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Staphylococcus aureus is the most common cause of skin and soft tissue infections, and rapidly emerging anti-
biotic-resistant strains are creating a serious public health concern. If immune-based therapies are to be an
alternative to antibiotics, greater understanding is needed of the protective immune response against S. aureus
infection in the skin. Although neutrophil recruitment is required for immunity against S. aureus, a role for
T cells has been suggested. Here, we used a mouse model of S. aureus cutaneous infection to investigate the
contribution of T cells to host defense. We found that mice deficient in yd but not o T cells had substantially
larger skin lesions with higher bacterial counts and impaired neutrophil recruitment compared with WT mice.
This neutrophil recruitment was dependent upon epidermal Vy5* yd T cell production of IL-17, but not IL-21
and IL-22. Furthermore, IL-17 induction required IL-1, TLR2, and IL-23 and was critical for host defense, since
IL-17R-deficient mice had a phenotype similar to that of Y3 T cell-deficient mice. Importantly, Y0 T cell-defi-
cient mice inoculated with S. aureus and treated with a single dose of recombinant IL-17 had lesion sizes and
bacterial counts resembling those of WT mice, demonstrating that IL-17 could restore the impaired immunity
in these mice. Our study defines what we believe to be a novel role for IL-17-producing epidermal y3 T cells in
innate immunity against S. aureus cutaneous infection.

Introduction
Staphylococcus aureus is a Gram-positive extracellular bacterium
that is the most common cause of skin and soft tissue infections,
such as cellulitis, impetigo, and folliculitis (1, 2). Although these
infections usually originate in the skin, invasive and life-threat-
ening infections such as bacteremia, pneumonia, meningitis,
endocarditis, and sepsis may ensue (1, 2). In recent years, S. aureus
skin infections have become an enormous public health problem,
resulting in approximately 11.6 million outpatient and emergency
room visits and 464,000 hospital admissions per year in the US
(1). Moreover, these infections have been increasingly caused by
virulent antibiotic-resistant strains, such as methicillin-resistant
S. aureus (MRSA; refs. 2, 3). In 2005, MRSA caused 94,360 severe
invasive infections and resulted in 18,650 deaths in the US, exceed-
ing the annual number of deaths in the US caused by HIV/AIDS,
tuberculosis, and viral hepatitis combined (4, 5). Given this rapidly
emerging epidemic and the decreased efficacy of currently avail-
able antibiotic therapy, immune-based antimicrobial therapy may
provide a novel alternative approach to combat these infections.
For this to be possible, a clear understanding of the protective
immune response against S. aureus infection in the skin is vital.
Akey correlate to an effective immune response against S. aureus
involves neutrophil recruitment and abscess formation, which are
required for bacterial clearance (6, 7). The importance of neutro-
phils in host defense against S. aureus infection has been demon-
strated by recurrent S. aureus infections in patients with chronic
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granulomatous disease, who have a defect in neutrophil NADPH
oxidase and respiratory burst (8). In addition, a large study found
that neutropenic patients with cancer were particularly susceptible
to S. aureus infections, which resulted in increased morbidity and
mortality (9). The essential role of neutrophils in S. aureus infec-
tions has also been observed in mouse models of S. aureus infec-
tion: neutrophil-depleted mice developed nonhealing skin lesions
and were unable to clear the bacteria (6, 7).

In addition to neutrophil recruitment, a number of different
observations in humans have provided evidence that T cells play a
critical role in host defense against S. aureus skin infections. First,
patients with HIV disease, especially those with low peripheral blood
CD4" T cell counts, are highly susceptible to S. aureus colonization
and skin infection (10, 11). Second, patients with the inflammatory
skin disease atopic dermatitis have increased colonization and super-
infection with S. aureus (12), which has been attributed to the Th2
cytokine profile (i.e., IL-4,1L-13, and IL-10) and decreased antimicro-
bial peptides observed in this disease (13, 14). Finally, human subjects
with hyper-IgE syndrome (also known as Job’s syndrome), who suffer
from recurrent and severe S. aureus skin infections (15), have STAT3
mutations that render them deficient in Th17 cells (16-18).

In mouse models, there have also been reports that T cells con-
tribute to host defense against S. aureus cutaneous infection. A
previous study found that aff T cell-deficient mice had defec-
tive neutrophil abscess formation compared with WT mice after
subcutaneous S. aureus challenge (19). However, contrary to the
well-established importance of neutrophils in host defense against
S. aureus infections, the defective neutrophil abscess formation in
the aff T cell-deficient mice was associated with decreased bac-
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Figure 1

yd but not af T cell-deficient mice develop markedly larger skin lesions compared with WT mice in response to cutaneous challenge with
S. aureus. yd T cell-deficient, afy T cell-deficient, and WT mice were inoculated intradermally with S. aureus SH1000 strain. (A) Mean total
lesion size (cm?) + SEM. (B) Representative lesions for each mouse strain. Shown are entire dorsal backs (top, mm ruler shown for scale) and
close-ups of lesions (bottom). (C) Mean total flux (photons/s) + SEM. (D) Representative in vivo bioluminescence. Data are from 2 experiments
with at least 6 mice/group per experiment. *P < 0.05, 1P < 0.01, P < 0.001, vd T cell-deficient versus WT (Student’s ¢ test).
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terial burden within the infected lesions through an unknown
mechanism (19). Another study demonstrated that yd T cell-defi-
cient mice had substantially higher bacterial counts within the
infected skin lesions than did WT mice after intradermal S. aureus
challenge, but the mechanism was not well defined (20).

Taken together, the results of these studies in humans and mice
suggest a role for T cells in host defense against S. aureus; neverthe-
less, the mechanism by which T cells promote protective immu-
nity against S. aureus skin infection is not clear. Thus, we chose
to evaluate the contribution and mechanism by which off and 6
T cells participate in cutaneous host defense using an in vivo
mouse model of S. aureus cutaneous infection.

Results

YO T cell-deficient mice, but not a3 T cell-deficient mice, developed mark-
edly larger skin lesions with higher bacterial counts compared with WT mice
in response to cutaneous challenge with S. aureus. As a first step toward
identifying mechanisms by which T cells contribute to host defense
against S. aureus infection in skin, we investigated the contribution
of af and yd T cells using an in vivo mouse model. This model uses
a bioluminescent SH1000 strain of S. aureus and techniques of in
vivo bioluminescence imaging to track the bacterial burden within
the infected lesions of anesthetized mice in real time (21, 22). The
S. aureus SH1000 strain was chosen for this study because it has a
complete virulence repertoire due to a restored rsbU gene in the
sigB stress response pathway of S. aureus (23), and it has been previ-
ously used to study S. aureus cutaneous infection in mouse models
in vivo and in human culture systems (21, 24). WT mice and mice
deficient in either yd or afy T cells were inoculated intradermally
with the bioluminescent S. aureus SH1000 strain (unless otherwise
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indicated, inoculations consisted of 2 x 106 CFUs in 100 ul saline).
Lesion sizes and in vivo bioluminescence of live actively metaboliz-
ing bacteria within the lesions over time were evaluated (Figure 1).
WT mice developed visible skin lesions, which had a maximum
size of 0.41 + 0.05 cm? by day 3, and healed by day 14 (Figure 1, A
and B). af T cell-deficient mice developed skin lesions that did
not significantly differ in size from those of WT mice. In contrast,
¥ T cell-deficient mice developed lesions approximately 3-fold
larger than those of WT or afy T cell-deficient mice that failed to
completely heal by day 14 after inoculation.

To determine whether the larger lesions of Y8 T cell-deficient
mice were associated with impaired bacterial clearance, we anesthe-
tized mice and determined bacterial counts within the lesions in
real time (Figure 1, C and D) using in vivo bioluminescence imag-
ing techniques (see Methods). We previously demonstrated that in
vivo bioluminescence signals closely estimate bacterial CFUs har-
vested from the skin lesions at various time points after infection
(21). After S. aureus infection, WT and off T cell-deficient mice had
similar bioluminescent signals that decreased over 14 days. In con-
trast, YO T cell-deficient mice had increased bioluminescent signals
(Figure 1D) that were up to 20-fold higher than those of WT mice
(Figure 1C) at all time points after inoculation. Similar to in vivo
bioluminescence, numbers of S. aureus CFUs recovered from 8-mm
punch biopsies were up to 10-fold higher in y8 T cell-deficient
mice than in WT mice on days 1 and 3 after infection (Figure 2).
Thus, v0 T cell-deficient mice have a marked defect in bacterial
clearance, which likely explains the increased size and persistence
of the skin lesions. These data suggest that yd T cells, but not af
T cells, are required for mediating host defense and bacterial clear-
ance against cutaneous S. aureus infection.
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Y0 T cell-deficient mice have impaired neutrophil recruitment compared
with WT mice in response to cutaneous challenge with S. aureus. Since the
increased lesions sizes and bioluminescent signals of the yd T cell-
deficient mice were observed soon after infection, histology and
myeloperoxidase (MPO) activity were evaluated in lesional skin
biopsies performed 1 day after inoculation (Figure 3). WT mice
developed large neutrophilic abscesses in both H&E-stained and
anti-Gr-1 (neutrophil marker) mAb-labeled histologic sections
(Figure 3A). In addition, S. aureus bacteria were barely detectable
by Gram stain in WT mice, likely because of phagocytosis and
clearance of the bacteria by the neutrophils within the abscess. In
contrast, lesions of Y0 T cell-deficient mice had severely decreased
numbers of neutrophils with impaired abscess formation and con-
tained a blue-staining band of Gram-positive bacteria spanning
the entire horizontal length of the section. There was also sig-
nificantly less MPO activity, a marker of neutrophil function, in
homogenized lesional punch biopsy specimens of yd T cell-defi-
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Figure 3

vd T cell-deficient mice have markedly impaired
neutrophil recruitment and production of neutro-
phil chemokines and granulopoiesis factors in
response to cutaneous challenge with S. aureus.
vd T cell-deficient and WT mice were inoculated
intradermally with S. aureus. (A) Representative
photomicrographs of sections labeled with H&E
stain and anti—-Gr-1 mAb (immunoperoxidase
method) and Gram stain of lesional skin at 1 day
after inoculation. Original magnification, x40 (H&E,
top, and Gram); x200 (H&E, bottom, and Gr-1). (B)
Mean MPO activity (U/mg tissue weight) + SEM of
lesional skin. (C) Mean level of mRNA (AU) + SEM
of KC, MIP2, GM-CSF, and IFN-y from lesional
skin homogenates of skin biopsies performed by
Q-PCR 8 hours after S. aureus inoculation. (D)
Mean protein levels (pg/mg tissue weight) + SEM
of KC, MIP2, GM-CSF, and IFN-y from lesional
skin homogenates of skin biopsies performed at 8
hours after S. aureus inoculation. Data are from 2
experiments with at least 5 mice/group per experi-
ment. *P < 0.05, yd T cell-deficient versus WT
(Student’s t test).

Days

cient mice compared with WT mice 1 day after
inoculation (Figure 3B). Thus, yd T cell-defi-
cient mice had impaired recruitment of neu-
trophils to the site of infection. Furthermore,
the readily detectable Gram-positive bacteria in
lesions of YO T cell-deficient mice corroborate
the results obtained with in vivo biolumines-
cence and CFU data in Figures 1 and 2, which
demonstrated that yd T cell-deficient mice had
impaired bacterial clearance. Taken together,
these data suggest thatyd T cells play an impor-
tant role in mediating neutrophil recruitment
to the site of S. aureus skin infection.

To further elucidate the mechanism of
impaired neutrophil recruitment observed in
v T cell-deficient mice, levels of soluble factors
known to have direct neutrophil chemotactic
activity, including the neutrophil chemokines
KC and MIP2 and the granulopoiesis factor
GM-CSF, were evaluated by performing quantitative real-time
PCR (Q-PCR) and protein array analysis on homogenized 8-mm
lesional punch biopsies performed 8 hours after skin challenge
(Figure 3, C and D). Lesions of ¥y T cell-deficient mice had sig-
nificantly decreased mRNA and protein levels of KC, MIP2, and
GM-CSF compared with lesions of WT mice. In contrast, there was
no difference in mRNA and protein levels of IFN-y, an important
T cell-derived cytokine involved in cell-mediated immunity,
between these mice. Protein levels of other T cell-derived cytokines,
including IL-2, IL-4, and IL-13, were undetectable (data not
shown). Thus, the impaired neutrophil recruitment in yd T cell-
deficient mice is likely caused, at least in part, by an early decrease
in production of chemokines involved in neutrophil recruitment
and factors that promote granulopoiesis.

Impaired induction of IL-17, but not IL-22 or IL-21, in yd T cell-defi-
cient mice after S. aureus cutaneous challenge. To further elucidate the
mechanism by which y0 T cells promote neutrophil recruitment
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Impaired induction of IL-17, but not IL-22
or IL-21, in yd T cell-deficient mice after S.
aureus cutaneous challenge. Mice were
inoculated intradermally with S. aureus,
and the mean level of MRNA (AU) + SEM of
IL-17A and IL-17F by Q-PCR were deter-
mined from (A) lesional skin homogenates
of skin biopsies from yd T cell-deficient and
WT mice performed 0, 4, 8, and 24 hours
60 after inoculation (levels of IL-22 and IL-21
also evaluated); (B) epidermal and dermal
split specimens of skin biopsies from WT
mice performed 8 hours after inoculation;
(C and D) positively selected cells (CD3+)
and negative fractions (CD3-) of epidermal
cell suspensions after enrichment for CD3+
cells (MACS) from skin biopsies taken from
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against S. aureus skin infection, we investigated the production of
T cell-derived cytokines known to promote neutrophil recruitment.
These include IL-17 (i.e., IL-17A and IL-17F) and IL-22, which trig-
ger epithelial cells and fibroblasts to produce neutrophil recruit-
ment factors, including the neutrophil chemokines KC and MIP2
and the granulopoiesis factor GM-CSF (25-30). For comparison,
we also evaluated levels of IL-21, which, along with IL-17 and IL-22,
is produced by Th17 cells (31, 32). We found that WT mice exhib-
ited an early burst of both IL-17A and IL-17F gene expression,
which peaked at 8 hours and returned to baseline by 24 hours after
challenge in vivo (Figure 4A). In contrast, Y0 T cell-deficient mice
lacked this early induction of IL-17A and IL-17F. IL-22 was induced
in both yd T cell-deficient and WT mice, which suggests that IL-22
is produced by cells other than Y8 T cells. WT mice did not induce
IL-21 at all time points evaluated. However, y0 T cell-deficient
mice had detectable levels of IL-21 at 4 hours after infection.
Because y0 T cell-deficient mice had a defect in IL-17 induc-
tion, but not IL-21 or IL-22 induction, we investigated the cellular
source of IL-17 in lesional skin samples of WT mice harvested
8 hours after inoculation (Figure 4B). IL-17A and IL-17F were highly
expressed in the epidermal compartment and were virtually
absent from the dermal compartment. Furthermore, at 8 hours
after infection, IL-17A and IL-17F induction was detected exclu-
sively in the T cell fraction (CD3" cells) after enrichment of epi-
dermal T cells using a specific mADb directed against the pan-T cell
marker CD3 (Figure 4C). In contrast, at 8 hours after infection,
IL-17A and IL-17F induction was not observed in either the T cell-
enriched fractions or the negative fractions from the epidermis of
¥ T cell-deficient mice (Figure 4D). Thus, there was no evidence
of IL-17-producing compensatory cells in y8 T cell-deficient
mice after infection. Finally, at 8 hours after infection, IL-17A and
1766
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experimental groups (Student’s t test).

Epidermis from WT mice

IL-17F induction was detected exclusively in the v T cell-posi-
tive fraction after enrichment of epidermal y8 T cells using the Y0
T cell-specific mAb GL3 (Figure 4E). Taken together, these find-
ings demonstrate that epidermal yd T cells are the major source
of IL-17 production in response to S. aureus cutaneous challenge.
Furthermore, epidermal y0 T cells are not required for induction
of IL-22 or IL-21.

YO T cells expressing the VY5 chain are present in the epidermis of WT
mice after cutaneous challenge with S. aureus and produce IL-17 after
in vitro stimulation. To determine the precise location of the yd
T cells within the infected skin lesions, we evaluated histological
sections of lesional biopsy specimens taken 8 and 24 hours after
skin inoculation (Figure SA; isotype controls are provided in Sup-
plemental Figure 1; supplemental material available online with
this article; d0i:10.1172/JCI40891DS1). We observed CD3* T cells
within the epidermal compartment of WT mice at 8 and 24 hours
after inoculation. The vast majority of these T cells were positively
labeled in serial sections with GL3. In contrast, only rare CD3*
T cells (0-1 cells per x400 high-power field) were detected within
the epidermis of 0 T cell-deficient mice. T cells were not observed
in the dermis or within the abscess of skin specimens from WT or
v T cell-deficient mice at either 8 or 24 hours after infection. To
determine the percentage of yd T cells that express the known skin-
specific VY5 chain, epidermal cells were isolated from uninfected
WT mouse epidermis. We found that approximately 90% of the
CD3* T cells from WT mouse epidermis expressed the VY5 chain,
as measured by flow cytometry (Figure 5B). In addition, the total
proportion of 0 T cells in whole skin tissue was approximately
2.3% (Supplemental Figure 2). Importantly, the Vy5 y0 T cells rep-
resented virtually all of the yd T cell population in the skin at these
early time points (data not shown), and the expression of the Vy5
Volume 120
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Figure 5

yd T cells expressing the Vy5 chain are present in the epidermis of WT mice after skin challenge with S. aureus and produce IL-17 after in vitro
stimulation. (A) Representative photomicrographs labeled with specific mAbs for CD3* (arrows) and GL3* (i.e., yd T) cells (arrows; immunoperoxi-
dase method) of histologic sections from skin biopsies from yd T cell-deficient and WT mice performed 8 and 24 hours after skin inoculation with
S. aureus. Insets show positively labeled cells. Isotype controls are shown in Supplemental Figure 2. Original magnification, x400; x800 (insets).
(B) Epidermal cell suspensions of skin biopsies from normal uninfected WT mouse skin were labeled with specific mAbs for CD3, v6 T cells
(GL3*), and Vy5, and expression was analyzed by flow cytometry. Cells were gated on CD3* cells, and the percentage of cells in each quadrant
is indicated. (C) Purified GL3* epidermal yd T cells (108 cells/ml) from uninfected C57BL/6 mice were left unstimulated or were activated with
PMA/ionomycin and cultured in the presence or absence of 20 ng/ml IL-16, 20 ng/ml IL-23, or 20 ng/ml of both IL-1f and IL-23. Supernatants
were collected after 24 hours for analysis of IL-17 protein levels (pg/ml) by ELISA. Data are from 2 experiments with at least 4 mice/group per
experiment. *P < 0.05 (Student’s ¢ test).
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TCR remained unchanged 8-24 hours after cutaneous challenge
with S. aureus (Supplemental Figure 3).

To confirm the ability of resident epidermal yd T cells to produce
IL-17 protein, we isolated yd T cells from the epidermis of unin-
fected mice. These Y0 T cells were enriched using positive selection
and then stimulated with PMA/ionomycin (Figure SC). PMA/iono-
mycin stimulation resulted in a 3-fold induction of IL-17 protein
compared with unstimulated cells in culture supernatants, as deter-
mined by ELISA. In addition, since previous reports have demon-
strated that IL-1f and IL-23 promote production of IL-17 by CD4*
af Th17 cells (33-39), we also evaluated whether addition of exoge-
nous recombinant IL-1f and/or IL-23 could promote IL-17 produc-
tion by epidermal y0 T cells. We found that addition of IL-1, IL-23,
or both in combination all resulted in 2- to 3.5-fold enhancement of
IL-17 protein production over PMA/ionomycin alone, demonstrat-
ing that IL-1f and/or IL-23 is required for optimal production of
IL-17 by epidermal yd T cells. Taken together, these data indicate
that the resident epidermal yd T cells expressing the Vy5 chain repre-
sent the predominant T cell subset present in mouse skin at baseline
and during the early immune response to S. aureus skin infection.
Furthermore, these resident epidermal yd T cells have the capacity
to readily produce IL-17 upon activation in vitro.

It should be noted that we also examined whether other CD3*
T cells present in normal skin of ¥ T cell-deficient mice have the
capacity to produce IL-17. After enriching CD3" T cells from the
skin of WT and yd T cell-deficient mice, CD3* cells were cultured
(5 % 105 cells/ml) in the presence of PMA/ionomycin with or without
IL-1f and IL-23 (20 ng/ml each, in combination), and IL-17 protein
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Figure 6

IL-17A and IL-17F mRNA production in response to
S. aureus skin challenge is dependent upon IL-1R, TLR2,
and IL-23. Mice were inoculated intradermally with S. aure-
us, and the mean level of mRNA (AU) + SEM of IL-17A
and /L-17F by Q-PCR were determined from lesional skin
homogenates of skin biopsies from (A) MyD88-deficient,
IL-1R—deficient, TLR2-deficient, and WT mice and (B)
IL-12/23p40—deficient, IL-23p19—deficient, IL-12p35—defi-
cient, and WT mice, performed 8 hours after inoculation.
(C) Mean mRNA level (AU) + SEM of /IL-1f and /L-23p19
from lesional skin homogenates of skin biopsies per-
formed 8 hours after inoculation by Q-PCR. Data are from
2 experiments with at least 5 mice/group per experiment.
*P < 0.05, 1P < 0.01 versus appropriate WT or 0-hour con-
trol (Student’s t test).

TLR2*

levels in culture supernatants were measured by ELISA
(Supplemental Figure 4). IL-17 was only slightly induced
in cultures of CD3* T cells from y0 T cell-deficient mice
compared with the substantial production observed in
cultures of CD3* T cells from WT mice. Because approxi-
mately 90% of the T cells from the skin of WT mice were
¥d T cells (Figure 5B), this finding further demonstrates
that the major population of cells responsible for IL-17
production after S. aureus cutaneous infection is epider-
mal yd T cells, not other compensatory T cells present in
the skin of yd T cell-deficient mice.

IL-17 production in response to S. aureus cutaneous challenge
is dependent upon IL-1, TLR2, and IL-23. We next evaluated
whether IL-1 and IL-23 are required for IL-17 production
in response to S. aureus cutaneous challenge in vivo. In
addition, we also evaluated whether TLR2 is required, since TLR2
has recently been shown to be expressed by yd T cells (40). To deter-
mine whether the induction of IL-17A and IL-17F was dependent
upon IL-1 and/or TLR2, we inoculated WT mice and mice defi-
cient in IL-1R, TLR2, or MyD88, the signaling adapter for IL-1R
and TLR family members (Figure 6A). At 8 hours after challenge,
IL-1R-, TLR2-, and MyD88-deficient mice had impaired induction
of IL-17A and IL-17F compared with WT mice. The impaired induc-
tion of IL-17 in IL-1R- or MyD88-deficient mice was not caused
by reduced numbers of 0 T cells, since similar numbers of Vy5* yd
T cells were found in the epidermis between WT mice and mice defi-
cient in IL-1R or MyD88 (Supplemental Figure 5). In addition, to
determine whether IL-17A and IL-17F induction in the skin was also
dependent upon IL-23, we inoculated WT mice and mice deficient
in p40 (the shared subunit for IL-12 and IL-23), p19 (the IL-23-
specific subunit), and p35 (the IL-12-specific subunit). At 8 hours
after inoculation, IL-12/23p40- and IL-23p19-deficient mice, but
not IL-12p35-deficient mice, had impaired induction of IL-17A
and IL-17F compared with WT mice (Figure 6B), demonstrating an
important role for IL-23, but not IL-12, in induction of IL-17A and
IL-17F. Finally, to confirm that IL-1f and IL-23 were induced after
infection, IL-1f3 and IL-23p19 gene induction was measured at 0 and
8 hours after infection (Figure 6C). We found that both IL-1f3 and
IL-23p19 were significantly upregulated in response to infection.
Taken together, these findings suggest that the induction of IL-17A
and IL-17F by yd T cells is dependent upon IL-1 and IL-23, which
corresponds to our findings with purified epidermal y0 T cells in
vitro and is similar to the characteristics of CD4" oy Th17 cells.
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A B o Figure 7
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Q :u,: response to S. aureus cutaneous challenge. IL-17R—
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& £ IFN-yR* 2 £ IFN-yR" ingyd T cells are required for host defense against
% 1.0 . 1x107 S. aureus skin infection.
5 % Administration of recombinant murine IL-17A
g % 1x10°%% with the S. aureus inoculum rescues ¥y T cell-defi-
2 054 < cient mice. Given the critical role of yd T cells and
= = 1 %1054 IL-17 in host defense against cutaneous S. aureus
E % challenge, we evaluated whether the addition of
0.0 i - g 1x10* , , exogenous recombinant murine IL-17A (rIL-17)
0 7 14 = 0 7 14 can rescue the increased lesion sizes and bacte-
Days Days rial counts observed in yd T cell-deficient mice.

IL-17 receptor—deficient mice, but not IFN-y receptor—deficient mice, have
defects in immunity against S. aureus infection similar to those of yd T cell—
deficient mice. To evaluate whether IL-17 contributes directly to the
impaired neutrophil recruitment and host defense against S. aureus
cutaneous challenge observed in yd T cell-deficient mice, WT mice
and mice deficient in the IL-17 receptor (IL-17R) were inoculated
intradermally with S. aureus. IL-17R-deficient mice developed signif-
icantly larger lesions and higher bacterial counts (as assessed by in
vivo bioluminescence signals) compared with WT mice (Figure 7, A
and B). For comparison, WT and IFN-y receptor-deficient (IFN-yR-
deficient) mice were also inoculated intradermally. In contrast to
IL-17R-deficient mice, IFN-yR-deficient mice had lesion sizes and
bacterial burdens similar to those of WT mice (Figure
7, C and D), which suggests that IFN-y is not required

Administration of a single dose of rIL-17 (1,000
ng in 100 ul saline) given with the S. aureus inoculum resulted
in significantly reduced lesion sizes and bioluminescent signals
compared with y0 T cell-deficient mice inoculated with S. aureus
plus vehicle alone (Figure 8, A and B). In addition, administration
of rIL-17 to ¥ T cell-deficient mice resulted in lesion sizes and
bacterial counts that were indistinguishable from those of WT
mice, demonstrating the rIL-17 alone was sufficient to restore the
immune defects in these mice. Thus, these data indicate thatIL-17
is the essential mediator by which yd T cells contribute to host
defense against S. aureus cutaneous challenge. To confirm the
requirement of IL-17 for clearance of infection, a neutralizing
IL-17A mAD (50 ug) or an isotype control mAb was administered

for cutaneous host defense against S. aureus skin infec- i 151 AWT 9 1 x 1084 -
tion in our model. Taken together, these data demon- € . 2 Teel-+1l-17 - @ 25 T cell- +rlL-17
strate that IL-17R-deficient mice have an impairment A Zeyd T cell™ g 1x107q t 710 T cell™
in host defense against S. aureus cutaneous challenge _§ 1.0 1 o < X .
similar to that of Y0 T cell-deficient mice. These data s S5 1x10°% *
805 58 .
—_— —_— X T

Figure 8 2 g
Administration of exogenous rlL-17 with the S. aureus = 0.0 . ) = 1x10% : .
inoculum restores an effective immune response against 0 7 14 0 7 14
S. aureus in yd T cell-deficient mice. (A and B) yo6 T Days Days
cell-deficient and WT mice were inoculated intradermally Cc D
with S. aureus along with administration of a single dose __ 1.5 7 @ WT +isotype mAb .o 1x10°7 . WT +isotype mAb
of rIL-17 (1,000 ng/100 wl) or vehicle alone to v& T cell— € © WI +anti-IL-17A mAb 2 O WT +anti-IL-17A mAb
deficient mice. (A) Mean total lesion size (cm2) + SEM. £ * * S, 1Xx10 & »
(B) Mean total flux (photons/s) + SEM. Data are from 2 S 1.0 7 * E K]
experiments with at least 6 mice/group per experiment. (C 2 X
and D) WT mice (n = 7 mice/group) were inoculated intra- 2 05 - E] g
dermally with S. aureus along with an anti—IL-17A neutral- % ' "_; 1
izing mAb or an isotype control mAb. (C) Mean total lesion % 2
size (cm?) + SEM. (D) Mean total flux (photons/s) + SEM. = 0.0 ¢ . . = 1% 10° i .
*P < 0.05, TP < 0.01, ¥P < 0.001 versus all other groups 0 7 14 0 7 14
(Student’s t test). Days Days
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to WT mice along with the bacterial inoculum (Figure 8, C and D).
Consistent with our demonstration that IL-17R-deficient mice
had impaired bacterial clearance (Figure 7, A and B), adminis-
tration of a single dose of a neutralizing IL-17A mADb with the
inoculum to WT mice resulted in larger lesions and higher bac-
terial counts similar to those of yd T cell-deficient mice, further
demonstrating the key role for IL-17 in host defense against
cutaneous S. aureus infection.

It should be mentioned that we attempted to administer rIL-17
to WT mice to evaluate whether additional IL-17 has any impact for
host defense in animals with a normal endogenous IL-17 response.
We found no difference in bacterial counts, as assessed by in vivo
bioluminescence, between the IL-17-treated and -untreated mice
(data not shown). Despite this finding, the fact that a single dose
of IL-17 was sufficient to rescue the immune defects of the yd
T cell-deficient mice suggests that immunomodulatory therapy or
vaccine development to enhance IL-17 responses may help in the
treatment of S. aureus cutaneous infections in patients with altered
T cell function with deficient or dysregulated Th17 responses.

Discussion
Neutrophil recruitment is an essential component of the host
innate immune response against S. aureus skin infection and is
required for bacterial clearance (6, 7). However, humans with dis-
eases characterized by altered T cell function, including HIV/AIDS,
atopic dermatitis, and hyper-IgE syndrome, are highly susceptible
to S. aureus cutaneous infection (10, 12, 15), which suggests that
T cells also contribute to host defense. Studies in mouse models
have also indicated a key role for T cells, although the mechanism
by which they contribute to host defense is not clear (19, 20). In
this study, we report that resident epidermal yd T cells, but not o
T cells, were required for neutrophil recruitment in host defense
against S. aureus cutaneous challenge, directly linking cutaneous
T cell function with neutrophil recruitment. Furthermore, we dem-
onstrated a mechanism by which skinyd T cells contributed to host
defense, via the IL-1-, TLR2-, and IL-23-dependent production of
IL-17, which was required to control the infection. Importantly, the
role of yd T cells in combating S. aureus was restored by a single dose
of rIL-17 administered with the bacterial inoculum, which suggests
that immunomodulatory or vaccine therapy aimed at inducing
IL-17 responses in the skin may provide a potential therapeutic
intervention for humans susceptible to S. aureus skin infections.
Our data do not exclude a role for other Th17 cytokines, such as
IL-22, which has antimicrobial activity (28, 29), and IL-21, which
promotes differentiation of T cells and inflammatory responses (31,
32, 41). However, IL-22 induction was not affected by the lack of
¥d T cells, which suggests it is made by other cell types, such as af§
T cells, NKT cells, and/or NK cells (42-44). In addition, IL-21 was
notinduced at early time points, which indicates that it may not par-
ticipate in the early host response. Interestingly, an almost 10-fold
induction of IL-21 gene expression was observed in yd T cell-defi-
cient mice after cutaneous S. aureus challenge. The significance of
this is unknown, but the induction of IL-21 mRNA, which is known
to be expressed by CD4" T cells, NK cells, B cells, macrophages, and
dendritic cells during infection (45), did not impact the defective
neutrophil recruitment observed in the yd T cell-deficient mice.
Our results indicate that the predominant function of IL-17 is to
promote neutrophil recruitment via induction of chemokines and
granulopoiesis factors (25-27, 30), which is ultimately required for
S. aureus clearance (6, 7). However, it is also possible that IL-17 and/
1770
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or IL-22 may contribute to host defense against S. aureus cutaneous
infection via production of antimicrobial peptides (e.g. B-defensins
and cathelicidin) or by inducing epithelial proliferation, thereby
increasing epithelial resistance to infection (28, 29, 41, 46, 47).

Although these human subjects with diseases with altered T cell
responses have increased susceptibility to S. aureus colonization
and infection (10-15), the mechanisms have been thought to be
unrelated. However, emerging data suggests that these unrelated
clinical conditions share in common a deficiency in Th17 cells.
For example, there is significant loss of Th17 cells in the blood
and mucosa of HIV-infected patients (48). Similarly, skin lesions
from patients with atopic dermatitis have recently been shown to
be deficient in Th17 cells (49). Finally, human subjects with hyper-
IgE syndrome have STAT3 mutations that render them deficient
in Th17 cells (16-18). Our findings demonstrating that IL-17
was required for host defense against S. aureus skin infections
thus point to a mechanism by which Th17 dysregulation leads to
increased susceptibility to S. aureus skin infections among these
different human diseases.

We found that IL-17-producing resident epidermal y8 T cells
were required for host defense against S. aureus skin infection. In
contrast, humans with altered T cell function and susceptibility
to S. aureus skin infections have been shown to be deficient in aff
Th17 cells (16-18, 48, 49). In human skin, a large proportion of
0f Th17 cells are present in inflamed skin (50), and y8 T cells have
been reported to be recruited to a site of skin infection (51). How-
ever, it is not clear whether oy Th17 cells, yd T cells, or other func-
tionally equivalent cells are important in producing IL-17 during
S. aureus infections in human skin. In the mouse, our findings are
supported by previous studies demonstrating that yd T cell-defi-
cient mice had a severe defect in their ability to clear intradermal
S. aureus inoculation (20), that mice deficient in both IL-17A and
IL-17F develop spontaneous S. aureus skin infections (52), and
that a large proportion of the resident epidermal Y0 T cells consti-
tutively express the retinoid-related orphan receptor-yt (RORyt)
transcription factor, which is required for IL-17 production (53).

In the present study, we found that after S. aureus cutaneous chal-
lenge, there was little IFN-y production, which was equivalent in yd
T cell-deficient and WT mice. Furthermore, IFN-yR-deficient mice
had no impairment in host defense against S. aureus skin infection. In
contrast, in a surgical thigh muscle wound S. aureus infection mouse
model, IFN-y promoted neutrophil chemokine production and neu-
trophil recruitment (19, 54). In addition, in response to intravenous
S. aureus challenge, IFN-y production was associated with natural
or vaccine-induced protection (55, 56). However, since these studies
did not involve epithelial sites, the role of IL-17-producing intraepi-
thelial yd T cells would be diminished. Thus, the type of cytokine
response required for protection against S. aureus may depend on
the site of infection: IL-17 for skin infections (and perhaps other
epithelia; refs. 52, 57), and IFN-y for invasive and systemic infec-
tions (55, 56). This key role for IL-17 against S. aureus skin infection
has direct implications in future vaccine development, which may
depend on the generation of IL-17-producing memory T cells at
cutaneous sites. The critical role of vaccine-induced IL-17 at epithe-
lial sites has been previously demonstrated against Helicobacter pylori
gut infection and Mycobacterium tuberculosis, Streptococcus pnewmonia,
and Pseudomonas aeruginosa lung infections (58-61). However, both
IL-17- and IFN-y-producing memory T cells may be required for
vaccine protection against S. aureus at all sites of infection. It should
be mentioned that any therapeutic strategy aimed at modulating
Volume 120
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IL-17 responses would need to be tightly controlled, since a previ-
ous study demonstrated that a neutrophil-rich environment, which
may be induced by IL-17, could potentiate S. aureus pathogenesis by
facilitating bacterial survival within the neutrophils (54).

Finally, we have demonstrated that IL-17 production by skin yd
T cells required IL-1R/MyD88 signaling, TLR2/MyD88 signaling,
and IL-23. We have previously demonstrated that IL-1R/MyD88
is a more critical determinant than TLR2/MyD88 for neutrophil
recruitment to a site of S. aureus cutaneous infection (21). There-
fore, we have defined a key host defense circuit, whereby IL-1 (along
with TLR2 and IL-23) promotes neutrophil recruitment to a site
of cutaneous S. aureus infection by inducing IL-17 production by
resident skin yd T cells. A similar host defense circuit may exist in
humans, since pediatric patients deficient in signaling molecules
downstream of IL-1R and TLR2, including MyD88 and IRAK4,
are highly susceptible to S. aureus skin infection (62, 63). These
human subjects and patients with hyper-IgE syndrome all share in
common increased susceptibility to S. aureus skin infection, pro-
viding further evidence of a possible link among IL-1, TLR2, and
IL-17 in the human immune response against S. aureus cutaneous
infection. From a therapeutic point of view, augmentation of the
downstream IL-17 portion of this host defense circuit may provide
a basis for novel therapeutic strategies to combat S. aureus cuta-
neous infections. This may be particularly relevant for providing
new immunomodulatory therapy or vaccine development to treat
S. aureus infections in humans, especially in patients with altered
T cell function with deficient or dysregulated Th17 responses.

Methods

S. aureus strains. All data were obtained using the bioluminescent S. aureus
SH1000 strain ALC2906, which possesses the shuttle plasmid pSK236 with
the penicillin-binding protein 2 (pbp2) promoter fused to the luxABCDE
reporter cassette from Photorhabdus luminescens as previously described (21,
22). This strain emits bioluminescent signals from live, actively metaboliz-
ing bacteria in all stages of the S. aureus life cycle (21, 22).

Preparation of S. aureus for skin inoculation. The S. aurens SH1000 strain has a
chloramphenicol resistance plasmid selection marker, and all cultures were
performed in the presence of chloramphenicol (10 ug/ml; Sigma-Aldrich).
S. aureus was streaked onto tryptic soy agar (tryptic soy broth plus 1.5% bacto
agar; BD Biosciences) and grown overnight at 37°C in a bacterial incubator.
Single colonies of S. aureus were placed into tryptic soy broth and grown
overnight at 37°C in a bacterial shaking incubator. Midlogarithmic phase
bacteria were obtained after a 3-hour subculture of a 1:50 dilution of the
overnight culture. Bacterial cells were pelleted, resuspended, and washed
3 times in PBS. Bacterial concentrations were estimated by measuring the
absorbance at 600 nm (Agoo; DU 640B spectrophotometer; Beckman Coul-
ter). CFUs were verified by plating dilutions of the inoculum overnight.

Mice. Male congenic mice on a C57BL/6 genetic background were used
in all experiments. 0 T cell-deficient mice (Terd 7/~ B6.129P2-Terdm!Mom 1),
afy T cell-deficient mice (Tcrb”/—; B6.129P2-TcerbtmiMom/T) TL-1R-defi-
cient mice (B6.129S7-1l1r1t1m%/]) 1L-12p35-deficient mice (B6.129S1-
Il12a7Um /1), 1L-12/23p40-deficient mice (B6.129S1-1112b"1"/]), and WT
C57BL/6] control mice were obtained from Jackson Laboratories. MyD88-
deficient mice were a gift from S. Akira (Osaka University, Osaka, Japan).
IL-23p19-deficient mice were obtained from N. Ghilardi (Genentech Inc.,
San Francisco, California, USA). IL-17R-deficient mice (I/17ra7/~) have been
previously described (64). All mouse colonies were maintained at UCLA in
autoclaved cages under specific pathogen-free conditions.

Mouse model of cutaneous S. aureus infection. All procedures were approved by
the UCLA Animal Research Committee. The mice were shaved on the back
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and inoculated intradermally with midlogarithmic growth phase S. aureus
SH1000 strain (2 x 10° CFUs) in 100 wl sterile pharmacy-grade saline (0.9%)
using a 27-gauge insulin syringe (Abbott Laboratories). Measurements of’
total lesion size (cm?) were made by analyzing digital photographs (Nikon
Coolpix 5400) of mice taken every 1-3 days using the software program
Image J (http://rsbweb.nih.gov/ij/) and a millimeter ruler as a reference.

Quantification of in vivo S. aureus by in vivo bioluminescence and CFUs. Mice
were anesthetized via inhalation of 2% isoflurane, and in vivo biolumines-
cence imaging was performed using the Xenogen IVIS imaging system
(Caliper Life Sciences) at the Crump Institute for Molecular Imaging,
UCLA, as previously described (21, 22). Data are presented on color scale
overlaid on a grayscale photograph of mice and were quantified as total
flux (photons/s) within a circular region of interest (1 x 103 pixels) using
Living Image software (Xenogen), with a lower limit of detection of 1 x 10*
photons/s. In some experiments, to confirm that the in vivo biolumines-
cence signals accurately reflected bacterial burden in vivo, S. aureus CFUs
were determined after overnight cultures of homogenized (Pro200 Series
homogenizer; Pro Scientific) 8-mm punch biopsy (Acuderm) specimens of
lesional skin taken at days 1 and 3 after inoculation.

Tissue embedding and staining. For histological analysis, lesional 8-mm
punch biopsy (Acuderm) skin specimens were bisected; one-half was fixed in
10% formalin and embedded in paraffin, and the other half was embedded
in Tissue-Tek OTC compound (Sakura Finetek) and frozen in liquid nitro-
gen. H&E and Gram stains were performed on paraffin sections (4 wm) by
the Tissue Procurement and Histology Core Laboratory and Histopathol-
ogy Laboratory, UCLA, according to guidelines for clinical samples.

Immunoperoxidase labeling. Detection of Gr-1-positive (Ly-6G*), CD3*,
and yd T cell-positive (GL3*) cells on frozen cryostat specimens of lesional
skin punch biopsy specimens was performed using the immunoperoxidase
method, as previously described (21, 22), with the following mAbs: bioti-
nylated rat anti-mouse Gr-1 (1 ug/ml; clone RB6-8C5, IgG2b isotype; BD
Biosciences — Pharmingen), hamster anti-mouse CD3¢ (5 ug/ml; clone
145-2c11, IgG1 isotype; BD Biosciences — Pharmingen), hamster anti-
mouse TCRyd complex (5 ug/ml; clone GL3, IgG2 isotype; BD Biosciences
— Pharmingen), and corresponding isotype controls. In some cases, prima-
ry antibody binding was detected using biotin-labeled mouse anti-hamster
IgG cocktail (5 ug/ml; clone G70-204, G94-56, 1gG1, and IgG2b isotypes;
BD Biosciences — Pharmingen).

MPO assay. MPO enzymatic activity was determined from homogenized
(Pro200 Series homogenizer; Pro Scientific) 8-mm punch biopsy (Acu-
derm) lesional skin specimens using an MPO assay kit according to the
manufacturer’s recommendations (Cytostore). The amount of MPO activ-
ity was normalized to the weight of the tissue specimen, and data were
presented as U/mg tissue.

Protein arrays. Protein levels of KC, MIP2, GM-CSF, and IFN-y were deter-
mined from homogenized (Pro200 Series homogenizer; Pro Scientific)
8-mm punch biopsy (Acuderm) lesional skin specimens using SearchLight
Chemiluminescent Assays according to the manufacturer’s recommenda-
tions (Aushon Biosystems). The levels of these cytokines and chemokines
were normalized to the weight of the tissue specimen, and data were pre-
sented as pg/mg tissue.

Separation of epidermis and dermis and ex vivo epidermal CD3* T cell oryd T cell
enrichment. To separate the epidermis from the dermis, whole skin biopsy
specimens were incubated in RPMI containing dispase II (2.4 U/ml; Roche)
for 1 hour at 37°C, according to the manufacturer’s recommendations.
For Q-PCR analysis, epidermal and dermal specimens were separated and
placed into TRIzoL (Invitrogen) for RNA extraction as described below. In
some experiments, epidermal cell suspensions were generated by incuba-
tion of the epidermal specimens in 0.05% trypsin-EDTA (Invitrogen) for
30 minutes at 37°C. A single-cell suspension was obtained by mechanical
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disruption of tissues on 70-um nylon cell-strainer filters (BD Biosciences
— Falcon). CD3" or yd T cells were positively selected from cell suspensions
by labeling with a biotinylated anti-CD3 mAb or a y0 T cell-specific mAb
(GL3; BD Biosciences), respectively, followed by separation with anti-bio-
tin conjugated magnetic beads on a MACS MS column, according to the
manufacturer’s instructions (Miltenyi Biotec). Positive fractions contained
greater than 90% CD3" T cells or GL3* y0 T cells, and negative epidermal
fractions contained less than 1% CD3* T cells or GL3* T y9 cells, as deter-
mined by flow cytometry (data not shown).

RNA extraction and mRNA quantification. Total RNA from homogenized
(Pro200 Series homogenizer; Pro Scientific) 8-mm lesional skin biopsy
(Acuderm) specimens, dermal and epidermal specimens, and ex vivo epi-
dermal cell suspensions was extracted by TRIzoL reagent (Invitrogen)
according to the manufacturer’s recommendations. Q-PCR reactions
were performed as previously described (21, 22). TagMan Gene Expression
Assays primer and probes sets for KC, MIP2, GMCSF, IFN-y, IL-21,IL-22, and
the normalizer GAPDH were purchased from Applied Biosystems, and Taq-
Man primers and probes for IL-17A and IL-17F were previously published
(65). The relative quantities of mRNA per sample were determined using
the AACt formula as previously described (21).

Flow cytometry. Epidermal single-cell suspension preparations are
described above. In certain experiments, whole skin single-cell suspensions
were prepared with collagenase digestion as previously described (66). Cell
surface expression for CD3, TCRyd complex, and the Vy5 chain on epider-
mal cell suspensions or whole skin specimens was performed using specific
fluorescently conjugated mAbs, including the following: PE-conjugated
hamster anti-mouse CD3¢ (5 ug/ml; clone 145-2c11, IgG1 isotype; BD
Biosciences — Pharmingen), APC-conjugated hamster anti-TCRyd complex
(5 ug/ml; clone GL3, IgG2 isotype; BD Biosciences — Pharmingen), FITC-
conjugated hamster anti-Vy5 (5 ug/ml; clone 536, IgG1 isotype; BD Biosci-
ences) and corresponding fluorescently conjugated isotype controls. Two-
and 3-color flow cytometry was performed on a BD FACSCalibur Flow
Cytometer (BD Biosciences) and analyzed with Flow]Jo software (Treestar).

ELISA. GL3* epidermal yd T cells were positively selected from epidermal
cell suspensions as described above and then stimulated with 50 ng/ml
PMA (Sigma-Aldrich) and 750 ng/ml ionomycin (Sigma-Aldrich) with or
without rIL-1 (20 ng/ml), rIL-23 (20 ng/ml), or both rIL-1 and rIL-23 (all
from R&D Systems) for 24 hours. Culture supernatants were collected, and
IL-17 levels in the supernatants were determined by IL-17 DuoSet ELISA
(R&D Systems) according to the manufacturer’s instructions.

Fluorescence microscopy of epidermal sheets. Epidermal sheets from WT,
IL-1R-deficient, and MyD88-deficient mice were prepared from mouse
ears as previously described (67). Briefly, mouse ears were split into dorsal
and ventral sides and floated dermal side-down for 2 hours at 37°C in
20 mM EDTA. Epidermal sheets were separated from the dermis, washed
in PBS, and fixed in cold acetone for 20 minutes at -20°C. Epidermal
sheets were subsequently washed in PBS, blocked for 1 hour at 25°C
with 2% (w/v) BSA in PBS, and stained overnight at 4°C with a FITC-
conjugated mAb specific for TCR Vy5 (clone 536; BD Biosystems). Sheets
were washed thoroughly in PBS, and bound antibodies were detected for

90 minutes at 37°C with an anti-FITC Alexa Fluor 488-conjugated anti-
body (Invitrogen). After extensive washing, epidermal sheets were mount-
ed onto slides with Prolong Gold mounting medium (Invitrogen) and
were examined with a Leica Microsystems inverted confocal microscope
equipped with a x63 oil immersion objective.

Administration of rIL-17. A single dose of rIL-17 (1,000 ng/100 ul; R&D
Systems) in sterile pharmacy-grade saline, or vehicle alone (saline), was
mixed and administered intradermally along with the inoculum of S. aureus
(2 x 10° CFUs in 100 ul PBS) to yd T cell-deficient mice. Similar doses of
rIL-17 (500-1,000 ng) were previously shown to be biologically active in
mouse skin in vivo (68, 69). We demonstrated that rIL-17 did not have
any direct bactericidal or bacteriostatic activity against S. aureus in vitro
(Supplemental Figure 6).

Monitoring growth of S. aureus in the presence of rIL-17. To determine whether
rIL-17 has a direct effect in the growth of S. aureus, the growth responses
of S. aureus were monitored in RPMI (with 10% serum) in the presence of
rIL-17 at various concentrations as previously described (70). Briefly, RPMI
cultures of 10¢ CFU midlogarithmic growth phase S. aureus were supple-
mented with 0, 20, 100, and 500 ng rIL-17 and incubated at 37°C in a
humidified incubator with 5% CO; for 5 hours, with intermittent shaking.
Culture aliquots were serially diluted and cultured overnight on tryptic soy
agar plates (tryptic soy broth plus 1.5% Bacto-agar; BD Biosciences) supple-
mented with 10 ug/ml chloramphenicol. The resulting bacterial colonies
were counted manually and expressed as total CFU number.

Statistics. Data were compared using 2-tailed Student’s ¢ test. All data are
expressed as mean = SEM as indicated. P values less than 0.05, 0.01, and
0.001 were considered statistically significant.
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