











4 IL-36y REGULATES NEUTROPHIL INFLUX AND HSV-2 NEUROINVASION

FIGURE 2. Neutrophil recruitment is significantly reduced in IL-36y '~ mice after genital HSV-2 infection. Flow cytometry analysis of immune cells

in vaginal lavages. Female 6-8-wk-old DMPA-conditioned WT and IL-36y '~ mice (n = 5 mice per time point) were i.vag. challenged with 10°> PFU of

HSV-2 186. Lavage cell counts and results from flow cytometry analysis were used to determine numbers of total cells (A), neutrophils (CD11b*Ly6G™)
(B), macrophages (CD11b*F4/80") (C), and monocytes (CD11b*Ly6C*Ly6G ™) (D) in WT and IL-36y ™'~ mice prior to infection and at 24 and 48 h

postinfection. (E) Comparison of neutrophil counts in vaginal lavages and vaginal tissue in IL-36y

~/~ and WT mice at 24 h postinfection. Data depict

mean * SD and represent results from two independent animal studies. Statistical significance was determined by two-way ANOVA with Bonferroni
multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.

potential impact on other immune cells, we evaluated expression of
several chemokines in vaginal tissue from IL-36y '~ and WT mice
at 24 and 48 h postinfection (Fig. 4, Table I). These chemokines
included those with chemotactic activity for macrophages, mono-
cytes, neutrophils, NK cells, and T cells, among others. From this
panel of chemokines, we found that IL-36y '~ mouse vaginal tissue
exhibited a significant reduction in Cxcll expression relative to
WT mice at both 24 (—6.4-fold, p < 0.05) and 48 h (—5.9-fold,
p < 0.05) postinfection. We further detected a —7.3-fold reduction
in Csf3 expression in IL-36y '~ vaginal tissue relative to WT at 24 h
postinfection, although this was not statistically significant. We did
not measure any significant changes in expression of any of the other
chemokines assayed. Together, these data suggest that IL-36y may
function to regulate neutrophil recruitment in the FRT in part
through the neutrophil chemoattractant KC.

Decreased survival time in IL-36y™"" mice after genital
HSV-2 infection is not neutrophil-dependent

To assess the requirement for IL-36+y in the host response to genital
HSV-2 infection, we evaluated disease progression and survival

after lethal i.vag. HSV-2 challenge in WT and IL-36y '~ mice. We
observed that IL-36y '~ mice exhibited more rapid disease symp-
toms (p < 0.0001) compared with WT mice (Fig. 5A). IL—36V_/_
mice developed hair loss and erythema around the introitus
2.5 d earlier than controls (Fig. 5B). Corresponding with the
more rapid onset of disease symptoms, IL-36y~'~ mice exhibited
significantly (p < 0.0001) reduced survival time, succumbing
to disease 2.6 d sooner than WT mice (Fig. 5C), indicating that
IL-36+ signaling is involved in the host response to genital HSV-2
infection.

We next sought to determine if IL-36y—mediated protection
against genital HSV-2 infection was neutrophil-dependent. Using
an anti-mouse Ly6G Ab to deplete neutrophils in mice, we eval-
uated disease progression and survival after lethal i.vag. challenge.
We found that there was no significant difference in disease pro-
gression, the incidence of hair loss and erythema, or survival time
between WT mice and neutrophil-depleted WT mice (Fig. 5).
Isotype control-treated mice exhibited similar disease progres-
sion and survival as both WT and neutrophil-depleted WT mice
(Supplemental Fig. 2). These data suggest that, although IL-36y
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FIGURE 3. Recruitment of mature neutrophils to the vaginal microenvironment is impaired in HSV-2—challenged IL-36y~

" mice. Analysis of neu-

trophils in vaginal lavages from HSV-2—challenged WT and IL-36y '~ mice. Female 6-8-wk-old WT and IL-36y~ '~ DMPA-conditioned mice were i.vag.
challenged with 10° PFU of HSV-2 186 (n = 5 mice per time point). Representative histogram plots of Ly6G staining intensity and relative proportions of
neutrophils from WT (A) and IL-36y '~ mice at 24 h postinfection (B) and the ratio of mature to immature neutrophils in lavages are represented in pie
charts (C). Gating on Ly6G staining intensity was used to determine counts of CDlle'Ly6Ghi mature neutrophils (D) and CDlle'Ly(SGinl immature
neutrophils (E). Data indicate mean * SD and represent results from two independent animal studies. Statistical significance was determined by two-way
ANOVA with Bonferroni multiple comparisons test. ***p < 0.001, ****p < 0.0001.

regulates neutrophil recruitment in response to HSV-2 infection,
IL-36y-mediated protection against genital HSV-2 infection and
disease pathogenesis is not neutrophil-dependent.

Increased incidence of hind limb paralysis in IL-36y ™"~ mice

Surprisingly, while monitoring disease progression and survival
after lethal challenge, we observed an increased incidence of hind
limb paralysis in IL-36y~'~ mice, an indication of HSV-2 spread
to the CNS. We found that 16.67% of WT mice developed hind
limb paralysis over the course of infection and that the onset of
hind limb paralysis was linked to productive HSV-2 infection in
the brain stem, as demonstrated by plaque assay (Fig. 6A, 6B).
In contrast, 81.5% of IL-36y~'~ mice (p < 0.0001) developed
hind limb paralysis after lethal challenge, and all mice exhibiting
hind limb paralysis had detectable viral titers in the brain stem.
There was no significant difference in the viral load in WT and
IL-3677/7 mice with productive infections in the brain stem
(data not shown). The increased spread of HSV-2 to the CNS in
IL-36v~’~ mice indicates a potential neuroprotective function
for IL-36 in the antiviral response.

Delayed clearance of HSV-2 from the vaginal epithelium in
IL-36y™"" mice and increased systemic spread

We then sought to determine the kinetics of the local HSV-2
infection and systemic spread in IL-36y '~ mice compared
with WT mice to better understand the decreased survival time

and increased incidence of neurologic disease in IL-36y '~
mice. To measure viral titers and clearance of the virus in the
vaginal epithelium, vaginal viral titers were quantified at 2, 4,
and 6 d after lethal HSV-2 challenge (10* PFU; LDy ). Viral
titers in IL-36y "'~ mice were comparable to WT at both 2 and
4 d postinfection (dPI; Fig. 7A). However, at 6 dPI, IL—36y_/_
mice still exhibited detectable titers with viral loads comparable
to 2 and 4 dPI, whereas WT mice had mostly cleared the virus.
Vaginal viral titers in neutrophil-depleted WT mice were similar
to WT and IL-36y '~ mice at 2 and 4 dPI and, similar to IL-36y '~
mice, exhibited delayed clearance at 6 dPI (Supplemental Fig. 2).
Trend analyses indicated that IL-36y '~ mice exhibited a sig-
nificant (p < 0.05) delay in HSV-2 clearance from the vaginal
epithelium relative to WT mice (Fig. 7E). To evaluate systemic
spread of HSV-2 after i.vag. infection, viral titers were quantified
in the lumbar spinal cord, distal colon, and bladder of IL-36y '~
and WT mice at 2, 4, and 6 dPI. We detected significantly higher
viral titers at 4 and 6 dPI in the spinal cord (p < 0.0001 and p < 0.01,
respectively), distal colon (p < 0.01 and p < 0.05, respectively),
and bladder (p < 0.01 and p < 0.05, respectively) in IL-36'y7/7
mice relative to WT mice (Fig. 7B-D). These differences in titers
were most profound at 4 dPI, when there was a 2.3-log increase in
titers in the lumbar spinal cord, a 1-log increase in titers in the
distal colon, and a 3.3-log increase in HSV-2 titers in the
bladder of IL-36y~’~ mice relative to WT mice. Trend analyses
indicated that HSV-2 spread more quickly to the lumbar spinal
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FIGURE 4. Cxcl1/KC expression is reduced in IL-36y /" vaginal tissue after HSV-2 challenge. gPCR analysis of murine vaginal tissue after i.vag.
HSV-2 challenge. Female 6-8-wk-old IL—36y7/7 and WT mice were conditioned with DMPA and i.vag. challenged with 10 PFU (LDjoo) of HSV-2
186. Vaginal tissue was collected at 24 and 48 h postinfection (n = 5 mice per time point), and expression of chemokines was assayed by qPCR. Gene
expression was normalized to GAPDH and depicts mean = SD. Data reflect results from two independent animal studies. Statistical significance was
determined by two-way ANOVA with Bonferroni multiple comparisons test. *p < 0.05.

cord (p < 0.05), distal colon (p < 0.05), and bladder (p < 0.01)
in IL-36y~’~ mice relative to WT mice (Fig. 7F-H). Altogether,
these data suggest that IL-36y may function to limit replication
and/or systemic spread of HSV-2 through neurons and the ner-
vous system to protect against disease pathogenesis.

Discussion
Initially, IL-36y was investigated in the context of a chronic in-
flammatory disease, such as psoriasis (40). Recently, however, we
and others have demonstrated that IL-36y plays an important
role in host defense mechanisms at mucosal sites (19, 20, 41,
42). IL-36v induces the production of immune mediators and
stimulates immune cell recruitment, suggesting a critical role
of IL-36v in immune protection (16, 17, 19, 20). In this report,
we demonstrate that IL-36y is an essential component of the in-
nate immune response to genital HSV-2 infection, influencing
both neutrophil recruitment and the spread of HSV-2 through
the nervous system.

Previously, we showed that IL-367y is expressed by vaginal
epithelial cells and that treatment with rIL-36y induced transient

Table I.  Primers used in gPCR analysis

polymorphonuclear cell recruitment in addition to the produc-
tion of cytokines and chemokines, including the neutrophil
chemoattractant KC (19, 20). Using flow cytometry, we per-
formed a time course evaluation of IL-36y—mediated neutrophil
recruitment in the cervicovaginal compartment. Similar to our
earlier findings (20), we measured a significant increase in levels
of CD11b"Ly6G™ neutrophils in vaginal lavages at 4 (p < 0.0001)
and 8 h (p < 0.001) after treatment with rIL-36y (Fig. 2C).
Comparing neutrophil infiltration in WT and IL-36y "/~ mice, we
measured no differences in neutrophil counts between the differ-
ent strains prior to infection, suggesting that the normal influx of
neutrophils under homeostatic conditions in the FRT is not de-
pendent on IL-36y. However, upon exposure to HSV-2, we observed
that the number of neutrophils in the vaginal microenvironment dif-
fered dramatically between WT and IL-36y ™'~ mice (Fig. 2).
Consistent with a previous report, we measured a sharp increase in
neutrophils in WT mice following i.vag. HSV-2 challenge (23).
Surprisingly, there was a notable decrease in neutrophil counts
in IL-36y~’~ mice after lethal challenge, and these neutrophil
levels remained suppressed through 48 h postinfection. This was

Gene Forward (5'-3")

Reverse (5'-3")

Murine Ccl2

Murine Ccl20 5'-CGACTGTTGCCTCTCGTACA-3'
Murine Ccl7 5'-CCTGGGAAGCTGTTATCTTCAA-3'
Murine Cxcl9 5'-GGAACCCTAGTGATAAGGAATGCA-3'
Murine Csf2 5'-CCAGCTCTGAATCCAGCTTCTC-3’
Murine Csf3 5'-TGGCAGCAGATGGAAAACCTAG-3’

Murine Cxcll
Murine Cxcll0
Murine Gapdh

5'-GATGATCCCAATGAGTAGGC-3’

5'-CAATGAGCTGCGCTGTCAGTG-3’
5'-CCTGCCCACGTGTTGAGAT-3'
5'-AAATTCAACGGCACAGTCAAG-3’

5'-TCTTGAGCTTGGTGACAAAA-3'
5'-CACCCAGTTCTGCTTTGGAT-3'
5'-TGGAGTTGGGCTTTTCATGTC-3’
5'-TGAGGTCTTTGAGGCGATTTGTAGTG-3’
5'-TCTCTCGTTTGTCTTCCGCTGT-3'
5'-AGGTACGAAATGGCCAGGACA-3’
5'-CTTGGGGACACCTTTTAGCATC-3’
5'-TGATGGTCTTAGATTCCGGATTC-3’
5'-TGGTGGTGAAGACACCAGTAG-3’
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FIGURE 5. IL-36v protects against genital HSV-2 infection in a neutrophil-independent manner. Lethal i.vag. HSV-2 challenge in WT mice (n = 30),
neutrophil-depleted WT mice (anti-Ly6G, n = 5), and IL-36y '~ mice (n = 27). Female 6-8 wk-old mice were conditioned with DMPA and i.vag.
challenged with 10° PFU (LDjgp) of HSV-2 186. Disease severity (A), incidence (B), and survival (C) were monitored over a 21-d period. Data are

representative of one (neutrophil-depleted WT mice) or three independent animal studies (WT and IL-36y

'~ mice). Statistical significance was determined

by AUC analysis with two-tailed Student 7 test with Welch correction (A) and log-rank analysis (B and C). ***#*p < 0.0001.

also reflected in vaginal tissue, where we measured a significant
decrease in neutrophil counts in IL-36y~’~ mice relative to WT
mice. We did not measure any changes in counts of macro-
phages or monocytes at 24 or 48 h postinfection in IL-36y '~
mice relative to WT mice, indicating that IL-36+y signaling may
specifically function to regulate neutrophil recruitment in the FRT.
To determine potential mechanisms of IL-36y—mediated regula-
tion of neutrophil recruitment, we evaluated expression of several
chemokines in vaginal tissue from IL-36y ™'~ and WT mice at 24
and 48 h postinfection. Although there was little change in ex-
pression of several chemokines in vaginal tissue between IL-36y '~
and WT mice, we did measure significantly decreased expression
of Cxcll, a robust neutrophil chemoattractant, at both 24 and 48 h
postinfection in IL-36y "~ mice (Fig. 4). Similarly, Aoyagi et al. (15)
reported decreased KC production coupled with reduced neutro-
phil infiltration to the lungs in IL-36R ™'~ mice after influenza
virus infection, suggesting that in the FRT, IL-36 signaling may
drive neutrophil recruitment in part through KC.

By distinguishing mature and immature neutrophil pop-
ulations, we unexpectedly found that the mature neutrophil pop-
ulation was depleted in the IL-36y~'~ mice through 48 h after
HSV-2 infection. The drop in mature neutrophil levels created a
shift in the vaginal epithelium, whereby immature neutrophils

End-stage disease symptoms
after lethal HSV-2 challenge
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became the dominant neutrophil population, despite no changes
in the overall counts of immature neutrophils. We did measure
a 7-fold decrease in Csf3, an important factor for neutrophil
maturation, in IL-36y '~ vaginal tissue at 24 h post-HSV-2
challenge, although this change was NS. IL-36~ signaling may
impact neutrophil maturation factors, and future studies are
needed to better understand the impact of IL-36y on neutrophil
mobilization and maturation. Although specific anti-HSV-2
functions of neutrophils are not well defined, neutrophils have
been shown to phagocytose virions (43, 44), secrete inflammatory
mediators (45, 46), and play a role in viral clearance (23, 47, 48).
Although immature neutrophils have many of the functions of
mature neutrophils, immature neutrophils have been reported to
exhibit a reduction in mobility and trafficking behavior (49, 50).
Additionally, immature neutrophils are less efficient in the
production of ROS that function as an important component of
the host response to infection (51). The dramatic drop in counts
of mature neutrophils in IL-36y '~ mice did not impact viral
titers at 2 or 4 dPI, but titers at 6 dPI in the IL-3677/7 mice
were similar to those at 2 and 4 dPI, whereas WT mice had
almost completely cleared the virus. The decreased neutrophil
counts and subsequent delayed clearance of the virus in IL-36y '~
mice are consistent with our findings using neutrophil-depleted

Virus in the brainstem
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FIGURE 6. Increased incidence of hind limb paralysis and productive infection in the brain stem in IL-36y '~ mice after genital HSV-2 infection.
Incidence of hind limb paralysis and toxic megacolon in HSV-2—challenged mice. Female 6-8-wk-old DMPA-conditioned mice were i.vag. challenged with
10° PFU of HSV-2 186 (n = 10 mice per strain). Animals were monitored daily for disease progression and survival. (A) Incidence of hind limb paralysis
was recorded, and toxic megacolon was assessed upon necropsy. Data represent three independent animal studies. (B) Productive viral infection in the brain
stem was analyzed by standard plaque assay. Tissue was collected at time of death. Data represent the detection of viral titers in the brain stem of mice with
or without hind limb paralysis and are representative of two independent animal studies. Statistical significance was determined by two-tailed Student ¢ test
with Welch correction. ****p < 0.0001.
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FIGURE 7. Rapid systemic spread of HSV-2 in IL-36y~'~ mice. Analysis of viral titers (A-D) and kinetics of virus spread (E-H) in WT and IL-36y '~
mice after lethal HSV-2 challenge. DMPA-conditioned WT and IL-36y ™'~ mice were i.vag. challenged with 10> PFU of HSV-2 186 and then sacrificed at
2,4, and 6 dPI (n = 5-6 mice per time point). Viral titers were assessed in vaginal swabs (A and E), spinal cord (B and F), distal colon (C and G), and bladder
(D and H) by standard plaque assay. Dashed line indicates minimum detectable level (150 PFU). Data depict mean = SD and represent two (WT mice) or
three (IL-36y ™'~ mice) independent experiments. Statistical significance was determined by unpaired two-tailed Student ¢ test with Welch correction (A-D)
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mice and from a previous report that demonstrated that neutrophil-
depleted mice exhibit delayed clearance of HSV-2 from the vag-
inal epithelium (23). Milligan et al. (52) further demonstrated that,
although neutrophils function in viral clearance from the vaginal
epithelium, they appear to have a limited role in preventing virus
spread to the dorsal root ganglia after i.vag. inoculation. The
specific mechanisms by which neutrophils participate in HSV-2
clearance from the vaginal epithelium remain unclear, and the
production of ROS (46), neutrophil extracellular traps (53), or
phagocytosis (43, 44) may potentially contribute to viral clearance
(54, 55). Although neutrophils function in virus clearance from the
vaginal epithelium, we found that neutrophils were not essential
for protection against genital HSV-2 infection, as neutrophil-
depleted mice exhibited disease progression and an overall
survival time that were comparable to those of WT mice. Neu-
trophils may exhibit a function in protection against genital dis-
ease pathogenesis, but protection afforded by neutrophils appears
to be limited. Collectively, our data indicate that IL-36y—mediated
neutrophil recruitment plays a role in HSV-2 clearance from the
vaginal epithelium but does not appear to be essential for pro-
tection against disease pathogenesis or in limiting virus repli-
cation during acute infection.

Interestingly, we observed a significant (p < 0.0001) increase in
the incidence of hind limb paralysis in IL-36'y7/7 mice after lethal
i.vag. challenge compared with WT mice. Approximately 81%
of IL-36y '~ mice developed hind limb paralysis and exhibited
detectable titers in the brain stem, whereas only 16% of WT mice
developed hind limb paralysis and infection in the brain stem after
lethal challenge. Additionally, we measured a more rapid spread
of HSV-2 to the spinal cord (p < 0.05), and then to peripheral

tissues including the distal colon (p < 0.05) and bladder (p < 0.01),
that corresponded with the decreased survival time in IL-36y '~
mice. Furthermore, IL-36y '~ mice exhibited significantly elevated
HSV-2 titers in the spinal cord, bladder, and colon at 4 and 6 dPIL. As
described earlier, there were no significant differences in vaginal
titers at 2 or 4 dPI in WT mice, neutrophil-depleted WT mice, and
IL-36y '~ mice, indicating that the increased spread of HSV-2
and neuroinvasion may not be due to increased and/or uncon-
trolled replication of the virus in the vaginal epithelium as a result
of the decreased neutrophil counts in IL—36y_/ ~ mice. Rather,
these data suggest that IL-36y may function to limit viral infec-
tion, replication, and/or spread in neurons and the nervous system.
Related neuroprotective functions have also been shown for IFN
signaling in neurons that protect against HSV replication and
pathogenesis (56, 57). Milora et al. (18) suggested that the 1L-36
cytokines may have a neurologic role in immune protection
against HSV-1 in a flank skin model, and others have shown that
IL-36R is expressed in mixed glial cells (58). A recent report has
further shown that IL-36y was upregulated in spinal neurons
and astrocytes in a chronic inflammatory model, indicating an
inflammatory function for IL-36vy in the CNS that may function
to protect against viral infection and spread (59). Together, our
findings suggest a dual role for IL-36y in neutrophil recruitment
in the FRT and in protection against HSV-2 neuroinvasion after
lethal genital challenge.

In this study, we reveal that IL-36+ is a crucial innate immune
mediator in the FRT that ultimately influences genital HSV-2
disease pathogenesis. Our findings demonstrate that IL-36vy is
essential for recruiting neutrophils to the vaginal microenviron-
ment following HSV-2 challenge and may function generally as a
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regulator of neutrophil recruitment in the FRT. Our data addi-
tionally indicate that IL-36y—mediated protection against gen-
ital HSV-2 infection is not neutrophil-dependent and suggest
that IL-36y may function in neurons to protect against HSV-2
neuroinvasion. However, future studies are necessary to determine
the mechanisms of IL-36y—mediated neuroprotection. Ultimately,
our findings show that IL-36y is a key component of the antiviral
response to genital HSV-2 infection and may function broadly in
host defense mechanisms in the FRT and against other sexually
transmitted pathogens.

Acknowledgments

We are thankful to Dr. Timothy Denning for generously providing a breeder
pair of IL-36y~'~ mice and Dr. Mrinalini Kala and the Flow Cytometry
Core at the University of Arizona College of Medicine—Phoenix for assis-
tance with flow cytometry experiments. We thank Dr. Theresa Thomas for
critical review of the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References

1.

Looker, K. J., A. S. Magaret, K. M. Turner, P. Vickerman, S. L. Gottlieb, and
L. M. Newman. 2015. Global estimates of prevalent and incident herpes simplex
virus type 2 infections in 2012. [Published erratum appears in 2015 PLoS One
10: e0128615.] PLoS One 10: e114989.

. Herbst-Kralovetz, M., and R. Pyles. 2006. Toll-like receptors, innate immunity

and HSV pathogenesis. Herpes 13: 37-41.

. Herbst-Kralovetz, M. M., and R. B. Pyles. 2006. Quantification of poly(I:C)-

mediated protection against genital herpes simplex virus type 2 infection.
J. Virol. 80: 9988-9997.

. Leoni, V., T. Gianni, S. Salvioli, and G. Campadelli-Fiume. 2012. Herpes sim-

plex virus glycoproteins gH/gL and gB bind toll-like receptor 2, and soluble gH/
gL is sufficient to activate NF-kB. J. Virol. 86: 6555-6562.

. Lund, J., A. Sato, S. Akira, R. Medzhitov, and A. Iwasaki. 2003. Toll-like re-

ceptor 9-mediated recognition of herpes simplex virus-2 by plasmacytoid den-
dritic cells. J. Exp. Med. 198: 513-520.

. Rasmussen, S. B., L. N. Sgrensen, L. Malmgaard, N. Ank, J. D. Baines,

Z.]J. Chen, and S. R. Paludan. 2007. Type I interferon production during herpes
simplex virus infection is controlled by cell-type-specific viral recognition
through toll-like receptor 9, the mitochondrial antiviral signaling protein path-
way, and novel recognition systems. J. Virol. 81: 13315-13324.

. Gresnigt, M. S., and F. L. van de Veerdonk. 2013. Biology of IL-36 cytokines

and their role in disease. Semin. Immunol. 25: 458-465.

. Kumar, S., P. C. McDonnell, R. Lehr, L. Tierney, M. N. Tzimas, D. E. Griswold,

E. A. Capper, R. Tal-Singer, G. I. Wells, M. L. Doyle, and P. R. Young. 2000.
Identification and initial characterization of four novel members of the
interleukin-1 family. J. Biol. Chem. 275: 10308-10314.

. D’Erme, A. M., D. Wilsmann-Theis, J. Wagenpfeil, M. Hoélzel, S. Ferring-

Schmitt, S. Sternberg, M. Wittmann, B. Peters, A. Bosio, T. Bieber, and
J. Wenzel. 2015. IL-36y (IL-1F9) is a biomarker for psoriasis skin lesions.
J. Invest. Dermatol. 135: 1025-1032.

. Foster, A. M., J. Baliwag, C. S. Chen, A. M. Guzman, S. W. Stoll,

J. E. Gudjonsson, N. L. Ward, and A. Johnston. 2014. IL-36 promotes myeloid
cell infiltration, activation, and inflammatory activity in skin. J. Immunol. 192:
6053-6061.

. Johnston, A., X. Xing, A. M. Guzman, M. Riblett, C. M. Loyd, N. L. Ward,

C. Wohn, E. P. Prens, F. Wang, L. E. Maier, et al. 2011. IL-1F5, -F6, -F8, and
-F9: a novel IL-1 family signaling system that is active in psoriasis and promotes
keratinocyte antimicrobial peptide expression. J. Immunol. 186: 2613-2622.

. Towne, J. E., and J. E. Sims. 2012. IL-36 in psoriasis. Curr. Opin. Pharmacol.

12: 486-490.

. Walsh, P. T., and P. G. Fallon. 2018. The emergence of the IL-36 cytokine family

as novel targets for inflammatory diseases. Ann. N. Y. Acad. Sci. 1417: 23-34.

. Ahsan, F., P. Moura-Alves, U. Guhlich-Bornhof, M. Klemm, S. H. Kaufmann,

and J. Maertzdorf. 2016. Role of interleukin 36+ in host defense against tuber-
culosis. J. Infect. Dis. 214: 464-474.

. Aoyagi, T., M. W. Newstead, X. Zeng, S. L. Kunkel, M. Kaku, and

T. J. Standiford. 2017. IL-36 receptor deletion attenuates lung injury and de-
creases mortality in murine influenza pneumonia. Mucosal Immunol. 10: 1043—
1055.

. Kovach, M. A., B. Singer, G. Martinez-Colon, M. W. Newstead, X. Zeng,

P. Mancuso, T. A. Moore, S. L. Kunkel, M. Peters-Golden, B. B. Moore, and
T. J. Standiford. 2017. IL-36+ is a crucial proximal component of protective
type-1-mediated lung mucosal immunity in Gram-positive and -negative bacte-
rial pneumonia. Mucosal Immunol. 10: 1320-1334.

. Kovach, M. A, B. H. Singer, M. W. Newstead, X. Zeng, T. A. Moore,

E. S. White, S. L. Kunkel, M. Peters-Golden, and T. J. Standiford. 2016. IL-36y

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

is secreted in microparticles and exosomes by lung macrophages in response to
bacteria and bacterial components. J. Leukoc. Biol. 100: 413—421.

. Milora, K. A., S. R. Uppalapati, J. C. Sanmiguel, W. Zou, and L. E. Jensen. 2017.

Interleukin-36B provides protection against HSV-1 infection, but does not
modulate initiation of adaptive immune responses. Sci. Rep. 7: 5799.

. Winkle, S. M., A. L. Throop, and M. M. Herbst-Kralovetz. 2016. IL-36y aug-

ments host defense and immune responses in human female reproductive tract
epithelial cells. Front. Microbiol. 7: 955.

Gardner, J. K., and M. M. Herbst-Kralovetz. 2018. IL-36+y induces a transient
HSV-2 resistant environment that protects against genital disease and patho-
genesis. Cytokine 111: 63-71.

Amjadi, F, E. Salehi, M. Mehdizadeh, and R. Aflatoonian. 2014. Role of the
innate immunity in female reproductive tract. Adv. Biomed. Res. 3: 1.

Lee, S. K., C. J. Kim, D. J. Kim, and J. H. Kang. 2015. Immune cells in the
female reproductive tract. [mmune Netw. 15: 16-26.

. Milligan, G. N. 1999. Neutrophils aid in protection of the vaginal mucosae of

immune mice against challenge with herpes simplex virus type 2. J. Virol. 73:
6380-6386.

Clancy, D. M., G. P. Sullivan, H. B. T. Moran, C. M. Henry, E. P. Reeves,
N. G. McElvaney, E. C. Lavelle, and S. J. Martin. 2018. Extracellular
neutrophil proteases are efficient regulators of IL-1, IL-33, and IL-36 cy-
tokine activity but poor effectors of microbial killing. Cell Rep. 22: 2937—
2950.

Henry, C. M., G. P. Sullivan, D. M. Clancy, I. S. Afonina, D. Kulms, and
S. J. Martin. 2016. Neutrophil-derived proteases escalate inflammation through
activation of IL-36 family cytokines. Cell Rep. 14: 708-722.

Fleck, M., J. Podlech, K. Weise, H. Miintefering, and D. Falke. 1993. Patho-
genesis of HSV-1/2 induced vaginitis/vulvitis of the mouse: dependence of le-
sions on genetic properties of the virus and analysis of pathohistology. Arch.
Virol. 129: 35-51.

McDermott, M. R., P. L. Brais, G. C. PLoettsche, M. J. Evelegh, and
C. H. Goldsmith. 1987. Expression of immunity to intravaginal herpes simplex
virus type 2 infection in the genital tract and associated lymph nodes. Arch. Virol.
93: 51-68.

McDermott, M. R., J. R. Smiley, P. Leslie, J. Brais, H. E. Rudzroga, and
J. Bienenstock. 1984. Immunity in the female genital tract after intravaginal
vaccination of mice with an attenuated strain of herpes simplex virus type 2.
J. Virol. 51: 747-753.

Parr, M. B., L. Kepple, M. R. McDermott, M. D. Drew, J. J. Bozzola, and
E. L. Parr. 1994. A mouse model for studies of mucosal immunity to vaginal
infection by herpes simplex virus type 2. Lab. Invest. 70: 369-380.

Johnston, C., and L. Corey. 2016. Current concepts for genital herpes simplex
virus infection: diagnostics and pathogenesis of genital tract shedding. Clin.
Microbiol. Rev. 29: 149-161.

Wald, A., J. Zeh, S. Selke, R. L. Ashley, and L. Corey. 1995. Virologic char-
acteristics of subclinical and symptomatic genital herpes infections. N. Engl.
J. Med. 333: 770-775.

Caplan, L. R., F. J. Kleeman, and S. Berg. 1977. Urinary retention probably
secondary to herpes genitalis. N. Engl. J. Med. 297: 920-921.

Goodell, S. E., T. C. Quinn, E. Mkrtichian, M. D. Schuffler, K. K. Holmes,
and L. Corey. 1983. Herpes simplex virus proctitis in homosexual men.
Clinical, sigmoidoscopic, and histopathological features. N. Engl. J. Med.
308: 868-871.

Khoury-Hanold, W., B. Yordy, P. Kong, Y. Kong, W. Ge, K. Szigeti-Buck,
A. Ralevski, T. L. Horvath, and A. Iwasaki. 2016. Viral spread to enteric neu-
rons links genital HSV-1 infection to toxic megacolon and lethality. Cell Host
Microbe 19: 788-799.

Parr, M. B., and E. L. Parr. 2003. Intravaginal administration of herpes simplex
virus type 2 to mice leads to infection of several neural and extraneural sites.
J. Neurovirol. 9: 594-602.

Reinert, L. S., L. Harder, C. K. Holm, M. B. Iversen, K. A. Horan, F. Dagnzs-
Hansen, B. P. Ulhgi, T. H. Holm, T. H. Mogensen, T. Owens, et al. 2012. TLR3
deficiency renders astrocytes permissive to herpes simplex virus infection and
facilitates establishment of CNS infection in mice. J. Clin. Invest. 122: 1368—
1376.

Pyles, R. B., D. Higgins, C. Chalk, A. Zalar, J. Eiden, C. Brown, G. Van Nest,
and L. R. Stanberry. 2002. Use of immunostimulatory sequence-containing ol-
igonucleotides as topical therapy for genital herpes simplex virus type 2 infec-
tion. J. Virol. 76: 11387-11396.

Jiang, J., and K. A. Kelly. 2012. Isolation of lymphocytes from mouse genital
tract mucosa. J. Vis. Exp. 67: e4391.

Cora, M. C., L. Kooistra, and G. Travlos. 2015. Vaginal cytology of the labo-
ratory rat and mouse: review and criteria for the staging of the estrous cycle
using stained vaginal smears. Toxicol. Pathol. 43: 776-793.

Ding, L., X. Wang, X. Hong, L. Lu, and D. Liu. 2017. IL-36 cytokines in au-
toimmunity and inflammatory disease. Oncotarget 9: 2895-2901.

Bassoy, E. Y., J. E. Towne, and C. Gabay. 2018. Regulation and function of
interleukin-36 cytokines. Immunol. Rev. 281: 169-178.

Gabay, C., and J. E. Towne. 2015. Regulation and function of interleukin-36
cytokines in homeostasis and pathological conditions. J. Leukoc. Biol. 97: 645—
652.

. Boddingius, J., H. Dijkman, E. Hendriksen, R. Schift, and E. Stolz. 1987. HSV-2

replication sites, monocyte and lymphocytic cell infection and virion phagocy-
tosis by neutrophils, in vesicular lesions on penile skin. Electronoptical studies of
a biopsy. J. Cutan. Pathol. 14: 165-175.

Van Strijp, J. A., K. P. Van Kessel, M. E. van der Tol, A. C. Fluit, H. Snippe, and
J. Verhoef. 1989. Phagocytosis of herpes simplex virus by human granulocytes
and monocytes. Arch. Virol. 104: 287-298.

0202 ‘v Jequieda uo 1senb Aq /1o’ jounwuw i [mmm/:dny wouy papeojumod


http://www.jimmunol.org/

10

45.

46.

47.

48.

49.

50.

51,

IL-36y REGULATES NEUTROPHIL INFLUX AND HSV-2 NEUROINVASION

Galani, I. E., and E. Andreakos. 2015. Neutrophils in viral infections: current
concepts and caveats. J. Leukoc. Biol. 98: 557-564.

Gonzalez-Dosal, R., K. A. Horan, S. H. Rahbek, H. Ichijo, Z. J. Chen,
J. J. Mieyal, R. Hartmann, and S. R. Paludan. 2011. HSV infection induces
production of ROS, which potentiate signaling from pattern recognition recep-
tors: role for S-glutathionylation of TRAF3 and 6. PLoS Pathog. 7: ¢1002250.
Thomas, J., S. Gangappa, S. Kanangat, and B. T. Rouse. 1997. On the essential
involvement of neutrophils in the immunopathologic disease: herpetic stromal
keratitis. J. Immunol. 158: 1383-1391.

Tumpey, T. M., S. H. Chen, J. E. Oakes, and R. N. Lausch. 1996. Neutrophil-
mediated suppression of virus replication after herpes simplex virus type 1 in-
fection of the murine cornea. J. Virol. 70: 898-904.

Deniset, J. F., B. G. Surewaard, W. Y. Lee, and P. Kubes. 2017. Splenic LyGGhigh
mature and Ly6G™ immature neutrophils contribute to eradication of S. pneu-
moniae. J. Exp. Med. 214: 1333-1350.

Wright, H. L., E. A. Makki, R. J. Moots, and S. W. Edwards. 2017. Low-density
granulocytes: functionally distinct, immature neutrophils in rheumatoid arthritis
with altered properties and defective TNF signalling. J. Leukoc. Biol. 101: 599—
611.

Drifte, G., I. Dunn-Siegrist, P. Tissieres, and J. Pugin. 2013. Innate immune
functions of immature neutrophils in patients with sepsis and severe systemic
inflammatory response syndrome. Crit. Care Med. 41: 820-832.

52.

53.

54.

55.

56.

57.

58.

59.

Milligan, G. N., N. Bourne, and K. L. Dudley. 2001. Role of polymorphonuclear
leukocytes in resolution of HSV-2 infection of the mouse vagina. J. Reprod.
Immunol. 49: 49-65.

Agraz-Cibrian, J. M., D. M. Giraldo, F. M. Mary, and S. Urcuqui-Inchima. 2017.
Understanding the molecular mechanisms of NETs and their role in antiviral
innate immunity. Virus Res. 228: 124-133.

Camp, J. V., and C. B. Jonsson. 2017. A role for neutrophils in viral respiratory
disease. Front. Immunol. 8: 550.

Drescher, B., and F. Bai. 2013. Neutrophil in viral infections, friend or foe? Virus
Res. 171: 1-7.

Rosato, P. C., and D. A. Leib. 2015. Neuronal interferon signaling is required for
protection against herpes simplex virus replication and pathogenesis. PLoS
Pathog. 11: €1005028.

Song, R., O. O. Koyuncu, T. M. Greco, B. A. Diner, I. M. Cristea, and
L. W. Enquist. 2016. Two modes of the axonal interferon response limit
alphaherpesvirus neuroinvasion. MBio 7: €02145-15.

Berglof, E., R. Andre, B. R. Renshaw, S. M. Allan, C. B. Lawrence,
N. J. Rothwell, and E. Pinteaux. 2003. IL-1Rrp2 expression and IL-1F9 (IL-1H1)
actions in brain cells. J. Neuroimmunol. 139: 36-43.

Li, Q., S. Liu, L. Li, X. Ji, M. Wang, and J. Zhou. 2019. Spinal IL-36y/IL-36R
participates in the maintenance of chronic inflammatory pain through astroglial
INK pathway. Glia 67: 438-451.

0202 ‘v Jequieda uo 1senb Aq /1o’ jounwuw i [mmm/:dny wouy papeojumod


http://www.jimmunol.org/

Supplemental Data

Neutrophils Macrophages Monocytes
, 541047 , 5%10%7 2 510
= = (&)
8 ax10* * 8 4x10%- T (n 4x10%
+ +
Q 3x10% T & 3x10°- :_Ig 3x10%-
> < [$)
- [T
T 2x10% 1, 2x10* < 2x10*
~ - +
E 1x10%4 E 1x10% ‘.9 1x10%-
(&) O i
0 T 0 T 8 0__% ;
WT  |L-36y" WT  |L-36y"" WT  |L-36y"

Supplemental Figure 1. Neutrophil recruitment is impaired in vaginal tissue from IL-36y"
mice after genital HSV-2 infection. Flow cytometry analysis of immune cells in vaginal tissue
after HSV-2 challenge. Female six- to eight-week old DMPA conditioned WT (n=7) and IL-36y-
" (n=5) mice were i.vag. challenged with 10° PFU HSV-2 186. Vaginal tissue was collected 24h
post-infection and analyzed by flow cytometry. Total cell counts from dissociated tissue and
results from flow cytometry analysis were used to calculate number of neutrophils
(CD11b*Ly6G*) (A), macrophages (CD11b*F4/80%) (B), and monocytes (CD11b*Ly6C*Ly6G-)
(C) in vaginal tissue. Data depict mean + SD and represent results from two independent animal
studies. Statistical significance was determined by unpaired two-tailed Student #-test with

Welch'’s correction. *, p < 0.05.
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Supplemental Figure 2. Neutrophil depleted mice exhibit disease progression and survival

similar to WT mice. Female six- to eight-week-old DMPA conditioned mice were treated with

anti-mouse Ly6G (a-Ly6G, n=5) or isotype control (n=5) antibodies one day prior to infection

and then every other day through the remainder of the study. Mice were challenged with 10° PFU

HSV-2 186. (A) Vaginal swabs were collected at 2, 4, and 6 dPI to measure vaginal viral titers.

Disease severity (B), incidence (C), and survival (D) were monitored over a 21-day period. Data

are presented in comparison with results from WT (n=30) and IL-36y"- mice (n=27). Data are

representative of one (Neutrophil depleted mice and controls) and three (WT and IL-36y” mice)

independent animal experiments. Statistical analysis was performed by two-way ANOVA with

Bonferroni’s multiple comparisons (A), AUC analysis followed by two-tailed Student 7-test with

Welch’s correction (B), and log-rank analysis (C, D).



