1-infected
mucosal cervicovaginal epithelia and is required for persistent
infections and the subsequent development of dysplastic disease
(Fig. 1). We also found that estrogen significantly increases viral
load at early points after infection (Fig. 2) and exacerbates viral
persistence and disease severity (Fig. 1), effects that are largely lost
in immunodeficient NSG mice (Fig. 2). These results prompted
us to interrogate the role of estrogen and K17 in regulating the
immune response during MmuPV1-induced cervicovaginal dis-
case. We found that estrogen-treated animals develop systemic
immunosuppression (Fig. 2 and S/ Appendix, Fig. S2) and yet have
significantly higher local infiltration of neutrophils in MmuPV1-
infected lesions (Fig. 3 A and B). Except CXCLI1, which was
increased in WT+E2 tissues compared to KO+E2 tissues, we did
not see significant differences in many well-known neutrophil
chemoattracting chemokines across treatment groups (Fig. 30),
nor did we see substantial differences among innate immunity-re-
lated cytokines (S Appendix, Fig. S6). Although CXCL1, CXCL2,
CXCL3, and CXCLS5 are all known to mediate neutrophil migra-
tion, they can have distinct cellular sources and nonredundant
functions in different disease settings. One recent study has shown
two different cell types are responsible for CXCLI and CXCL2
production, respectively, in neutrophil emigration in mouse cre-
master muscles, and they work on different stages of neutrophil
migration (66). Mast cell and macrophage-derived CXCL1/
CXCL2 have distinct effects on neutrophil migration at early
stages (67). CXCLS5 attracts not only neutrophils but also innate
and adaptive leukocytes (68). Our results indicate that K17 may
affect a particular cell type in the stroma that produces CXCL1
in MmuPV1-infected tissues.

Like our observations in cutaneous disease (11), we found that
CD8+ T cell infiltration is increased in the absence of K17 in
MmuPV1-infected cervicovaginal epithelia and correlates with an
increase in expression of the T cell chemoattractant chemokine
CXCL9, although these T cells do not appear to be activated
(Fig. 3). This observation is consistent with our published data in
a MmuPV1 infection model (11) and HPV negative head and
neck cancer model (69) although we did not observe a difference

in CXCL10 or CXCL11 mRNA levels. Despite binding to the
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same CXCR3 receptor, CXCL9, CXCL10, and CXCLI11 are
induced by different cytokine stimulations (70) and have distinct
functions in T cell migration under different settings (71-74).
The fact that K17 affects only CXCL9 in MmuPV 1-infected cer-
vicovaginal tissues may provide insight into which cell types are
regulated by K17 and responsible for K17-mediated immunosup-
pression. Interestingly, staining for CXCL1 and CXCL9 proteins
revealed that the major source of these two chemokines was the
stromal compartment of the tissue (SI Appendix, Figs. S4 and S5).
These results indicate that estrogen and K17 modulate the
microenvironment in infected tissues, potentially through regu-
lation of tissue-infiltrating immune cells, fibroblasts, and endothe-
lial cells in the stroma.

We also found evidence that K17 cooperates with estrogen to
regulate neutrophil recruitment (Fig. 3), the level of which posi-
tively correlated with disease severity (Fig. 44). Neutrophil deple-
tion in MmuPV1-infected animals did not affect MmuPV1 viral
copy numbers and only exacerbated disease severity in K17KO+E2
mice (Fig. 4 Cand D), suggesting the presence of neutrophils with
antitumoral functions in tumor microenvironment of K17KO
neoplastic tissues. Collectively, the results presented here reveal
that estrogen and K17 have distinct, yet some complementary,
roles in regulating systemic and local immune environments dur-
ing MmuPV1 infection and disease progression in the female
reproductive tract of mice.

Our lab and others have established several lines of evidence,
mostly using HPV16 transgenic mouse models, that estrogen
contributes to HPV-mediated cervical carcinogenesis, although
some reports dispute the role of this hormone. The conflicting
data likely stem from highly variable experimental conditions,
study designs, and patient populations (75, 76). In HPV16 trans-
genic mice, estrogen and its receptor ERat are necessary for the
onset, maintenance, and progression of cervical cancer (17-19,
39, 54). FDA-approved antiestrogen drugs such as fulvestrant and
raloxifene prevent and cause regression of HPV-mediated cervical
cancers in mice (21). Stromal ERa and signaling in the microen-
vironment are necessary and sufficient for cervical carcinogenesis
(40) and we have reported that both the HPV oncogenes and
estrogen significantly affect the expression of genes and parac-
rine-acting factors in the stroma (38, 41). Together, the evidence
from HPV transgenic mice suggest that estrogen is necessary for
cervical carcinogenesis, but epithelial ERa is dispensable for such
progression in HPV transgenic mice.

Interestingly, a recent report indicated that estrogen limits the
growth of HPV+ epithelial cells in vitro by reducing HPV early
gene transcription (35). Because epithelial ERa is dispensable for
cervical carcinogenesis in HPV transgenic mice (40) and ERa
expression is frequently lost in cervical cancer epithelial cells (38),
it is postulated that estrogen may enhance cervical carcinogenesis
through extrinsic mechanisms in the stromal compartment rather
than intrinsic regulation in epithelial cells. Several recent studies
have indicated that, in other tumor models and clinical settings,
estrogen induces MDSC immobilization through STAT3 activa-
tion and inducing JAK2 and SRC activity in myeloid cells, thus
enhancing immunosuppressive activity of MDSCs in cancer
(42—46). More importantly, estrogen-induced immunosuppression
is independent of epithelial estrogen signaling in these models (42,
45, 46). In our current study, we observe strong estrogen-mediated
effects on MmuPV1 viral copy number and persistence, which is
largely lost in NSG mice. Our data provide additional evidence to
suggest that estrogen acts to regulate T cell-suppressing immune
populations to exacerbate cervicovaginal disease.

Recently, Hu and colleagues published results showing that
estrogen treatment had no effect on MmuPV1 viral copy number
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in the murine anogenital tract, including the female reproductive
tract, in heterozygous FoxINInu/+ mice (77). These disparate find-
ings can perhaps be explained by the genetic background of mice
used in MmuPV1 in vivo studies, particularly if the effects are
immune-mediated. There is ample evidence that different genetic
backgrounds exhibit differential susceptibility to MmuPV1 infec-
tion and subsequent disease (3). Nevertheless, our current results
showing that estrogen induces a significant increase in early viral
load and subsequent persistence is consistent with human epide-
miological data that cites high viral load as one of the strongest
predictors of and factors associated with HPV-persistent infections
(78-81). High viral load has also been associated with more severe
histological disease and cancer (82-84). Our current results sug-
gest that estrogen significantly impacts each stage across the spec-
trum of MmuPV1-induced neoplastic disease, from infection to
carcinogenesis, at least in part by modulating the host immune
environment.

Our results show that K17, often in concert with estrogen, also
plays a role in MmuPV1 persistence and disease in the female
reproductive tract. K17 is overexpressed in many cancers and is
required for cervicovaginal disease in HPV transgenic mice (85-92)
and cutaneous disease in MmuPV1-infected skin (11). However,
the exact mechanisms and pathways leading to K17 expression
during papillomavirus infection remain unknown. Here, we pro-
vide evidence that K17 is overexpressed in MmuPV1-infected
mucosal epithelia tissues (Fig. 14 and SI Appendix, Fig. S1). K17
expression in infected epithelia led to decreased spontaneous viral
clearance (Fig. 1 B and C), likely due to suppressed CD8+ T cell
infiltration, which resulted in moderate to severe dysplasia
(Fig. 1D). Despite the K17-mediated immunosuppression, few
mice progressed to SCC within 6 mon. However, estrogen greatly
accelerated this process (Fig. 1D). Our current data suggest that
estrogen systemically reduces circulating immune cells (Fig. 2 and
SI Appendix, Fig. S2) and may locally increase neutrophil recruit-
ment to disease sites (Fig. 3), which is a biomarker for worse prog-
nosis in human cancers (59, 62, 65, 93). Neutrophils present in
cancers are often considered immunosuppressive and protumoral
(47-49, 94, 95). Arginase-1 secreted by neutrophils can deplete
L-arginine, an amino acid needed for T cell receptor { chain
expression, which is a part of the T cell activation pathway (49,
96-102). In addition, reactive oxygen species produced by neu-
trophils are also capable of inhibiting T cell activation (103).
Neutrophils may also interact with and induce other immunosup-
pressive cells like Tregs to mediate immunosuppression (104, 105).
A human patient study observed a significant number of neutro-
phils infiltrating human cervical neoplastic lesions, and they have
shown the infiltrating neutrophils in lesions express the
CD16""CD62L"™  immunosuppressive phenotype markers
(106). In our current study, we have seen an accumulation of
neutrophils in disease lesions as well as the spleen of estro-
gen-treated animals (Fig. 3 A and B and SI Appendix, Fig. S7). We
have also observed an inverse correlation of neutrophil number
with activated T cell numbers in the spleen of wild-type mice
(SI Appendix, Fig. S7), suggesting an immunosuppressive status
of the neutrophils in estrogen-treated wild-type mice. However,
depleting neutrophils from K17-expressing animals was not suffi-
cient to affect viral copy number or disease progression. One pos-
sible explanation is that eliminating neutrophils, which are
considered protumoral in wild-type animals, is not enough to
overcome the immunosuppressive microenvironment when K17
overexpression can still prevent CD8+ T cell infiltration (Fig. 4E).
Besides protumoral neutrophils, heterogeneity studies in neutro-
phils have uncovered antitumoral neutrophil subsets that can
mediate cytotoxicity or apoptosis of tumor cells (107-113). In the
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absence of K17, the neutrophils seemingly switch from a protu-
moral to an antitumoral subtype based on the observation that
depletion of neutrophils in K17KO mice exacerbated cervicovag-
inal disease (Fig. 4D) and that splenic neutrophil accumulation
correlated with higher activated CD8+ T cell number (SI Appendix,
Fig. S7), opposite to what is observed in wild-type mice. These
data are consistent with our prior observations in another tumor
model (69), that K17 not only prevents T cell infiltration but also
modulates the landscape of myeloid cells in the head and neck
tumor microenvironment. Our current study suggests that K17
may modulate the plasticity of neutrophils in addition to other
myeloid cells. Further studies are required to identify antitumoral
neutrophil markers present in K17KO animals as well as the
underlying molecular mechanisms by which K17 and estrogen
modulate the microenvironment and neutrophil polarization.

Despite the convenience of using MmuPV1 as a preclinical
model to study the immune response to and role of estrogen in
papillomavirus infection-mediated neoplastic progression, there
are also limitations. Unlike mucosal high-risk HPVs, MmuPV1
is classified in the genus Pipapillomavirus (114) and lacks the HPV
oncoprotein E5 (13) and the MmuPV1 E6 and E7 proteins lack
many conventional HPV oncoprotein binding motifs (114, 115).
Although MmuPV1 is clearly pathogenic at several of the ana-
tomical sites targeted by HPVs, the molecular functions of
MmuPV1 oncoproteins and how they induce K17 expression
remain the focus of ongoing studies. Hormone-mediated mech-
anisms involved in human disease, such as those involving estro-
gen, can also be difficult to accurately replicate in preclinical
models. While the estrogen dose administered in our study has
been shown to induce conditions consistent with persistent estrus
in mice (54) models that rely upon endogenous physiological
estrogen levels warrant investigation in our studies. Epidemiological
studies have identified associations between several conditions that
elevate estradiol levels in humans with increased risk for HPV
persistence and subsequent neoplastic progression in the female
reproductive tract, such as long-term oral contraceptive use, preg-
nancy, and multiparity (75, 116-122). Given that estradiol levels
also increase during the murine gestational period (123), future
studies could explore the effect of pregnancy and/or multiparity
on MmuPV1 viral persistence, clearance, and malignant progres-
sion under conditions where estrogen levels are naturally increased
as opposed to exogenous treatment.

Our study provides evidence that estrogen and K17 cooperate
to promote disease progression and do so by acting on different
aspects of the host immune response in order to exert immuno-
suppressive effects in MmuPV1-infected cervicovaginal mucosal
tissue (Fig. 4E). These findings provide new insight into how
estrogen and K17 contribute to viral persistence and cervical car-
cinogenesis. Future studies targeting K17-mediated immunosup-
pression with antiestrogen drugs may benefit from such synergistic
mechanisms.

Materials and Methods

Animals, Treatment, and Tissue Processing. Wild-type FVB/N mice were
obtained from Taconic and bred for this study as wild-type controls. K17 knock-
out (K17K0) mice on the FVB/N genetic background were provided by Pierre
A Coulombe (Johns Hopkins University) and have been described previously
(124). Immunodeficient NOD-scid ILZRg”“” (NSG) mice (Jackson Laboratory;
Stock #005557) were bred and provided by the UW-Madison Biomedical Research
Models Services Laboratory. Six- to eight-wk-old female mice were used for all
infection experiments. FVB/N, K17KO, and NSG female mice were either untreated
or treated with exogenous estrogen (17p-estradiol). Reproductive tracts were
sectioned and used for histopathological analysis to assign disease severity. Mice
were housed in strict accordance with guidelines approved by the Association for
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Assessment of Laboratory Animal Care, at the University of Wisconsin Medical
School. All protocols for animal work were approved by the University of Wisconsin
Medical School Institutional Animal Care and Use Committee (protocol number
M005871).

MmuPV1 Infection and MmuPV1 Copy Number Quantification. Crude
preparations of MmuPV1 were generated by isolating virions from cutaneous
papillomas collected from FoxN 7™/ mice and quantified for VGE (viral genome
equivalents) using the protocol described previously (10). MmuPV1 infection of
the female reproductive tract was performed using methods described previously
(7,125).To quantify MmuPV1 viral copy number, vaginal lavages were performed
and total DNA extracted from collected material was analyzed for the MmuPV1
E2 gene by qPCR as described previously (5, 7, 126).

Blood Cell Count and Flow Cytometry Analysis. Mice underwent subman-
dibular bleeding, and blood samples were counted by Hemavet for a complete
blood count. Then, 15 pL of blood per mouse was lysed for red blood cells (Tonbo
Biosciences RBC lysis buffer) and stained with conjugated antibodies for flow cytom-
etry analysis using FisherThermo Attune. The following antibodies were used for
staining: anti-CD45 APC-Cy7 (BioLegend, clone 30-F11), anti-CD4 PE (BioLegend,
clone RM4-5), anti-CD8a FITC (BioLegend, clone 53 to 6.7), anti-Gr1 PE-Cy5
(BioLegend, clone RB6-8C5), anti-CD11b BV605 (Biolegend, clone M1/70), and
anti-Ly6C APCeFluor780 (BioLegend, clone HK1.4). Data were analyzed in FlowJo.

Neutrophil Depletion. For neutrophil depletion experiment, 250 pg of anti-Ly6G
(BioXCell, clone 1A8) or 250 pg of isotype control (BioXCell, ratIgG2a) was delivered
by intraperitoneal injection three times per week, starting at 7 wk post-MmuPV1
infection until 11 wk postinfection. To assess neutrophil depletion, anti-Gr1 PE-Cy5
(BioLegend, clone RB6-8C5), anti-CD11h BV605 (BioLegend, clone M1/70), and
anti-CD45 APC-Cy7 (BioLegend, clone 30-F11) were used for flow cytometry.

Immunofluorescence Analysis and RNA In Situ Hybridization. Inmunofluo-
rescence analysis was performed on sections collected as unfixed frozen tissues.
Tissue sections were fixed in cold methanol in -20 °C for 10 min, washed with
phosphate buffered saline (PBS) +0.01% Triton X-100, followed by a PBS wash,
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blocked with 5% goat serum at room temperature for 1h, and stained with purified
primary antibody at 4 °C overnight. Tissues were then washed with PBS three
times, stained with secondary antibodies at room temperature for 1h, and coun-
terstained with Hoechst Dye and mounted in Prolong mounting media (Thermo
Fisher Scientific). To perform MmuPV1 E4-K17, CXCL1-K14, and CXCL9-K14 dual
fluorescence, we employed a tyramide-based signal amplification (TSA) method
(127).Adetailed method is described online (https://www.protocols.io/view/unti-
tled-protocol-5gpvo707g4o1/v1) and has been described previously (16, 128).
Briefly, TSA was used to detect MmuPV1 E4, CXCL1, or CXCL9. For tissues stained
with E4, immunofluorescence was then performed for K17. For tissues stained
with CXCL1 or CXCL9, immunofluorescence was then performed for K14. The fol-
lowing antibodies were used for detecting mouse antigens by immunofluores-
cent staining: CD4 (eBioscience, clone RM4-5), CD8 (eBioscience, clone 53-6.7),
K14 (eBioscience, polyclonal Cat#PA5-16722), K17 (Abcam Catalog #109725),
CXCL1 (Thermo Fisher Scientific, Catalog #PA5-115-328), CXCL9 (Biolegend,
Cat#5156001), MmuPV1 E4 rabbit antibody (gift from John Doorbar, University
of Cambridge), Goat anti-rat AlexaFluor 488 (Molecular Probes), Goat anti-rabbit
AlexaFluor 594, Goat anti-rabbit AlexaFluor 647 (Molecular Probes), anti-streptavi-
din AlexaFluor 594 (Thermo Fisher Scientific), and anti-streptavidin AlexaFluor 647
(Thermo Fisher Scientific).

MmuPV1 viral transcripts were detected using RNAscope 2.5 HD Assay-Brown
(Advanced Cell Diagnostics, Newark, CA) according to the manufacturer's instruc-
tions with probes specific for MmuPV1 E1/E4 (catalog no.473281) as described
previously (7, 13). Slides were counterstained with hematoxylin before mounting
and cover slipping.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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