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Vaccinia virus inoculation in sites of allergic skin
inflammation elicits a vigorous cutaneous
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Eczema vaccinatum (EV) is a complication of smallpox vaccination
occurring in patients with atopic dermatitis. In affected individuals,
vaccinia virus (VV) spreads through the skin, resulting in large primary
lesions and satellite lesions, and infects internal organs. BALB/c mice
inoculated with VV at sites of Th2-biased allergic skin inflammation
elicited by epicutaneous ovalbumin (OVA) sensitization exhibited
larger primary lesions that were erosive, more satellite lesions, and
higher viral loads in skin and internal organs than mice inoculated in
saline-exposed skin, unsensitized skin, or skin sites with Th1-domi-
nant inflammation. VV inoculation in OVA-sensitized skin induced
marked local expression of IL-17 transcripts and massive neutrophil
infiltration compared to VV inoculation in saline-exposed skin. Treat-
ment with anti-IL-17 decreased the size of primary lesions, numbers
of satellite lesions, and viral loads. Addition of IL-17 promoted VV
replication in skin explants. These results suggest that IL-17 may be a
potential therapeutic target in EV.

atopic dermatitis | eczema vaccinatum

accinia virus (VV) belongs to the orthopoxvirus genus of the

Poxviridae family, which includes variola virus, the agent that
causes smallpox, and is a potent vaccine against smallpox (1).
Smallpox was eradicated in 1980 and vaccination ceased in the U.S.
in 1972 and in the rest of the world in 1979 (1). Recent concern that
VV might be used as a bioterror weapon has led to selective
vaccination of military personnel and to contingency plans for mass
vaccination. A major concern is that patients with atopic dermatitis
(AD), which affects 15-20% of children in industrialized countries,
are susceptible to eczema vaccinatum (EV), a life-threatening
complication in which VV disseminates in the skin, resulting in satellite
skin lesions, and spreads to internal organs (2). Although smallpox
vaccination is contraindicated in AD patients, they are at risk for EV
following contact with recently immunized individuals (3).

IL-4 and IL-10 promote VV spread (4, 5). In contrast, IFN-y (6),
IgG antibody (7), CD8™ cytotoxic T cells (8), NK cells (9), and the
cathelicidin family of antimicrobial peptides (AMPs) (10) are
thought to contribute to VV containment. It has been suggested
that IL-4 driven down-regulation of AMPs in AD skin lesions
predisposes to EV (10). IL-17 is expressed in acute skin lesions of
patients with AD and in their peripheral blood CD4* T cells (11,
12). There is controversy as to whether IL-17 promotes or atten-
uates VV infection (13, 14).

We have previously shown that epicutaneous (EC) sensitization
of BALB/c mice with ovalbumin (OVA) results in skin inflamma-
tion with similarities to AD skin lesions, characterized by infiltration
with CD4* cells and eosinophils and by increased expression of
mRNA for Th2 cytokines and IL-17, but not IFN-vy (15, 16). In this
study, we show that inoculation of VV in OVA-sensitized skin
results in larger primary lesions, more satellite lesions, and higher
viral loads and markedly higher local expression of IL-17 than VV
inoculation in saline-exposed skin or skin with Thl-dominant
inflammation. We show that IL-17 promotes viral dissemination in
this model.
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Results

VV Inoculation at Sites of Allergic Skin Inflammation Results in Large
Erosive Primary Lesions, Satellite Skin Lesions, and Increased Viral
Spread. Eight days after infection, BALB/c mice inoculated with
VV in OVA-sensitized skin developed significantly larger primary
lesions that were erosive and pustular, as well as significantly higher
numbers of satellite lesions than controls inoculated with VV in
saline-exposed or unsensitized skin (Fig. 14-C). VV genomes were
significantly higher in the inoculated skin, ovaries, and kidneys of
OVA-sensitized mice than in controls (Fig. 1D and E). When VV
was inoculated distantly (>3 cm away) from the EC sensitization site,
there was no difference between OVA-sensitized mice and controls
(data not shown), indicating that EC sensitization with OVA did not
cause a general impairment in the ability to contain VV.

OVA-sensitized skin of C57BL/6 mice exhibits less marked
eosinophil infiltration than OVA-sensitized skin of BALB/c mice
and up-regulates expression of IFN-v, in addition to Th2 cytokines
(17). C57BL/6 mice inoculated with VV in OV A-sensitized skin
developed significantly larger primary lesions and higher viral loads
in skin, ovaries, and kidneys than controls (Fig. S1). However,
primary lesions were smaller than in BALB/c mice, and no satellite
skin lesions were observed, possibly because of the local IFN-y
response of C57BL/6 mice. These results suggest that increased
susceptibility to VV in mice inoculated at sites of allergic skin
inflammation is not strain-specific.

BALB/c mice sensitized on abdominal skin with the hapten
dinitrofluorobenzene (DNFB) and challenged 5 days later on back
skin with hapten develop Th1-dominated skin inflammation with a
striking increase in IFN-v, but not IL-4 or IL-13 mRNA expression
(18). BALB/c mice inoculated with VV at DNFB-challenged skin
sites developed significantly smaller primary lesions than controls
(Fig. 24), with no detectable viral genomes. Furthermore, they did
not exhibit satellite lesions, and viral loads in internal organs were
comparable to controls (data not shown). These results suggest that
VV inoculation into sites of Th2-dominated skin inflammation is
selectively associated with increased susceptibility to the virus.

VV Inoculation in OVA-Sensitized Skin Elicits a Mixed, Modestly Th2
Skewed, Th Response. Splenocytes from mice inoculated with VV
via OVA-sensitized skin secreted ~5-fold more IL-4 and ~2-fold
more IFN-y and IL-17 in response to VV than splenocytes from
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Fig.1. Response of BALB/c mice to VVinoculation atsites of OVA sensitization. (A) Primary and satellite lesions in BALB/c mice inoculated with VV in unsensitized

(-), saline-exposed (Sal.), and OVA-sensitized skin. (B) Largest diameter of primary lesion (n = 4-5 per group). (C) Number of satellite lesions (n = 5-12 per group).
(D) Viral load in inoculated skin. VV genomes were detected in OVA-sensitized skin from seven of eight mice, but not in skin from five saline-exposed mice. (E)
Viral load in internal organs (n = 3-7 per group). Values and error bars represent mean = SD. *, P < 0.05; **, P < 0.01.

control mice (Fig. 34). This resulted in a modest Th2 skewing with
a ~2.5-fold decrease in the IFN-y:IL-4 ratio. Accordingly, VV-
specific serum IgG1 levels were significantly higher in mice inoc-
ulated with VV in OVA-sensitized skin than in control mice (Fig.
3B). VV-specific IgG2a levels were comparable (data not shown).
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CD8" cells are important in containing VV (8). H-2K¥/VV
peptide pentamers for use in BALB/c mice are not available, but
H-2K"/VV TSYKFESV pentamers for use in C57BL/6 mice are.
The frequencies of CD8"pentamer™ and of pentamer*IFN-y*
cells were comparable in spleens of C57BL/6 mice inoculated with
VV via OVA-sensitized skin and controls (Fig. S2 4 and B). The
numbers of splenic DX5% NK cells and the level of NK cell
cytotoxic activity against YAC-1 target cells were also comparable
in the two groups (Fig. S2C and data not shown).

Selectively Increased IL-17 Expression in Sites of Allergic Skin Inflam-
mation Inoculated with VV. We previously showed that IL-4 and
IL-17 expression is up-regulated and CRAMP expression is down-
regulated in OVA-sensitized skin of BALB/c mice (16, 19). Eight
days after cessation of EC sensitization, expression of 1L-4, IL-17,
and CRAMP in OVA-sensitized skin was comparable to that in
control skin sites (Fig. 44), suggesting that the changes in expression
of these cytokines in OVA-sensitized skin are dependent on
persistent antigen exposure. Following VV inoculation, expression
of IL-4 and IL-10, which promote VV spread, and of IFN-y and
CRAMP, which inhibit it, was comparable in VV-inoculated OVA-
sensitized, saline-exposed, and unsensitized skin (Fig. 44 and (Fig.
S3). In contrast, VV inoculation in OVA-sensitized EC-sensitized
skin strongly up-regulated IL-17A expression to significantly higher
levels than VV inoculation in saline-exposed or unsensitized skin.
VV inoculation in OVA-sensitized skin also strongly and signifi-
cantly up-regulated mRNA expression of the Th17 promoting
cytokines IL-6 and IL-23 compared to inoculation in saline-exposed
or unsensitized skin (Fig. 4B). IL-17A causes neutrophil accumu-
lation by inducing the expression of neutrophil attracting CXC
chemokines (20, 21). VV-inoculated unsensitized and saline-
exposed control sites showed cutaneous and s.c. infiltration with
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VV-specific Th1 and Th2 cytokine and antibody production. (A) Cytokine secretion by splenocytes following VV stimulation using uninfected (-) or VV

infected (+) A20 cells (n = 10-14 per group). (B) Serum VV-specific IgG1 antibody titers (n = 9 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

mononuclear cells with a minority of neutrophils. In contrast,
VV-inoculated OVA-sensitized sites exhibited a predominantly
neutrophilic infiltrate, with a minority of mononuclear cells (Fig.
4C).

VV inoculation of DNFB-challenged skin of DNFB-sensitized
mice caused strong up-regulation (~90-fold) of IFN-v, but not IL-4
or IL-13, mRNA expression compared to VV inoculation of
vehicle-challenged skin from these mice or of skin from unsensi-
tized mice (Fig. 2B and data not shown). There was only modest
(=~6-fold) and comparable up-regulation of IL-17 expression in
VV-inoculated hapten and vehicle-challenged skin sites of DNFB-
sensitized mice relative to VV-inoculated skin of unsensitized mice
(Fig. 2B). These results suggested that VV infection and Th2-
dominated skin inflammation synergize to drive a vigorous IL-17
response to the virus in inoculated skin.

Treatment with Anti-IL-17 Reverses the Skin Pathology and Inhibits
Viral Spread in Mice Inoculated with VV at Sites of Allergic Skin
Inflammation. OV A-sensitized mice were injected i.v. with a neu-
tralizing monoclonal anti-IL-17 mAb, or IgG isotype control, on
days —1, 0, and + 2 of VV inoculation. Anti-IL-17, but not control
IgG, caused a significant decrease in the size of the primary lesions,
numbers of neutrophils infiltrating these lesions, and numbers of
satellite lesions to levels comparable to those in VV-inoculated
saline-exposed skin (Fig. 54-E). It also reduced viral loads in the
ovary and kidney to levels comparable to those in control mice (Fig.
5F). Anti-IL-17 treatment had no significant effect on the produc-
tion of IFN-y by VV-stimulated splenocytes, IFN-y expression in
inoculated skin, NK cell activity, or IgG1 and IgG2a antibody
responses to VV (Fig. S4 A and B and data not shown), but
increased IL-4 mRNA expression in VV-infected skin, consistent
with the inhibitory effect of IL-17 on Th2 cytokine expression (22).
Anti-IL-17 treatment decreased CRAMP mRNA expression, but
not significantly (Fig. S4C).

IL-17 Promotes Viral Recovery in VV-Inoculated Skin Explants. We
tested the possibility that local expression of IL-17 promotes VV
replication in skin. Very few viral genomes could be detected 2 days
after in vitro inoculation of unsensitized mouse skin explants from
BALB/c mice. Addition of IL-17 resulted in significantly increased
recovery of viral genomes (Fig. 64). IL-17 caused a significant

14956 | www.pnas.org/cgi/doi/10.1073/pnas.0904021106

increase in expression of the VV-encoded gene E3L (Fig. 6B), a
gene expressed within 2 h of viral entry and involved in the early
phase of VV replication (23). Both IL-17-mediated increased VV
genome recovery and increased E3L expression were inhibited by
anti-IL-17 mAb, but not control IgG. VV genome recovery was
significantly higher in explants of OV A-sensitized skin compared to
unsensitized skin (VV copies/ug DNA 3,175 + 950,n = 4 vs. 740 =
326,n = 7, P < 0.05). Addition of anti-IL-17 mAb, but not control
IgG, to explants of OVA-sensitized skin drastically inhibited VV
genome recovery (Fig. 6C). These findings suggest that IL-17
promotes VV recovery in infected skin.

Addition of IL-17 had no significant effect on VV replication in
the mouse keratinocyte cell line PAM212 or in mouse fibroblasts
(data not shown), but significantly increased viral replication in
mouse bone marrow-derived DCs (BMDCs) (Fig. 6D). This was
specifically inhibited by anti-IL-17 mAb, but not control IgG.

Discussion

We demonstrate that IL-17 plays an important role in the progres-
sion of the primary lesion, formation of satellite lesions, and
increase in viral load in mice inoculated with V'V at sites of allergic
skin inflammation.

Large erosive primary lesions, increased numbers of satellite
lesions, and increased viral loads in inoculated skin and systemic
viral spread are consistent with EV. In a previous study, inoculation
in OVA-sensitized skin of a thymidine kinase deficient (TK-) WR
strain caused small non-erosive primary lesions, very few satellite
lesions and no increase in VV loads compared to inoculation in
saline-exposed skin (19). This suggests that the development of
EV-like features in our model, which uses a TK+ WR strain, is
related to virulence. EV features did not develop after inoculation
of VV in skin sites distant from the site of antigen sensitization
demonstrating that they were not due to a systemic impairment of
the immune response in OV A-sensitized mice. More importantly,
EV-like features did not develop when VV was inoculated at sites
of Thl-dominated skin inflammation.

Inoculation of VV in OVA-sensitized skin of BALB/c mice
elicited a mixed systemic Th response evidenced by secretion of
IL-4, IFN-v, and IL-17 by splenocytes stimulated with VV-infected
APCs. Splenocytes from mice inoculated in OV A-sensitized skin
secreted higher amounts of all three cytokines than splenocytes

Oyoshi et al.
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of 1,000X. *, P < 0.05; **, P < 0.01; ***, P < 0.005.

from controls inoculated in saline-exposed or unsensitized skin.
However, while the increases in IFN-y and IL-17 secretion were
comparable (=2-fold each), there was a relatively greater increase
in IL-4 secretion (=5-fold), indicating modest Th2 skewing and
consistent with the higher serum IgG1 anti-VV levels in these mice.
We previously observed Th2 skewing in mice inoculated with the
TK- WR strain in OVA-sensitized skin (19). The increased cytokine
production across the board in mice inoculated in OV A-sensitized
skin could be due to stronger antigenic stimulation resulting from
increased antigenic load in the skin and possibly to increased VV
access through inflamed skin. The relatively greater increase in IL-4
production might be explained by the observation that DCs from
DLN of OVA-sensitized, but not saline-exposed, skin drive IL-4
production in naive T cells (data not shown).

Expression of IL-4 and IL-10, which promote VV spread, and
IFN-y and CRAMP, which inhibit it, was comparable in VV-

Oyoshi et al.

inoculated OV A-sensitized, saline-exposed, and unsensitized skin.
In contrast, there was a striking local up-regulation of IL-17 mRNA
expression in response to VV inoculation at sites of allergic inflam-
mation, but not at sites of Thl-dominated inflammation. Strong
expression of IL-17 in VV-infected OV A-sensitized skin was asso-
ciated with a predominantly neutrophilic infiltrate and a purulent
exudate, consistent with the known ability of IL-17 to induce
neutrophil chemoattractants (20, 21), and with the tissue destruc-
tive character of Th17-dominated inflammation (24). There was
markedly less IL-17 expression in VV-inoculated saline-exposed
skin and very little in VV-inoculated unsensitized skin, and lym-
phocytes were the predominant infiltrating cells in these sites. The
higher IL-17 mRNA expression in the skin of saline-sensitized mice
compared to the skin of unsensitized mice, both before and after
VV inoculation, may explain the bigger size of the primary lesions
and the greater number of satellite lesions observed in the former.

PNAS | September 1,2009 | vol. 106 | no.35 | 14957
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VV inoculation induced significantly higher levels of the Th17-
promoting cytokines IL-6 and IL-23 in OV A-sensitized skin com-
pared to saline-exposed or unsensitized skin. Increased local IL-6

< A B 3
E B 10
40
4
2 23
N 4
1) o E
- S8
@ 20 > g 1047
2 20
& i
o [
; 105 J
IL-17 v S e e oo
mAb - - Ig6 a7 T e
mAb = = = alL17 1gG
C D so0-
v
< < * *
Z 12 | = 509 —r—
(=) [=]
=il e
3 3
e 84 v 2 304
x x
3 ] g 207
g_ 44 N ‘s
o a v S 104
2 ML S
g w?
S SR
mAb =  +all-17  +IgG il i
IL-17 - - + + +
mAb - - = alL-17 1gG

Fig. 6. IL-17 promotes VV recovery in skin explants. (4) VV genomes in VV
inoculated skin explants. (B) Real-time RT-PCR analysis of E3L gene mRNA expres-
sion (n = 5). (C) Effect of anti-IL-17 mAb on the recovery of VV genomes from
inoculated explants of OVA-sensitized skin. (D) VV genomes in BMDC culture. *,
P < 0.05.

14958 | www.pnas.org/cgi/doi/10.1073/pnas.0904021106

and IL-23 expression would amplify IL-17 production by skin
homing Th17 cells and explain the higher expression of IL-17 in
VV-inoculated OV A-sensitized skin.

Treatment of BALB/c mice inoculated with VV via OVA-
sensitized skin with anti-IL-17 reduced the size of the primary
lesions, the number of satellite lesions, and the viral load in internal
organs to levels comparable to those in control mice inoculated in
saline-exposed skin. Treatment with anti-IL-17 caused no changes
in Th1 or Th2 cytokine production by splenocytes, NK cell activity,
IL-4, IFN-v, or CRAMP expression in the skin that would favor VV
containment. IL-17 directly enhanced V'V replication in mouse skin
explants, as evidenced by increased recovery of VV genomes and
expression of the replication associated viral gene E3L. Further-
more, neutralization of IL-17 inhibited V'V replication in explanted
OVA-sensitized skin, which expresses IL-17 mRNA, probably
derived from infiltrating T cells, as it contains very few, if any
neutrophils (16). Recently IL-17 was shown to promote replication
of Theiler’s murine encephalomyelitis virus by enhancing the
survival of virus-infected cells and blocking target cell destruction
by cytotoxic T cells (25). IL-17 promoted VV replication in mouse
BMDC:s, but not fibroblasts or the keratinocyte cell line PAM212,
suggesting that increased viral replication in skin DCs may con-
tribute to the promoting effect of IL-17 on VV replication in skin
explants. We cannot rule out additional direct effects of IL-17 on
VV replication on other skin cells such as Langerhans cells. It is also
possible that IL-17 might induce the production of cytokines/factors
by DCs, or other skin cells, that promote viral replication in a
paracrine manner.

Two previous studies explored the role of IL-17 in VV immunity
and reached opposite conclusions. In these, mice were infected i.p.
with VV expressing IL-17 (VV-IL-17). In one study, VV-IL-17 was
more virulent than WT virus (13), while in the other it was less
virulent (14). The reason for the discrepancy is not clear. Unlike VV

Oyoshi et al.
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inoculation in the skin, which mimics human vaccination, i.p.
injection of VV does not cause the development of skin lesions and
leads to death at higher doses of VV. Moreover, in mice infected
with VV-IL-17, the tissue distribution and level of expression of
IL-17 are unlikely to reflect those elicited by vaccinia immunization.
In our study, the relative expression of IL-17 to the protective
cytokine IFN-y was markedly higher in OVA-sensitized skin inoc-
ulated with OVA compared to saline-exposed skin inoculated with
VV. In contrast, the ratio of production of these two cytokines by
splenocytes was comparable in mice inoculated with VV in OVA-
sensitized skin and controls. This selective increase in cutaneous
IL-17 expression may explain the observation that the major effects
of VV inoculation at sites of allergic skin inflammation were
observed at the site of inoculation while viral loads in internal
organs were only modestly (=2-3-fold) increased. Since IL-17 is ex-
pressed in human AD skin lesions (11, 12), therapies that target IL-17
might be useful in limiting VV dissemination in patients with AD.

Materials and Methods

Mice. Mice were purchased from Jackson Laboratories and kept in a pathogen-
free environment. All procedures performed on the mice were in accordance with
the Animal Care and Use Committee of the Children’s Hospital.

Vaccinia Virus. Vaccinia Virus Western Reserve strain (VR-1354) was obtained
from American Type Culture Collection and expanded in monkey CV1 cells as
previously described (19).

EC Sensitization, Hapten Challenge, and VV Inoculation. EC sensitization with
OVA, sensitization with DNFB, and VV inoculation of 4- to 6-week-old female
mice were performed as previously described (18, 19). Skin was examined 8 days
after inoculation.

Quantitative PCR Analysis of VV Genomes. Tissue samples were immediately
frozen and stored at —80 °C. Quantification of VV genomes was performed as
previously described (19). Viral genome measurements by PCR correlated with
viral titers measurements by plaque assay.
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In Vitro Cytokine Production and VV-Specific IgG2a and 1gG1 Antibody ELISA.
These assays were performed as described previously (19), except that VR-1354
virus was used to infect A20 cells and coat ELISA plates.

Analysis of mRNA Expression for Cytokines and CRAMP in Skin. These analyses
were performed as described before (16, 19).

Histological Analysis. Multiple 4-um sections were stained with hematoxylin and
eosin (H&E). The number of neutrophils among 1,000 cells was counted, blinded
from four independent samples examined.

Anti-IL-17 Treatment. At days —1, 0, and +2 of VV inoculation, mice received
intravenously 100 g neutralizing IgG anti-mouse IL-17 mAb (clone 50104) or IgG
control mAb (R&D Systems) in 100 uL.

VV Replication in Skin Explants. Skin explants were prepared, cultured, and
inoculated with VV as previously described (10). IL-17 (250 ng/mL; R&D Systems)
was added alone or together with 50 ng/mL anti-IL-17 mAb or IgG isotype control
(R&D Systems). After 48 h, the explants were extensively washed. DNA was
analyzed for viral genomes (19). RNA was isolated, and 1 ug RNA was reverse-
transcribed, and real-time RT-PCR was performed for E3L and GAPDH as previ-
ously described (10).

DC Generation. DCs from BALB/c WT mice were generated as described (26).
Briefly, bone marrow was isolated from the long bones of the hind legs of BALB/c
WT mice. Cells (2 X 106) were plated in 100-mm dishes in complete RPMI medium
1640 (Invitrogen) supplemented with 20 ng/mL GM-CSF (Peprotech). On day 6,
cells were cultured in the presence and absence of IL-17 and/or anti-IL-17 for 24 h
before stimulation with VV. Cells were then infected with 0.1 pfu/cell VV for 24 h.
After incubation, cells were washed with media to remove the remaining VV,
then VV genomes were quantified.

Statistical Analysis. Significance of differences between the means was analyzed
by using nonparametric Mann-Whitney U test.
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Fig. S1. Response of C57BL/6 mice to VV inoculation in EC sensitized skin. (A) Primary lesions in mice inoculated with VV in skin that was unsensitized,

saline-exposed, or OVA-sensitized. (B) Largest diameter measurement of primary lesion. (C) Viral load in inoculated skin, ovary, and kidney. Values and error bars
represent mean = SD. n = 5 mice per group. *, P < 0.05.
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Fig. S2. VV-specific CD8* cells, IFN-y* cells, and NK cell activity in spleens of mice inoculated with VV in EC-sensitized skin. (A and B) Percentage of CD8* cells
staining with MHC class I/VV-peptide pentamer (A) and of pentamer*IFN-y™ cells (B) in C57BL/6 mice inoculated with VV in EC-sensitized skin. (C) Cytotoxic activity
of NK cells purified by negative selection from spleens of BALB/c mice inoculated with VV in EC-sensitized skin and tested against YAC-1 target cells at various
effector:target (E:T) ratios. n = 5-6 mice per group, for each experiment shown. **, P < 0.01 by ANOVA.
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Fig. S3.  IL-10 expression in VV-inoculated skin. *, P < 0.05.
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Fig. S4. Effect of anti-IL-17 treatment of mice VV inoculated in OVA-sensitized skin. (A) VV specific Th1 and Th2 cytokine production by splenocytes. (B and
C) Th1 and Th2 cytokine expression (B) and CRAMP expression (C) in VV-inoculated skin. *, P < 0.05.
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