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Abstract

Individuals with atopic dermatitis (AD) are susceptible to a severe, potentially fatal, systemic
infection and inflammatory response following exposure to vaccina virus (VV). IL-10 acts both as
an inducer of Th2 responses and as a regulator of T cell activation. It has been shown to limit skin
inflammation elicited by contact sensitizers. AD exacerbations have been associated with
decreased 1L-10 function. We used IL-10~/~ mice to test the role of the cytokine in V'V immunity.
They exhibited larger primary lesions and increased cutaneous neutrophil infiltration compared to
wild-type (WT) counterparts. This was associated with enhanced production of IL-17A, IL-17F
and CXCL2. Paradoxically, despite intact adaptive immune responses, tissue viral burdens were
increased in 1L-107/~ mice. These findings suggest that IL-10 is important in limiting skin
inflammation induced by VV and that abnormal IL-17-driven neutrophil recruitment at the
primary infection site in the skin results in increased systemic viral dissemination.
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1. INTRODUCTION

Atopic dermatitis (AD) is a chronic skin disease affecting more than 10% of the population.
It occurs in allergy-prone “atopic” individuals who are predisposed to the production of IgE
antibodies directed against aeroallergens and foods. Acute AD lesions are infiltrated with
CD4* Th2 cells, which secrete predominately IL-4, IL-5 and IL-13 (1). In chronic AD,
interferon (IFN)- vy producing Thl and IL-22 producing cells arise as well and are probably
kept in check by the Th2 cells which persist (2). Individuals with atopic dermatitis (AD)
who are vaccinated against smallpox using vaccinia virus (VV), are at risk for developing a
serious and potentially fatal disseminated infection called eczema vaccinatum (EV) (3). The
basis of their abnormal susceptibility to VV is not well understood. However, due to the
concern that smallpox might be used as a biological weapon, triggering a vaccination
program, it is important to examine the immunological mechanisms underlying EV.
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IL-10, a cytokine with pleiotropic functions, known both for its Th2-inducing and anti-
inflammatory effects, is produced by a range of cell types including Th2 cells, monocytes,
macrophages, dendritic cells, mast cells, B cells and keratinocytes (4,5). Published studies
reveal complexity with respect to IL-10 regulation and function in AD (6). Several
investigators have observed increased IL-10 levels in lesional skin (7). However, as might
be anticipated for an immunoregulatory cytokine, there are settings in which decreased
IL-10 is associated with flares of AD, a scenario that suggests that reduced IL-10 production
is permissive for the emergence of inflammation (8,9). IL-10 regulates the production of
IL-17, a cytokine implicated in a number of inflammatory diseases. 1L-17 induces the local
expression of chemokines that recruit neutrophils and monocytes. We hypothesized that
IL-10 might function physiologically to dampen IL-17 production, thereby controlling both
VV replication and the local neutrophil-driven inflammatory response to infection.

In order to test this hypothesis we took advantage of a well-characterized model of AD in
which epicutaneous sensitization with the allergen ovalbumin (OVA) on skin subjected to
periodic tape stripping (a surrogate for scratching) drives the appearance of AD-like lesions
of thickened skin with a predominantly eosinophilic dermal infiltrate (10). We found that
when compared with the response to VV infection in normal murine skin, the introduction of
virus into these inflamed skin lesions gives rise to much more aggressive local lesions as
well as increased systemic viral burdens, similar to the phenotype of patients with EV (11).
To test the roles of IL-10 in EV we examined lesion size and histology, cutaneous cytokine
responses, adaptive immune responses and viral burdens in wild type and 1L-10~/~ mice
infected with VV at sites of allergen-induced skin inflammation. The contributions of IL-17
responses to VVV pathology in IL-107~ mice were investigated by treating infected animals
with anti-1L-17 antibodies or by intradermal injection of IL-17 prior to VV infection.

2. MATERIAL AND METHODS

2.1 Mice

Animal procedures were performed under protocols approved by the Boston Children’s
Hospital Institutional Animal Care and Use Committee. All mice were bred and maintained
under barrier conditions. 1L-10-deficient (B6.129P2-1110t™1C3"/3) and wild-type C57BL/6
mice were obtained from Jackson Laboratories (Bar Harbor, Maine). The VV Western
Reserve strain (VR-1354) was obtained from American Type Culture Collection (ATCC)
(Manassas, VA). Mice were epicutaneously (EC) sensitized on the back with ovalbumin to
induce local allergic skin inflammation, as described previously (10). Briefly, the backs of
anesthetized mice were shaved and tape-stripped, and 100p.g OVA was applied to the area
on sterile gauze, held in place by Tegaderm™ transparent dressing. This procedure was
repeated three days later, and the entire two-part process was completed three times total,
each separated by two weeks. One day after the last sensitization, mice were anesthetized
using avertin (2,2,2-tribromoethanol and tertiary amyl alcohol) and 10 pl VV (1 x 107
plaque-forming units (PFU)) were inoculated with 30 superficial scratches in the skin at the
site of sensitization using a 27-gauge needle. Anti-IL-17 antibody (Bio X Cell, BE0173,
West Lebanon, NH) or isotype control was administered retroorbitally, 3 doses of 100 pg
per mouse, on days -1, 0, and 2 relative to infection. Recombinant mouse IL-17A
(Biolegend, 576004, San Diego, CA) or vehicle was injected intradermally, one dose of 2.5
g per mouse, at the site of sensitization and infection, immediately prior to infection with
VV.

2.2 Viral load and cytokine transcript measurements

DNA was prepared from ovary, kidney and lung using the Qiagen DNeasy Kit (Qiagen,
Valencia, CA) according to the manufacture’s guidelines. Viral genomes were quantified by
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real-time PCR using primers specific for vaccinia ribonucleotide reductase (Vvl4L) and an
ABI 7300 Sequence Detection System (PE Applied Biosystems, Foster City, CA) (12). To
quantify vaccinia virus genome copies, a standard curve was generated using DNA from
purified VV stock with known PFU (determined by plaque assay). Viral copies determined
using the standard curve were normalized to the amount of total input DNA.

Total RNA was isolated from homogenized skin tissue using TRIzol® reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. cDNA was generated with
iScript cDNA synthesis kit (Bio-rad Laboratory). Quantitative real-time PCR was done
using Tagman® Gene Expression Assay probes, Tagman® PCR master mix and the ABI
Prism 7300 sequence detection system, all from Applied Biosystems, (Fostercity, CA).
Expression of each cytokine transcript was determined relative to a reference gene
transcript, GAPDH, calculated as 2"~ (Cy cytokine ~ Ct,GAPDH)-

Flow cytometry—Single cell suspensions of splenocytes were prepared 7 days post
infection. For enumeration of VVV-specific CD8* T cells, one million cells were incubated
with 5 pl B8Ryg_p7 (TSYKFESV) MHC class | Pro5TM pentamers conjugated to PE
(Prolmmune, Oxford, UK). Then CD8 staining was performed using APC-conjugated anti-
mouse CD8a (Ly-2, clone 53-6.7) (eBioscience, San Diego, CA). Cells were also stained
with FITC-conjugated anti-mouse CD45R/B220 (RA3-6B2) (BD Biosciences Pharmingen)
in order to eliminate B cells from analysis. For intracellular IFN-y staining, 1x10°
splenocytes were incubated in complete medium with 1 nM B8Ry_s7 (TSYKFESV, H-2KP
restricted) peptide at 37°C in 5% CO, for 5h to activate virus-specific T cells. To block the
secretion of de novo synthesized IFN-vy, Brefeldin A was added after 1 h. Cells were fixed
and permeabilized using BD Cytofix/Cytoperm™ Plus Kit (BD Biosciences Pharmingen)
and stained with APC-conjugated anti-mouse IFN-y Ab (BD Biosciences Pharmingen) and
PE-conjugated CD8a and FITC-labeled anti-mouse CD4 (eBioscience). Samples were
analyzed on a BD Biosciences FACSCanto flow cytometer (San Jose, CA). Analysis was
performed using FloJo software.

2.3 Skin Histology

Seven days after infection with V'V, sections of skin from the primary lesion site (or from
the site of EC sensitization for uninfected mice) were fixed in 4% paraformaldehyde
overnight. Cross-sections of the skin were prepared and a hematoxylin and eosin stain was
used to visualize cellular infiltrate into the area. Neutrophilic infiltration was quantified by
counting the number of neutrophils per high power field (HPF). Ten HPFs were evaluated
per mouse, and the average of the ten values was used as the number of neutrophils per HPF.

3. RESULTS

3.1 IL-10 limits primary lesion size, IL-17 production and neutrophil recruitment but not
adaptive immune responses

IL-10 is an important immunoregulatory cytokine capable of dampening neutrophil-
dominant inflammation. Neutrophil recruitment to the skin occurs rapidly following
immunization with VVV. In humans undergoing small pox vaccination, VV is introduced by
scarification (repeated pricking with a bifurcated needle). This triggers the formation of a
neutrophil-filled blister that evolves to a small eschar. Similarly, mice infected with VV by
repeated needle pricking of the skin exhibit eroded purulent lesions that eventually crust
over. In order to test the role of IL-10 in limiting inflammatory responses to VV delivered in
the setting of AD, we took advantage of a well-characterized murine model of the disease. In
this model, EC sensitization of tape-stripped skin with OV A elicits many of the cardinal
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features of human AD, including dermal thickening, spongiosis and an eosinophil-dominant
inflammatory infiltrate accompanied by strong anti-OVA Th2 and IgE responses (10,13,14).

Wild-type (WT) and IL-10~"~ mice subjected to the EC-OVA protocol were infected with
VV by repeated needle pricking of sensitized skin. Primary lesions, evaluated 7 days post
infection, were significantly larger (> 2-fold increased area) and were notably more purulent
in appearance in IL-10~/~ mice than in WT controls (Figure 1 A, Figure 3C). Neutrophil
infiltration was evaluated by microscopic inspection of skin sections., IL-10~/~ mice
exhibited approximately 2-fold more neutrophils at the site of infection than their WT
counterparts. (Figure 1 B). IL-17A and IL-17F mRNA levels were markedly increased in the
skin of EC-OVA sensitized IL-107~ vs. WT mice both before and after infection with VV
(Figure 1 C). Transcripts for CXCLZ2, a potent neutrophil recruiting chemokine regulated by
IL-17, were induced by VV infection in both WT and IL-10~/~ mice with significantly
higher levels observed in IL-107~ animals (Figure 1 C). These findings suggest that IL-17
production, unchecked by IL-10, drives an exuberant neutrophil response and intense local
inflammation following infection with VV.

In order to determine whether the intense local inflammatory response to VV observed in
IL-10~"~ mice had any impact on adaptive immunity we tested the induction of \V/V-specific
T cells as well as their ability to produce IFN-y. The number of VVV-specific CD8* T cells,
detected by their binding to B8R,p_o7 Class | MHC pentamers was similar in WT and
IL-107/~ spleens. Effective viral clearance is dependent on the production of IFN-y by these
cells and we found that the frequency of cells producing this cytokine following stimulation
with the B8R peptide was normal in 1L-10~/~ mice (Figure 2 A, B). Similarly, we observed
robust IFN-y production by VV-stimulated splenocytes, actually exceeding that observed in
WT animals by more than 4-fold. 1L-6 production was also enhanced (Figure 2 C). These
findings indicate that IL-10 serves to control local inflammatory responses to VV but that
effective adaptive immune responses to the virus can arise in the absence of I1L-10.

3.2 IL-17 drives the local inflammatory response to VV in IL-10~/~ mice

Blocking antibody and local reconstitution experiments were performed to test whether
IL-17 was indeed responsible for increased lesion sizes observed in IL-107/~ mice.
Consistent with our initial observation, IL-10~~ mice exhibited larger primary lesions after
VV infection than did WT animals. Treatment with anti-IL-17 antibody significantly
decreased lesion sizes in I1L-10~"~ mice (Figure 3 A, C). Conversely, intradermal
administration of IL-17 to WT mice at the time of VVV infections resulted in increased lesion
sizes compared to mice receiving vehicle only (Figure 3 B, C). In addition, intradermal
administration of IL-17 to WT mice significantly increased CXCL2 expression in the skin;
mice receiving the treatment exhibited 2.46-fold greater CXCL2 expression than mice
receiving vehicle alone (data not shown). IL-10~/~ mice exhibited higher expression of IFNy
and lower expression of interleukin 4 (1L-4) in the skin 7 days after infection compared to
their WT counterparts (Figure 4). The IFNy response of IL-107~ mice was attenuated in
animals receiving anti-1L17. These results implicate IL-17 as the inducer of the larger
purulent skin lesions arising in the absence of 1L-10 and suggest that local IL-17 responses
promote IFNy production in the skin.

3.3 Tissue viral burdens are increased in IL-10~/~ mice

Although systemic adaptive immune responses to V'V appeared to be intact in IL-107~ mice
(Figure 2 A—C), we hypothesized that the intense local inflammatory response observed in
these animals might lead to abnormal viral proliferation and systemic dissemination.
Applying a sensitive quantitative PCR assay for VV genomes to a number of the target
organs of VV infection (kidney, ovary, and lung), we found that IL-10~/~ mice harbored
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over 10-fold more virus than did WT controls (Figure 5). This appeared to be dependent on
IL-17, since tissue viral burdens in IL-107/~ mice receiving anti-1L-17 were significantly
less than viral burdens in I1L-10~/~ mice that did not receive the antibody, and were not
significantly different from WT controls. Taken together, these findings support the
hypothesis that dysregulated IL-17-driven inflammatory responses at the cutaneous site of
VV infection result in enhanced systemic viral dissemination.

4. DISCUSSION

Defining specific immune mechanisms underlying increased susceptibility to cutaneous viral
infection in patients with AD is important both for the development of strategies to limit
viral dissemination and pathology and for the implementation of safe and effective
approaches to live viral vaccination. The findings presented here address the consequences
of 1L-10 dysregulation in AD with respect to local inflammatory responses, systemic
adaptive immunity and viral dissemination and clearance. We report that 1L-10~~ mice with
allergen-induced allergic skin inflammation have increased primary lesion sizes and
neutrophil recruitment with increased skin 1L-17 and CXCL2 induction. The exaggerated
local inflammatory response to V'V in IL-10~/~ animals is dependent on IL-17. Although
IL-10~"~ mice have intact systemic T cell immunity (pentamer* CD8* cells, IFN-y* CD8*
cells and IFN-y production by VV-stimulated splenocytes), they exhibit increased systemic
viral burdens. This observation suggests that dysregulated local inflammation at the
cutaneous site of VVV inoculation results in increased viral spread and proliferation even in
the face of normal T cell responses.

These results add new insights into the immunobiology of IL-10 in AD. It appears that the
cytokine both promotes the induction of Th2 responses and exerts a suppressive function in
limiting pathology arising from allergic inflammation (6). Numerous investigators have
assessed IL-10 production in the skin and circulating cells of patients with AD. Some of
these reports have demonstrated increased IL-10, as might be expected given its function in
inducing Th2 responses and its production by Th2 cells (7,15-18). Mouse models of AD
similarly are characterized by increased IL-10. Fallon et al. reported enhanced T cell
production of IL-10 in ft/ft mice. These animals, which spontaneously develop eczematous
skin inflammation, harbor an early stop codon in the gene encoding filaggrin, which is also
mutated in a significant proportion of patients with severe AD (19). We have previously
reported that IL-10 is rapidly induced in the skin of mice following disruption of the
epidermal barrier by tape stripping (a surrogate for scratching) and is required for
inflammatory cell recruitment and Th2 cytokine responses following epicutaneous allergen
exposure in a murine model of AD (13). In this setting IL-10, together with TSLP, acts
directly on dendritic cells (DC) to promote a Th2-skewing phenotype (14).

Despite its role in skewing Th2 responses in the skin it appears that deficiency of IL-10 is
associated with severe disease and acute flares, probably because of its anti-inflammatory
actions. An inverse relationship between plasma IL-10 levels and AD severity was reported
both by Niwa and colleagues and by Seneviratne et al. (8,9). The latter group demonstrated
decreased IL-10* CD4* T cells in severely symptomatic vs. mildly affected individuals.
IL-10 receptor levels are similarly down-regulated in acute vs. chronic AD (20). Children
with AD, who tend to have a strong inflammatory component to their disease, also exhibit
decreased I1L-10 responses (21). Taken together these findings suggest that while patients
with AD may have a tendency at baseline towards increased IL-10 production, the
occurrence of severe disease and acute exacerbations are associated with a failure to produce
this regulatory cytokine. This concept is supported by a recent study showing that AD
patients’ acute exacerbations are associated with transient suppression of IL-10 transcription
in Foxp3-negative regulatory T cells (22).
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Our findings suggest that unconstrained IL-17 production mediates the intense neutrophil-
dominant inflammatory response elicited by VV infection of I1L-107~ mice and that this
local process ultimately affects systemic viral clearance. We have previously reported that
VV inoculation into sites of tape stripping and EC-OVA sensitization induces strong
cutaneous IL-17 responses (23). The same study further revealed that addition of 1L-17 to
skin explants led to increased V'V proliferation implicating local effects of IL-17 in the
increased viral burden occurring when VV is introduced via sites of allergic skin
inflammation. Dysregulation of the IL-17 axis cytokines (including IL-23, IL-6 and 1L-17)
has been implicated in other inflammatory processes, including colitis, observed in IL-107/~
mice (24). It is possible that IL-17 produced in this setting suppresses the natural killer cell
response, as has been reported by Kawakami and colleagues (25).

Consistent with our observations in cutaneous V'V infection, IL-10-mediated regulation of
IL-17 has recently been shown to have significant effects on immune responses to other skin
tropic infectious agents. In one study, increased IL-17-mediated cutaneous
immunopathology was found in I1L-10~~ mice infected with Leishmania major (26). The
same report revealed that IL-10 down-regulated IL-17 production in leishmaniasis patients.
Another skin pathogen, Francisella tularensis, has also been shown to exhibit IL-10-
dependent suppression of IL-17 responses (27) and Th17 responses to Bacillus Calmette-
Guérin (BCG) are enhanced in IL-10~~ mice (28). In contrast to the situation with VVV and
L. major however, the enhanced IL-17 response elicited in the absence of 1L-10 appeared to
be favorable to host responses to F. tularensis and BCG.

Our own finding of increased VV replication in IL-10~/~ mice is specific to the setting of
percutaneous infection at sites of allergic skin inflammation. It is important to note that a
different result has been reported for i.p. VV infection in IL-10~/~ mice. Van den Broek and
colleagues showed increased inflammatory cytokine production and enhanced viral
elimination in 1L-107~ mice infected i.p. (29). In contrast, our results indicate that when
virus is introduced in the setting of allergic skin inflammation that IL-10 plays an important
role in controlling inflammatory cytokine production (IL-17) and that unfettered IL-17
production arising in the absence of IL-10 is permissive for increased viral replication.

The tendency of AD patients to acquire serious cutaneous viral infections remains a major
challenge in their management. Defining the immunological mechanisms underlying this
susceptibility is an important first step in developing novel strategies to identifying risk
factors for viral skin infection and in designing novel interventions to enhance viral
immunity. In the case of EV such approaches may be important in preventing small pox
vaccine reactions. Our results suggest that IL-10, a cytokine which given its role in Th2
induction might at first glance have seemed a candidate for blockade in AD, is actually an
important regulator of skin inflammation, keeping detrimental IL-17 responses in check.
Additional studies focused on approaches to boosting IL-10 responses or to blocking Th17
induction and activation might prove useful in identifying effective strategies.
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Figure 1. IL-10 limits primary lesion size after VV inoculation and regulates neutrophil
infiltration and transcription of IL-17 and CXCL2

IL-107/~ and WT mice were VV-infected via skin scarification with 1x107 PFU. Primary
lesions and cytokine production were analyzed 7 days later. A) Primary lesions (indicated by
red ovals) on representative WT and I1L-10~/~ mice B) Neutrophils/HPF (mean + SEM)
enumerated by light microscopic examination of H&E-stained sections 4-5 mice/group C)
IL-17A, IL-17F and CXCL2 mRNA levels (mean + SEM) determined by quantitative PCR
and normalized to the WT infected group, n=3 for IL-10~/~, uninfected mice; n=8-21 for
other groups. ** p < 0.005, ***p < 0.0005 by unpaired t test, two-tailed.
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Figure 2. Systemic adaptive immune responses to VV are intact in IL-107 mice

IL-10~"~ and WT mice were VV-infected via skin scarification with 1x107 PFU. Single-cell
suspensions of splenocytes were prepared 7 days later and fluorescently stained to identify
the number of cells A) CD8* and VV-pentamer* and B) CD8" and IFNy* (3—6 mice per
group). C) Splenocytes were cultured at 10° cells/ml, and release of IFNy, IL-6, IL-17, and
IL-4 into the cell medium was measured by ELISA after 72 hours in culture (3-9 mice per
uninfected group, 5-19 mice per infected group, mean + SEM). * p < 0.05, ***p < 0.0005,
by unpaired t test, two-tailed.
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Figure 3. Lesion severity is increased in IL-107"" mice in an IL-17-dependent manner

IL-107"~ and WT mice were VV-infected via skin scarification with 107 PFU. Anti-IL-17
antibody or isotype control was administered retroorbitally, 3 doses of 100 pg per mouse, on
days -1, 0, and 2 relative to infection. IL-17 was injected intradermally, one dose of 2.5 g
per mouse, immediately prior to infection. Primary lesions were evaluated 7 days after
infection. A) Primary lesions of representative mice treated with anti-1L-17. B) Primary
lesions of representative mice receiving intradermal IL-17. C) Lesion areas (5-22 mice per
group, mean = SEM). Administration of anti-1L-17 antibody decreased lesion sizes in
IL-10~"~ mice. * p < 0.05, ** p < 0.005, ****p < 0.0001, by unpaired t test, two-tailed.
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Figure 4. IL-10~"" mice exhibit increased IFN-y and decreased IL-4 expression in the skin
following infection

IL-10~/~ and WT mice were VV-infected via skin scarification with 107 PFU. Anti-I1L-17
antibody or isotype control was administered retroorbitally, 3 doses of 100 pg per mouse, on
days -1, 0, and 2 relative to infection. IL-17 was injected intradermally, one dose of 2.5 g
per mouse, immediately prior to infection. Transcripts encoding IFN-y and IL-4 in skin
RNA were evaluated by quanititative PCR and normalized to the WT infected group, mean
+ SEM, (n=3 for IL-107~, uninfected mice; n=5-22 for all other groups). * p < 0.05, by
unpaired t test, two-tailed.
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Figure 5. IL-10 deficiency results in and IL-17-dependent increase in viral burdens in VV-
infected mice

WT and IL-107~ mice were VV-infected via skin scarification with 107 PFU. Anti-IL-17
antibody or isotype control was administered retroorbitally, 3 doses of 100 pg per mouse, on
days -1, 0, and 2 relative to infection. Sections of kidney (K), ovary (O), and lung (L) were
collected 7 days after the infection and frozen immediately. DNA was isolated from the
organs and viral genomes were quantified by real-time PCR using primers specific for
vaccinia ribonucleotide reductase (VvI4L) (13-19 mice per group, mean = SEM). Results
were normalized to the total amount of DNA. ** p < 0.005, ***p < 0.0005, by two-way
ANOVA.
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