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T cell cytokines contribute to immunity against Staphylococcus
aureus, but the predominant T cell subsets involved are unclear. In
an S. aureus skin infection mouse model, we found that the IL-
17 response was mediated by γδ T cells, which trafficked from lymph
nodes to the infected skin to induce neutrophil recruitment,
proinflammatory cytokines IL-1α, IL-1β, and TNF, and host defense
peptides. RNA-seq for TRG and TRD sequences in lymph nodes
and skin revealed a single clonotypic expansion of the encoded
complementarity-determining region 3 amino acid sequence,
which could be generated by canonical nucleotide sequences of
TRGV5 or TRGV6 and TRDV4. However, only TRGV6 and TRDV4 but
not TRGV5 sequences expanded. Finally, Vγ6+ T cells were a pre-
dominant γδ T cell subset that produced IL-17A as well as IL-22,
TNF, and IFNγ, indicating a broad and substantial role for clonal
Vγ6+Vδ4+ T cells in immunity against S. aureus skin infections.

Staphylococcus aureus | IL-17 | T cells | neutrophils | skin

The gram-positive extracellular bacterium Staphylococcus aureus
causes the vast majority of skin infections in humans (1). In

addition, S. aureus has become increasingly resistant to antibi-
otics, and multidrug-resistant community-acquired methicillin-
resistant S. aureus (CA-MRSA) strains cause severe skin and
invasive infections (e.g., cellulitis, pneumonia, bacteremia,
endocarditis, osteomyelitis, and sepsis) in otherwise healthy indi-
viduals outside of hospitals, creating a serious public health
concern (2, 3).
If immune-based therapies are to provide an alternative to an-

tibiotics, an increased understanding of protective immunity
against S. aureus skin infections is essential. This is imperative,
because all prior S. aureus vaccines targeting antibody-mediated
phagocytosis failed in human clinical trials (4). Notably, an S. au-
reus vaccine targeting the surface component iron surface deter-
minant B against deep sternal wound infections and bacteremia
following cardiothoracic surgery had a worse outcome, as individ-
uals who suffered an S. aureus infection were five times more likely
to die if they had received the vaccine rather than placebo (5).
As an alternative to antibody responses, there has been a recent

focus on T cells in contributing to protective immunity against S.
aureus infections. In humans, a variety of T cell subsets and cy-
tokines has been implicated in host defense against S. aureus. For
example, rare genetic diseases characterized by reduced IL-17–
producing CD4+ T cells (i.e., Th17 cells) or IL-17–mediated im-
mune responses (e.g., autosomal dominant hyper-IgE syndrome,

IL-17F deficiency, and IL-17RA receptor deficiency) have an in-
creased susceptibility to S. aureus skin infections (6–9). Similarly,
in mouse models, IL-17 produced by γδ T cells and/or Th17 cells
was found to be important in neutrophil recruitment and host de-
fense against S. aureus skin and bacteremia infections (10–16).
However, in vaccination attempts in mouse models of S. aureus skin

Significance

Staphylococcus aureus is the most common cause of skin infec-
tions and is becoming increasingly resistant to antibiotics. If
immune-based therapies are to provide an alternative to antibiotics,
a better understanding of immunity to S. aureus skin infections is
crucial. During an S. aureus skin infection inmice, a clonal Vγ6+Vδ4+

T cell population expressing a single complementarity-determining
3 (CDR3) region encoded by canonical TRGV6 and TRDV4 sequences
expanded in the skin-draining lymph nodes, trafficked to infected
skin, and promoted IL-17–mediated immune clearance by inducing
neutrophil recruitment, inflammatory cytokines, and host defense
peptides. Together, identification of a clonal T cell population in
immunity to S. aureus skin infections provides a specific response to
target for future vaccines and immunotherapies.

Author contributions: M.C.M., C.A.D., H.L., N.K.A., M.P.A., A.I.M., A.A.M., A.S.B., N.L., X.D.,
M.R.Y., S.I.S., W.S., S.K.D., R.L.O., E.M., and L.S.M. designed research; M.C.M., C.A.D., H.L.,
R.J.M., N.K.A., R.V.O., M.P.A., A.I.M., A.A.M., Y.W., B.L.P., A.S.B., I.D.B., A.R., E.Z., S.S.C.,
N.L., and W.S. performed research; A.I.M., A.A.M., W.S., S.K.D., R.L.O., and E.M. contrib-
uted new reagents/analytic tools; M.C.M., C.A.D., H.L., R.J.M., N.K.A., R.V.O., M.P.A.,
A.I.M., A.A.M., Y.W., B.L.P., A.S.B., I.D.B., A.R., E.Z., S.S.C., N.L., X.D., M.R.Y., S.I.S., W.S.,
S.K.D., R.L.O., E.M., and L.S.M. analyzed data; and M.C.M., C.A.D., H.L., N.K.A., A.I.M.,
A.A.M., M.R.Y., S.I.S., S.K.D., R.L.O., E.M., and L.S.M. wrote the paper.

Conflict of interest statement: M.R.Y. is a cofounder of NovaDigm Therapeutics, which is
developing novel vaccines and immunotherapeutics for infectious diseases, including
S. aureus. L.S.M. has received grant support for work unrelated to the work reported in this
manuscript from AstraZeneca, Pfizer, Regeneron Pharmaceuticals, Moderna Therapeutics,
and Boehringer Ingelheim, is on the scientific advisory board for Integrated Biotherapeutics,
and is a shareholder of Noveome Biotherapeutics, which are each developing vaccines and
therapeutics against S. aureus and other pathogens.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: The RNA-sequencing data reported in this paper have been deposited in
the NCBI Sequence Read Archive (SRA) (accession no. SRP194263).
1To whom correspondence may be addressed. Email: lloydmiller@jhmi.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1818256116/-/DCSupplemental.

Published online May 14, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1818256116 PNAS | May 28, 2019 | vol. 116 | no. 22 | 10917–10926

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1818256116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://www.ncbi.nlm.nih.gov/sra?term=SRP194263
mailto:lloydmiller@jhmi.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818256116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818256116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1818256116


and bacteremia infection, the IL-17–mediated protection was
thought to be mediated by Th17 cells rather than γδ T cells (17–20).
Additionally, IFNγ-producing CD4+ T cells (Th1 cells) were found
to contribute to protection against S. aureus skin infections in pa-
tients with HIV disease as well as in S. aureus wound and bacter-
emia infections in mouse models (21–23). Another study found that
the IFNγ produced by human CD8+ T cells contributed to antigen-
induced immunity against S. aureus (24). We previously reported
that IFNγ and TNF protected against a recurrent S. aureus skin
infection in mice deficient in IL-1β (25). Finally, several studies
have reported that IL-22 contributes to host defense peptide pro-
duction and bacterial clearance of an S. aureus skin infection or
mucosal colonization (10, 26–28).
Taken together, these findings in humans and mice suggest that

different T cell subsets and their cytokine responses are involved in
immunity against S. aureus infections. However, whether a pre-
dominant T cell subset and effector cytokine responses contribute to
host defense against S. aureus skin infections is unclear. In particu-
lar, the studies in humans and mice suggest an important role for IL-
17 responses in immunity against S. aureus, but the precise T cell
sources and ensuing immune responses are not entirely understood.
Therefore, we chose to determine the specific T cell subsets and
mechanisms of IL-17–mediated immunity in cutaneous host defense
in an in vivo mouse model of an S. aureus skin infection.

Results
Recruited Lymphocytes from Lymph Nodes Are Required for IL-17–
Mediated Host Defense. First, to determine whether the pro-
tective T cell immune response against an S. aureus skin infection
was mediated by T cells residing in the skin or T cells recruited
from lymph nodes, an intradermal (i.d.) S. aureus infection model
was used (11, 25, 29–31) in which the bioluminescent CA-MRSA
USA300 LAC::lux strain was injected intradermally into the back
skin of mice ± FTY720 (administered on days −1, 0, and 1, and
every other day thereafter until day 14 postinfection), which inhibits
lymphocyte egress (including all T cells) from lymph nodes (25, 32).
We chose to investigate the role of IL-17A and IL-17F because they
are produced by many different T cell subsets and have been im-
plicated in a variety of mouse models of S. aureus infection as being
critical to host defense (10–16). For these experiments, we used an
IL-17A-tdTomato/IL-17F-GFP dual-color reporter mouse strain,
which is on a C57BL/6 background and produces normal levels of IL-
17A and IL-17F. Before performing in vivo experiments, this re-
porter mouse strain was validated in vitro by culturing CD3+ T cells
from skin-draining lymph nodes of IL-17A-tdTomato/IL-17F-GFP
dual-color reporter mice in the presence of Th17/IL-17 polarizing
conditions. We found that the expression of tdTomato and GFP by
Th17 cells and γδ T cells closely corresponded to the expression of
endogenous IL-17A and IL-17F protein levels using specific mAbs
and intracellular flow cytometry (SI Appendix, Methods and Fig. S1).
Using this reporter mouse strain, we found that FTY720

treatment resulted in significantly increased skin lesion sizes and
in vivo bioluminescence imaging (BLI) signals [which highly cor-
relates with ex vivo CFUs harvested at different time points after
the S. aureus i.d. skin infection (11, 25, 33)], compared with no
treatment (P < 0.05) (Fig. 1 A and B). In vivo whole-animal
fluorescence imaging (FLI) was sequentially employed (follow-
ing in vivo BLI) to evaluate IL-17A expression (tdTomato fluo-
rescence) and IL-17F expression (GFP fluorescence) in the S.
aureus-infected skin in the anesthetized mice noninvasively over
time. The in vivo FLI signals for tdTomato (IL-17A) and GFP (IL-
17F) that peaked on day 7 were completely inhibited by treatment
with FTY720 (P < 0.001) (Fig. 1 C andD). In addition, skin biopsy
specimens of the S. aureus-infected skin obtained on day 7 were
also evaluated by immunofluorescence microscopy for tdTomato-
labeled IL-17A–producing cells and GFP-labeled IL-17F–pro-
ducing cells, and these fluorescently labeled cells were found
interspersed within the inflammatory infiltrate in the dermis

underlying the necrotic epidermis and upper dermis (Fig. 1E).
Taken together, IL-17A/F–producing cells that mediated host
defense against the S. aureus skin infection in vivo were recruited
from lymph nodes to the S. aureus-infected skin, and inhibition of
this trafficking resulted in worsening of the infection.

γδ T Cells Are the Major Cellular Source of IL-17. Next, to determine
the T cell subset that produced the IL-17A and IL-17F, lymph
nodes and skin samples from wild-type (wt) C57BL/6 mice were
obtained on days 0 (naïve), 3, 7, and 14 during the S. aureus skin
infection, and intracellular labeling for IL-17A+

–, IL-17F+
–, and

IL-17A/F+
–producing cells was performed and quantified by flow

cytometry (Fig. 2 A–D). In the skin-draining lymph nodes, there
were statistically greater total numbers of γδ T cells and CD4+

T cells on days 3 and 7, compared with naïve mice (day 0) (P <
0.001) (Fig. 2A). In addition, in the lymph nodes there were mark-
edly increased numbers of IL-17A+ and IL-17A/F+ γδ T cells (which
peaked on day 7) and barely detectable numbers of IL-17F+ γδ T
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Fig. 1. Recruitment of IL-17A/F–producing T cells from lymph nodes to the
skin is required for host defense against S. aureus skin infection. S. aureus
skin infection was performed on IL-17A-tdTomato/IL-17F-GFP dual-color re-
porter mice (IL-17A/F reporter) ± FTY720 treatment (n = 5–10 mice per
group). (A) Mean total lesion size (cm2) ± SEM. (B) Mean total flux (photons/s) ±
SEM. (C and D) Representative in vivo fluorescence imaging signals and mean
tdTomato (IL-17A) (C) or GFP (IL-17F) (D) total radiant efficiency ([p/s]/[μW/cm2]) ±
SEM. (E) S. aureus-infected skin was harvested on day 7, and immunofluores-
cence microscopy labeling with anti-tdTomato and anti-GFP mAbs demonstrat-
ing localization of IL-17A/F production within cells in the dermis. [Scale bars,
500 μm (50×) and 50 μm (400×).] *P < 0.05, ‡P < 0.001, as calculated by a two-way
ANOVA (A and B) or two-tailed Student’s t test (C and D). Data are represen-
tative of two independent experiments.
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cells (P < 0.001). There were also increased numbers of IL-
17A+ CD4+ T cells (which also peaked on day 7) and to a much
lesser extent IL-17F+ and IL-17A/F+ CD4+ T cells (P < 0.001)
(Fig. 2B). In addition to differences in cell numbers, the mean
fluorescence intensity (MFI) of IL-17A–expressing γδ T cells was
fivefold higher than IL-17A–expressing CD4+ T cells, whereas the
MFI of IL-17F–expressing CD4+ T cells was slightly higher than
IL-17F–expressing γδ T cells (SI Appendix, Fig. S2), indicating that
γδ T cells produced substantially higher amounts of IL-17A but
similar amounts of IL-17F as CD4+ T cells.
In the S. aureus-infected skin, there was a statistically greater

total number of γδ T cells on days 7 and 14 (which peaked on day
7) (P < 0.01) and CD4+ T cells on days 3, 7, and 14 (P < 0.01),
compared with naïve mice (Fig. 2C). In the S. aureus-infected skin,
there was a substantial increase in the numbers of IL-17A+ γδ
T cells (which peaked on day 7) and to a lesser extent IL-17F+ and
IL-17A/F+ γδ T cells (P < 0.05). In the skin, there was also an
increase in the numbers of IL-17F+ CD4+ T cells (which peaked
on day 7), which were greater than the slightly increased numbers
of IL-17A+ CD4+ T cells (P < 0.001), but the numbers of both IL-
17A+ and IL-17A/F+ CD4+ T cells remained close to the low
background numbers of naïve mice (Fig. 2D).

Next, total lymph node cells from day 7 of the S. aureus skin
infection were obtained to determine the number of ex vivo IL-
17A+ cells after PMA/ionomycin stimulation. γδ T cells repre-
sented the most abundant cellular source of IL-17A+, compared
with CD4+ T cells, CD8+ T cells, innate lymphoid cells 3 (ILC3s),
natural killer (NK) cells, and CD11b+ myeloid cells (Fig. 2E). In
addition, immune cells from S. aureus-infected skin samples were
obtained to determine the number of ex vivo IL-17A+ cells after
PMA/ionomycin stimulation, especially since myeloid cells can be a
source of IL-17A in other models of infection and inflammation
(34). We found that γδ T cells were the most abundant cellular
source of IL-17A, and there were fewer numbers of IL-17A+

CD11b+ cells and other cell types (Fig. 2F). Collectively, these data
indicate that γδ T cells were the most abundant cellular source of
IL-17 in the skin-draining lymph nodes and S. aureus-infected skin.

IL-17A and IL-17F Have Compensatory and Redundant Roles in Host
Defense. In other bacterial, fungal, and viral infection models, IL-
17A and IL-17F have been shown to have either redundant or
differential roles in immune responses (12, 35–37). In particular,
Ishigame et al. (12) reported redundant activity of IL-17A and IL-
17F in spontaneous S. aureus mucocutaneous infections that de-
veloped in their mouse colony in mice with constitutive genetic
deletion of both IL-17A and IL-17F but not deletion of IL-17A or
IL-17F alone. However, 16S rDNA sequencing revealed that S.
aureus was not present in the skin microbiome of our mouse
colony (38), and consequently our IL-17A/F–deficient mice did
not spontaneously develop S. aureus mucocutaneous infections.
This provided the opportunity for us to investigate the relative
contribution and temporal dynamics of IL-17A and IL-17F re-
sponses that occurred during the course of an acute S. aureus skin
infection, which would be more representative of how acute S.
aureus skin infections commonly occur in humans. Therefore, the
S. aureus i.d. infection model was performed in mice deficient in
both IL-17A and IL-17F (IL-17A/F−/−) and wt C57BL/6 mice. IL-
17A/F−/− mice developed significantly increased lesion sizes dur-
ing the course of infection that peaked on day 7 compared with wt
mice (P < 0.05) (SI Appendix, Fig. S3 A and B). In addition, IL-
17A/F−/− mice had significantly increased bacterial burden during
the course of infection as measured by in vivo BLI, especially from
days 3–14 compared with wt mice (P < 0.01) (SI Appendix, Fig. S3
C and D). These data were similar to the increased lesion size data
and in vivo BLI data observed in FTY720-treated mice (Fig. 1 A
and B), providing further evidence that the IL-17A/F response was
due to recruited γδ T cells. To confirm the in vivo BLI data, on
day 7 the S. aureus-infected skin was homogenized and ex vivo
CFUs were enumerated (SI Appendix, Fig. S3E). IL-17A/F−/− mice
had statistically greater (i.e., approximately fourfold) ex vivo CFUs
compared with wt mice (P < 0.01). Taken together, these results
suggest that γδ T cell-derived IL-17A and/or IL-17F contributed to
host defense during the S. aureus skin infection, especially at time
points beyond day 3 after the bacterial skin inoculation.
To further evaluate the contribution of IL-17A versus IL-17F, wt

mice were treated systemically (i.p. injection) with an anti–IL-17A
neutralizing mAb, an anti–IL-17F neutralizing mAb, anti–IL-17A
and anti–IL-17F neutralizing mAbs combined, or an isotype con-
trol mAb (SI Appendix, Fig. S3 F and G). Anti–IL-17A and anti–
IL-17F neutralizing mAbs combined resulted in statistically in-
creased lesion sizes (P < 0.001) and in vivo BLI signals (P < 0.001)
during the course of infection compared with isotype mAb-treated
wt mice. In contrast, there were no significant differences in lesion
sizes or in vivo BLI signals with treatment of either anti–IL-17A
mAb alone or anti–IL-17F mAb alone compared with isotype
mAb-treated wt mice. To further evaluate the contribution of
IL-17A versus IL-17F, IL-17A/F−/− mice were administered
recombinant IL-17A (rIL-17A) or rIL-17F along with the i.d.
bacterial inoculum in the skin (SI Appendix, Fig. S3 H and I). As in
SI Appendix, Fig. S3 B and D, IL-17A/F−/− mice had significantly
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Fig. 2. γδ T cells are a predominant cellular source of IL-17A in the lymph
nodes and S. aureus-infected skin. Skin-draining lymph nodes and skin
specimens were harvested from wt mice on days 0 (naïve), 3, 7, and 14 after
S. aureus skin infection, and flow cytometry was performed (n = 10 per
group). (A and C) Mean number of γδ and CD4+ T cells ± SEM isolated from
lymph nodes (A) or skin (C). (B and D) Mean number of IL-17A+, IL-17F+, and
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0.001, as calculated by a two-tailed Student’s t test. n.s., not significant. Data
are a compilation of two independent experiments.
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increased lesion sizes and bacterial burden as measured by in vivo
BLI during the course of infection compared with wt mice (P <
0.001). However, administration of either rIL-17A or rIL-17F
resulted in significantly reduced lesion sizes (P < 0.001) and lower
in vivo BLI signals (P < 0.001 and P < 0.05, respectively) (similar to
those observed in wt mice) compared with IL-17A/F−/−mice. Taken
together, since neutralization of both IL-17A and IL-17F was re-
quired to observe an immune defect in wt mice and treatment with
either rIL-17A or rIL-17F was sufficient to rescue the immune
impairment in IL-17A/F−/− mice, these findings indicate that γδ
T cell-derived IL-17A and IL-17F have redundant and compensa-
tory roles in host defense against an S. aureus skin infection.

IL-17A/F–Deficient Mice Develop Increased Skin Necrosis and Bacterial
Clusters and Impaired Neutrophil Recruitment.Based upon histologic
analysis on day 7 after infection, IL-17A/F−/− mice had significantly
increased width of epidermal and dermal skin necrosis compared
with wt mice (P < 0.05) (Fig. 3 A and B), which is consistent with
the larger skin lesion sizes observed by gross morphology using
digital photography (Fig. 3 A and B). In addition, in Gram stain and
anti-S. aureus lipoteichoic acid (LTA) antibody-labeled sections,
IL-17A/F−/− mice had a statistically significant increase in width of
the horizontal band of bacterial clusters in the dermis (underlying
the area of skin necrosis), compared with wt mice (Fig. 3A, white
arrowheads and Fig. 3C), corroborating the increased bacterial
burden as measured by in vivo BLI and ex vivo CFUs in IL-17A/
F−/− mice compared with wt mice (SI Appendix, Fig. S3 C–E).
To evaluate whether the immune impairment in IL-17A/F−/−

mice was due to defective neutrophil, monocyte, and/or macro-
phage recruitment, day 3 and 7 skin biopsies were harvested
and the numbers of these myeloid cells were determined by
flow cytometry, according to Ly6GhiLy6Cint (neutrophils),
Ly6GloLy6Chi (monocytes), and CD11b+F4/80+ (macrophages)
(Fig. 3 D and E). On day 3, there was no significant difference
in neutrophil number between IL-17A/F−/− mice and wt mice.
However, on day 7, IL-17A/F−/− mice had nearly a threefold
statistically significant reduction in neutrophils compared with
wt mice. In addition, IL-17A/F−/− mice also had significantly de-
creased monocyte numbers on day 3 and macrophage numbers
on day 7 compared with wt mice. However, these slight differ-
ences in monocyte and macrophage numbers might not be as
biologically relevant as the differences in neutrophil numbers,
because there were more than ∼15- to 30-fold fewer monocytes and
macrophages than neutrophils during the S. aureus skin infection.

IL-17A/F–Deficient Mice Express Decreased Proinflammatory Cytokines
and Host Defense Peptides.Next, to determine whether IL-17A and
IL-17F contributed to expression of other proinflammatory cyto-
kines, day 7 skin biopsies were evaluated for mRNA and protein
levels of IL-1α, IL-1β, and TNF, which have each been implicated
in immunity against S. aureus skin infections (25, 30, 31). IL-17A/
F−/− mice had markedly decreased mRNA transcript expression of
IL1A (P < 0.001), IL1B (P < 0.01), and TNF (P < 0.001), signif-
icantly decreased protein levels of IL-1β (P < 0.05) and TNF (P <
0.05), and a trend toward decreased protein levels of IL-1α (P =
0.06) (Fig. 4 A and B). As expected, IL-17A was not detected in
IL-17A/F−/− mice. In contrast to these findings, there was no
difference between mRNA or protein levels of IFNγ in IL-17A/
F−/− mice and wt mice.
In addition, several host defense peptides have either bacterio-

static or bactericidal activity against S. aureus in various different
mouse models of S. aureus infection, including psoriasin (S100a7)
(10), calprotectin (S100a8/S100a9) (39), β-defensins (mBD3,
mBD4, and mBD14) (10, 40, 41), lipocalin 2 (42), cramp (10, 43,
44), Reg3γ (45), and Slurp1 (27), but whether the expression of
these relevant host defense peptides is regulated by IL-17A or IL-
17F during an in vivo S. aureus skin infection is incompletely un-
derstood. Therefore, we performed our S. aureus skin infection

model in IL-17A/F−/− and wt mice, and skin biopsy specimens on
day 7 were evaluated for mRNA levels of these host defense
peptides. IL-17A/F−/− mice had a significant decrease in mRNA
transcript expression of calprotectin (S100A8/S100A9, P < 0.05)
and β-defensins (DEFB3, P < 0.05;DEFB4, P < 0.01; andDEFB14,
P < 0.05) but not LCN2, CAMP, REG3G, or SLURP1, compared
with wt mice (Fig. 4C). These results indicate that during an S.
aureus skin infection, IL-17A/F predominantly regulated the ex-
pression of calprotectin and mouse β-defensins 3, 4, and 14.

Vγ6+Vγ4+ γδ T Cells Clonally Expanded in LNs in Response to S. aureus
Skin Infection. Since γδ T cells were the major cellular source of
IL-17A in the lymph nodes and S. aureus-infected skin (Fig. 2),
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we set out to determine if there was clonotypic expansion of γδ
T cells (in comparison with αβ T cells) in response to the S.
aureus skin infection (Fig. 5). TCR nucleotide (nt) sequences
encoding complementarity-determining region 3 (CDR3) amino
acid sequences were mined from RNA-sequencing (RNA-seq)
datasets of day 0 (naïve) and day 28 harvested wt lymph nodes
following S. aureus skin infection. Results are reported here
following International ImMunoGeneTics (IMGT) (http://
www.imgt.org/) nomenclature (Fig. 5A). The lymph nodes of
naïve wt mice had diverse αβ and γδ T cell repertoires with no
expanded “public” (present in multiple mice) clones, although
unexpanded TRG, TRD, TRA, or TRB clones were present in
multiple animals (Fig. 5A). However, in response to the S. aureus
skin infection (i.e., day 28), in all wt mice there was a single “top”
(dominant) TRGV6 CDR3-encoding nt sequence that comprised
21% of all TRG CDR3-encoding nt sequences, with concomitant
expansion of a single top TRDV4 CDR3-encoding nt sequence
that comprised 30% of all TRD CDR3-encoding nt sequences
(Fig. 5A, Table 1, and SI Appendix, Tables S1 and S2). This ex-
panded TRGV6 nt sequence encodes the amino acid sequence
CACWDSSGFHKVF, which in this case likely pairs with the
expanded TRD4-encoded receptor CGSDIGGSSWDTRQMFF.
These TCR chains are identical to those expressed by the pre-
viously described invariant Vγ6+Vδ4+ T cells (previously re-

ferred to as Vγ6+Vδ1+ T cells according to prior nomenclature)
(46), which are resident in the female reproductive tract, lung,
and peritoneum and have been shown to preferentially expand in
a wide variety of inflammatory settings (47, 48). Interestingly, and as
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Fig. 5. Clonotypic T cell expansion in lymph nodes in response to S. aureus skin
infection. TCR complementarity-determining region 3 sequences were mined
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has been previously noted, the expanded TRGV6 CDR3 sequence
CACWDSSGFHKVF has the exact same CDR3 amino acid se-
quence as the TRGV5-encoding CDR3 sequence expressed by the
dendritic epidermal T cells (DETCs), which are Vγ5+Vδ4+ γδ
T cells that normally reside in mouse epidermis (previously referred
to as Vγ5+Vδ1+ T cells according to prior nomenclature) (49–51).
Therefore, the lymph node RNA-seq dataset was also mined for the
TRGV5 nt sequence of DETCs. Remarkably, even though the ca-
nonical TRGV5 nt sequence encoded the exact same CDR3 amino
acid sequence (CACWDSSGFHKVF) as the S. aureus-expanded
TRGV6, there was no expansion of this canonical TRGV5 nt se-
quence in response to the S. aureus skin infection, as the percentage
of TRGV5 CACWDSSGFHKVF-encoding sequences was similar
in wt and day 28 S. aureus-infected mice (0.7 and 0.9%, respectively)
(Fig. 5A and Table 1). Thus, although CACWDSSGFHKVF can be
encoded by either TRGV5 or TRGV6, only the TRGV6-encoded
sequences expand in response to S. aureus. There were also public
CDR3-encoding TRA and TRB nt sequences that were present at
low frequencies in the lymph nodes of naïve mice (i.e., below 2.5%
of the total respective CDR3-encoding nt sequences) (Fig. 5A).
However, these sequences did not expand following the S. aureus
skin infection on day 28. Moreover, on day 28, there were no public
TRA and TRB CDR3-encoding nt sequence expansions that were
greater than 2% of the total respective TRA and TRB CDR3-
encoding nt sequences in response to the S. aureus skin infection.
To determine whether there were similar expansions of the

specific TRGV6 and TRDV4 nt sequences in S. aureus-infected wt
mouse skin, we mined the RNA-seq dataset of Brady et al. (52),
which included S. aureus-infected skin of wt mice on days 0 and 7
(Table 1). This revealed that the same TRGV6 nt sequence encoding
the Vγ6 CDR3 amino acid sequence CACWDSSGFHKVF that
expanded in the lymph nodes also expanded in the S. aureus-infected
skin from 0% (day 0) to 4.6% (day 7). In addition, the same TRD4
nt sequence encoding the Vδ4 CDR3 amino acid sequence
CGSDIGGSSWDTRQMFF that expanded in the lymph nodes also
expanded in the S. aureus-infected skin from 3.8% (day 0) to 10.9%
(day 7). Interestingly, the percentage of the TRGV5 nt sequence
encoding the same CDR3 amino acid sequence as the TCR Vγ6
CDR3 amino acid sequence CACWDSSGFHKVF decreased in the
S. aureus-infected skin from 15.7% (day 0) to 6.9% (day 7) (Table 1),
which was likely in part due to the increased total TRG reads caused
by the expansion in the clonotypic TRGV6 nt sequence. Importantly,
the S. aureus-responsive TRGV6 clones that expanded in the lymph
nodes were undetectable in naïve mouse skin, at the depth of se-
quencing performed. This supports the data in Figs. 1 and 2, which
demonstrate that the immune protection is mediated by T cells that
trafficked from the lymph nodes to the S. aureus-infected skin.
Next, the diversity of TRG, TRD, TRA, and TRB CDR3-

encoding nt sequences was then evaluated by calculating their
Shannon diversity indices, which demonstrated a statistically
significant decrease in the diversity of all of the total respective
CDR3-encoding nt sequences in response to the S. aureus skin
infection on day 28, compared with naïve mice (Fig. 5B). These

data indicate that the skin-draining αβ T cell repertoire was also
altered by S. aureus skin infection, although there were no public
αβ T cell clonal expansions. Importantly, there are relatively
fewer TRG- and TRD-mapping reads in the skin-draining lymph
nodes compared with TRA- and TRB-mapping reads; however,
the proportional increase of TRG and TRD sequences (respec-
tive to total RNA-seq reads) was greater following S. aureus skin
infection (Fig. 5C). This is strong evidence to support the im-
portance of the γδ T cell clonal expansion in the S. aureus-
induced immune response.

The Clonotypic T Cell Expansion Was More Specific to S. aureus Skin
Infection. To determine whether the clonotypic TRGV6 expan-
sion was specific to S. aureus, we evaluated whether a similar
expansion occurred in response to a gram-negative skin infection
with Pseudomonas aeruginosa. P. aeruginosa induced skin lesions
that were smaller than those of S. aureus (P < 0.001) (SI Ap-
pendix, Fig. S4 A and B). However, the in vivo BLI signals of P.
aeruginosa and S. aureus peaked to a similar level on day 1 (SI
Appendix, Fig. S4 C and D). P. aeruginosa signals then decreased
more rapidly than those of S. aureus (P < 0.001). On day 28, the
lymph nodes from the S. aureus- and P. aeruginosa-infected mice
as well as naïve wt mice were harvested, RNA-seq was per-
formed, and TCR nt sequences encoding CDR3 amino acid se-
quences were mined as in Fig. 5A. From these sequences, the
percentage of TRGV6 and TRGV5 sequences encoding the same
clonotypic CDR3 amino acid sequence (CACWDSSGFHKVF)
was determined (Fig. 5D). In day 0 (naïve) mice, the clonotypic
TRGV6 and TRGV5 CDR3-encoding nt sequences represented
2.3 and 0.43% of all TRG CDR3-encoding nt sequences, re-
spectively. Similar to Fig. 5A, in response to S. aureus, the clo-
notypic TRGV6 sequence markedly expanded 13.3-fold to 30.3%
of all TRG CDR3-encoding nt sequences, whereas TRGV5 had
no expansion (i.e., 0.37%). In contrast, in response to P. aeru-
ginosa, both clonotypic TRGV6 and TRGV5 modestly increased
to 10.6 and 3.4%, respectively, of all TRG CDR3-encoding nt
sequences. Thus, following S. aureus skin infection, the ratio of
the clonotypic TRGV6 nt sequence to the clonotypic TRGV5 nt
sequence in the skin-draining lymph nodes was 81.9 compared
with 3.1 following P. aeruginosa skin infection. The latter was
similar to the ratio observed in naïve animals (5.3). Taken to-
gether, the P. aeruginosa skin infection had less specificity, as
there was a modest increase in both clonotypic TRGV6 and
TRGV5 CDR3-encoding nt sequences, whereas the S. aureus
skin infection induced a specific dominant expansion of only the
clonotypic TRGV6 CDR3-encoding nt sequences.

Vγ6+ T Cells Are the Most Abundant γδ T Cell Subset in Lymph Nodes.
Flow cytometry was used to confirm the RNA-seq data, which
indicated a marked expansion of a clonotypic population of
Vγ6+Vδ4+ γδ T cells. This confirmation is important, because
the canonical TRGV6 and TRGV5 nt sequences are known to pair
with the canonical TRD4 sequence to encode the same CDR3 amino

Table 1. TRG nt sequence alignments

Gene V J CDR3 nt sequence
CDR3 amino
acid sequence

Percentage of all CDR3 nt sequences

LN day 0 LN day 28 Skin day 0* Skin day 7*

TRG V6 J1 tgtgcatgctgggatagctcaggttttcacaaggtattt CACWDSSGFHKVF 2.8 21.1 0 4.6
TRG V5 J1 tgtgcctgctgggatagctcaggttttcacaaggtattt CACWDSSGFHKVF 0.7 0.9 15.7 6.9
TRD V4 J2 tgtgggtcagatatcggagggagctcctgggacacccgacagatgtttttt CGSDIGGSSWDTRQMFF 1.6 30.0 3.8 10.9

TRGV6, TRGV5, and TRDV4 CDR3 nucleotide sequences, gene sequence alignments (underlining indicates nucleotide differences), and respective encoded
CDR3 amino acid sequences of the different clonotypes from the TRG6, TRG5, and TRD4 CDR3 reads in Fig. 5A and Brady et al. (52). The percentage of each of
the specific TRGV6, TRGV5, or TRDV4 CDR3 nt sequences of the total number of reads of all respective TRGV6, TRGV5, or TRDV4 CDR3 nt sequences is shown
for lymph node (LN) specimens from days 0 (naïve) and 28 as well as for skin specimens of S. aureus-infected skin from days 0 and 7 from Brady et al. (52).
*Brady et al. (52).
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acid sequence of Vγ6+Vδ4+ γδ T cells and DETCs, respectively;
however, only TRGV6 and TRDV4 but not TRGV5 CDR3-encoding
nt sequences expanded. Skin-draining lymph nodes were obtained
from wt mice on 0 (naïve), 7, and 28 d following the S. aureus skin
infection, and the total numbers of Vγ6+ cells, Vγ5+ cells, and a
combined group (denoted Vγ1247+) that utilize alternative mouse
Vγ chains (i.e., Vγ1, Vγ2, Vγ4, and Vγ7) were determined by flow
cytometry [Fig. 6A; Vγ3 was not assessed because it is a pseudogene
in many mouse strains and, although it might theoretically be
functional in C57BL/6 mice, it is so rare it can be disregarded (53,
54)]. The flow cytometry gating strategy first involved gating on
live cells, followed by gating on CD3+ TCRγδ+ T cells. Since there
is no specific mAb for Vγ6+ cells, γδ T cells were labeled with a
mAb against Vγ5 (y axis, Fig. 6A; clone F536) versus γδ T cells
labeled with a combination of mAbs specific for virtually all of the
other Vγ chains except Vγ6 (Vγ1 and Vγ2, clone 4B2.9; Vγ4,
clone UC3; and Vγ7, clone GL1.7) (x axis, Fig. 6A). Vγ6+ cells had
significantly increased numbers (which steadily increased from day
0 to day 28), compared with either the Vγ1247+ cells (which
peaked on day 7 but the numbers were ∼55–80% lower than the
Vγ6+ cells) or Vγ5+ cells (which were barely detectable) (Fig. 6B).
After ex vivo PMA/ionomycin stimulation, there were also sig-
nificantly increased numbers of Vγ6+IL-17A+, Vγ6+IL-22+,
Vγ6+TNF+, and Vγ6+IL-22+ cells (which all peaked on day 7,
except for Vγ6+TNF+ cells that steadily increased and peaked on
day 28), compared with either the Vγ1247+ cells or Vγ5+ cells
(which were barely detectable) (Fig. 6 C and D). These data
confirm that of the γδ T cell subsets present in the skin-draining
lymph nodes, Vγ6+ cells represented the greatest number and the
most abundant source of IL-17A as well as IL-22, TNF, and IFNγ
after ex vivo stimulation. Further, there were barely detectable

numbers of Vγ5+ cells in the lymph nodes at all time points eval-
uated, corroborating the RNA-seq data indicating that Vγ6+ cells
rather than Vγ5+ cells were the γδ T cells that expanded in re-
sponse to the S. aureus skin infection.

Discussion
T cells and their cytokine responses have been implicated in host
defense against S. aureus infections, but whether a predominant
T cell subset can mediate protection is not entirely clear. In the
present study, we employed a mouse model of S. aureus skin
infection and found that recruited γδ T cells from lymph nodes
to the S. aureus-infected skin were critical in mediating IL-17
immune responses, including induction of neutrophil recruitment,
proinflammatory cytokines, and host defense peptides. Moreover,
the primary T cell source of IL-17 was from a population of clo-
notypic Vγ6+Vδ4+ γδ T cells expressing a single TCR CDR3 amino
acid sequence (generated from canonical TRGV6 and TRDV4 nt
sequences). Taken together, the findings provide several new and
important insights into the role and mechanisms of γδ T cells and
ensuing IL-17 responses in host defense and resolution of S. aureus
skin infections.
First, using an IL-17A/F dual-color reporter mouse strain, we

determined that recruited rather than skin-resident T cells were
required to mediate host defense against the S. aureus skin in-
fection. These results are consistent with the increasing role of IL-
17A/F–producing γδ T cells that are rapidly recruited by trafficking
through the bloodstream to sites of infection and inflammation in
the skin (32, 55–59), including to an S. aureus i.p. infection (60).
Consistent with these data, flow cytometry revealed that γδ T cells
primarily produced IL-17A in the skin-draining lymph nodes and in
the S. aureus-infected skin to a much greater extent than CD4+

T cells (i.e., Th17 cells), CD8+ T cells, ILC3s, NK cells, or myeloid
cells (Fig. 2 E and F). The trafficking of the γδ T cells to the skin
was crucial for host defense, because naïve mouse skin (day 0) had
virtually undetectable numbers of IL-17–producing γδ T cells (Fig.
2D), and provides an explanation for the impaired host defense in
mice treated with FTY720 (Fig. 1 A and B). Of note, the impair-
ments in lesion size and bacteria burden in FTY720-treated mice
occurred earlier (beginning on day 1) compared with those of IL-
17A/F−/− mice (beginning on day 3). This difference was likely due
to effects of FTY720 other than lymphocyte egress from lymph
nodes [reviewed elsewhere (61)], including monocyte egress from
the bone marrow or neutrophil recruitment to the skin that might
have contributed to host defense against S. aureus (62, 63). It
should also be mentioned that we found varying expression of IL-
17A+, IL-17F+, and IL-17A/F+ γδ and CD4+ T cells from lymph
nodes and S. aureus-infected skin by flow cytometry (Fig. 2) and γδ
and CD4+ T cells from lymph nodes of IL-17A/F dual-color re-
porter mouse strain in vitro after Th17/IL-17 polarizing conditions
(SI Appendix, Fig. S1). These findings are consistent with single-cell
sequencing of IL-17–producing γδ T cells and Th17 cells (64, 65)
and prior results using IL-17 reporter mice created by other groups
[e.g., Il17aCreR26ReYFP (66), IL-17F-CreEYFP (67), IL-17F reporter
mice (Il17fThy1.1/Thy1.1) (68), and Smart-17A mice (surface marker
for transcription-17A mice) (69)], which indicate that IL-17A and
IL-17F are often coexpressed and can be differentially induced. In
particular, differential expression of IL-17A versus IL-17F can be
induced by the activity of certain transcription factors such as
RORα versus RORγ (70), interleukin-2–inducible T cell kinase
(Itk) (71), and STAT3 versus STAT5 (72).
Second, we found that IL-17A and IL-17F had compensatory

and redundant roles in host defense during an S. aureus skin in-
fection, which is consistent with prior reports in which IL-17A and
IL-17F had redundant roles against a mucocutaneous S. aureus
infection and an adenovirus liver infection (12, 35), and differ from
other studies that found differential roles for IL-17A and IL-17F
during S. aureus pneumonia, contact hypersensitivity, autoimmune
encephalomyelitis, arthritis, and chemically induced colitis (12, 36,
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Fig. 6. γδ T cell subsets that expand in response to S. aureus skin infection.
Skin-draining lymph nodes were harvested from wt mice on days 0 (naïve), 7,
and 28 after S. aureus skin infection and flow cytometry was performed (n =
5 mice). (A) Representative flow plot of γδ T cells (first gated on live cells, then
CD3+ and TCRγδ+ cells) from day 7 labeled with mAbs against a combined
group of Vγ1, Vγ2, Vγ4, and Vγ7 (i.e., Vγ1247+) (x axis) versus a mAb against
Vγ5 (i.e., Vγ5+) (y axis). Vγ6+ γδ T cells are unlabeled (i.e., Vγ1247− Vγ5−) (Left
Lower). (B) Total number of cells ± SEM. (C) Representative flow plots of IL-
17A–, IL-22–, TNF-, and IFNγ-producing Vγ1247+, Vγ5+, and Vγ6+ γδ T cells. (D)
Total number of cells ± SEM. *P < 0.05, †P < 0.01, ‡P < 0.001, as measured by a
two-way ANOVA. Data are representative of two independent experiments.
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37). We also found that γδ T cells primarily produced IL-17A in
the S. aureus-infected skin (Fig. 2D), indicating that γδ T cell-
derived IL-17A was critical in orchestrating numerous important
cutaneous host defense mechanisms against the S. aureus skin in-
fection, including inducing neutrophil recruitment, proinflammatory
cytokine production (IL-1α, IL-1β, and TNF but not IFNγ), and host
defense peptide production (calprotectin and β-defensins mBD3,
mBD4, and mBD14 but not psoriasin, cramp, Reg3γ, or Slurp1).
Most importantly, mining of RNA-seq datasets of skin-draining

lymph nodes and infected skin in response to an S. aureus skin in-
fection (25, 52) provided new findings that add to the accepted views
of mouse γδ T cells. During development, the initial mouse γδ
T cells generated in the thymus have canonical TCRs with invariant
γ- and δ-chains (46, 51). These invariant γδ T cells disseminate to
specific anatomical sites based on the TCR γ-chain they express and
are found resident in the female reproductive tract, lung, and peri-
toneum. They have also been shown to preferentially expand in a
wide variety of inflammatory settings (47, 48). Indeed, invariant
Vγ6+Vδ4+ γδ T cells migrate during development and normally
reside in the liver, placenta, kidney, uterus, tongue, and other mu-
cosal sites (47, 48). Additionally, Vγ6+Vδ4+ cells were found to
normally reside in the dermis of mice (73). However, we found that
in response to an S. aureus skin infection, invariant Vγ6+Vδ4+ γδ
T cells expressing the same identical CDR3 amino acid sequence
expanded in skin-draining lymph nodes and infected skin of wt mice.
In particular, the canonical TRGV6 and TRDV4 nt sequences that
encoded the invariant CDR3 amino acid sequence of the Vγ6+Vδ4+
γδ T cells were found at low frequency in the skin-draining lymph
nodes before infection but expanded nearly 10- and 20-fold, re-
spectively, in response to the S. aureus skin infection (Table 1).
Moreover, the expanded Vγ6+Vδ4+ γδ T cells likely trafficked from
the lymph nodes to the infected skin to mediate host defense against
the S. aureus skin infection (0% on day 0 to 4.6% on day 7 of the
total TRG CDR3 reads in S. aureus-infected skin) (Table 1). The
canonical TRDV4 nt sequence is utilized by invariant Vγ6+Vδ4+ γδ
T cells (47, 48) as well as Vγ5+Vδ4+ DETCs that reside in mouse
epidermis (49–51). However, we found that both canonical TRGV6
and TRGV5 nt sequences were found in the TCR repertoire of
lymph nodes in naïve wt mice, but only the TRGV6 nt sequence
expanded in the day 28 lymph nodes and day 7 skin in response to
the S. aureus skin infection. The mechanism by which Vγ6+Vδ4+ γδ
T cells and Vγ5+Vδ4+ γδ T cells possessing an identical CDR3
amino acid sequence differentially expand in response to the S.
aureus skin infection is unclear. This differential result could be due
to recognition of different antigens. However, the antigen(s) that the
CDR3 amino acid sequence of Vγ6+Vδ4+ γδ T cells recognizes is
unknown (74), and DETCs are thought to recognize a stress-induced
self-antigen derived from keratinocytes (51, 75). Nonetheless, since
the CDR3 sequences are identical, the difference in expansion could
also be due to differential signaling between the TCRs composed of
Vγ6 versus Vγ5 chains or expression of costimulatory molecules,
transcription factors, and other intrinsic factors between the
Vγ6+Vδ4+ and Vγ5+Vδ4+ γδ T cells. Consistent with the potential
differences, an alternative skin infection with P. aeruginosa resulted
in modest increases of both clonotypic TRGV6 and TRGV5 nt se-
quences, suggesting that the single expansion of Vγ6+Vδ4+ T cells
might be more specific to S. aureus skin infection.
In our recent published report studying IL-1β−/− mice (25), we

found that the same CACWDSSGFHKVF CDR3 amino acid
sequence expanded in skin-draining lymph nodes; however, it was
unknown whether the expansion was encoded for by TRGV5 or
TRGV6. At the time, we had presumed that both were expanded
because the CACWDSSGFHKVF CDR3 sequence was encoded
by both of these TCR gene segments. That manuscript also
demonstrated that γδ T cells trafficked from skin-draining lymph
nodes to the infected skin during a subsequent S. aureus skin in-
fection to produce TNF and IFNγ (but not IL-17A) to mediate
host defense (25), which differs from the major role of Vγ6+Vδ4+

γδ T cell-derived IL-17A in cutaneous host defense during an initial
S. aureus skin infection in wt mice described in the present study.
To verify the RNA-seq data by an alternative method, we

performed flow cytometry and provide conclusive evidence that
Vγ6+ cells were the most abundant γδ T cell population in the
skin-draining lymph nodes that produced IL-17A as well as IL-22,
TNF, and IFNγ, which might have also contributed to host de-
fense. The precise mechanisms by which the Vγ6+ γδ T cells were
recruited to the S. aureus-infected skin are not entirely clear.
However, Vγ6+IL-17A+ T cells were likely more responsive to
chemokine-mediated recruitment, as a significantly higher per-
centage of these cells expressed CCR2, CCR5, and CCR6 com-
pared with Vγ6+IL-17A− T cells (SI Appendix, Fig. S5). Our
findings are likely broadly applicable to other types of bacterial
and fungal infections, as Vγ6+ γδ T cells have been shown to
strongly produce IL-17 and promote host defense at different sites
of infection, including i.p. exposure to S. aureus (60, 76–78). Al-
though it is unclear whether human γδ T cells (or other human
T cell subsets) are the primary source of IL-17 that induces similar
protective immunity against S. aureus skin infections in humans,
the two major populations of human circulating γδ T cells, Vδ1+
and Vδ2+, are increasingly recognized to promote antigen-specific
adaptive immunity against different microbial infections (79, 80).
The data presented in this study suggest that future investigation
into the role of human γδ T cells in host defense against S. aureus
skin infections might be warranted.
Finally, the current findings add important mechanistic un-

derstanding to previous observations of protective immunity in
experimental models of S. aureus skin infection in mice in which
IL-17 responses were shown to play an important role (10, 11, 13–
16, 20). Our current results strongly support these prior findings,
and now provide specific knowledge that the protective IL-17A–
producing T cells identified in these other studies were likely the
same specific clonotypic Vγ6+Vδ4+ T cells that we identified. This
has important implications in host defense against S. aureus
infections in the skin, and it is unknown whether the same
Vγ6+Vδ4+ T cells are also involved in protective IL-17 responses
against S. aureus bloodstream infections or in other organs (17–
19), which will be the subject of our future work. Since responses
to a vaccine often differ from natural infection, it could also be
that antigen-specific αβ T cells might traffic to the skin and pro-
vide similar IL-17–mediated protection. Indeed, αβ Th17 cells
have been previously associated with vaccine-induced protection
against skin and other S. aureus infections in mice (18, 20, 81–83).
However, as an immune evasion mechanism, S. aureus inhibits
Th17 and Th1 generation and responses (84), which is consistent
with the observed lack of expansion of TRA or TRB CDR3 se-
quence reads (Fig. 5A). Therefore, it could be that the γδ T cell
response, which was not inhibited by the S. aureus infection, could
represent a more effective response to target in future vaccines
and immunotherapies.
In summary, clonotypic Vγ6+Vδ4+ T cells trafficked from the

lymph nodes to the S. aureus-infected skin and were critical in
inducing IL-17–mediated host defense mechanisms, including
neutrophil recruitment and production of proinflammatory cyto-
kines and host defense peptides. These findings increase our
mechanistic understanding of T cell responses in immunity to S.
aureus skin infections and provide a specific clonotypic T cell
subset that could be targeted in the development of future vac-
cines and immunotherapies against S. aureus skin infections.

Methods
Bacteria. The bioluminescent S. aureus CA-MRSA strain USA300 LAC::lux was
used in all S. aureus experiments and previously generated from the well-
described USA300 LAC parent isolate obtained from a CA-MRSA skin infec-
tion outbreak in the Los Angeles County Jail (85). USA300 LAC::lux possesses a
modified luxABCDE operon from Photorhabdus luminescens, transduced into
the bacterial chromosome from the bioluminescent S. aureus strain Xen29

10924 | www.pnas.org/cgi/doi/10.1073/pnas.1818256116 Marchitto et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818256116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1818256116


(PerkinElmer), and emits bioluminescent signals from live, actively metabolizing
bacteria in all states of the S. aureus life cycle. The bioluminescent P. aeruginosa
strain Xen41 (PerkinElmer) was previously generated from thewell-characterized
PAO1 reference strain.

Preparation of S. aureus and P. aeruginosa for Skin Inoculation. See SI Ap-
pendix, Methods for details.

Mice. Six- to 8-wk-old femalemice on a C57BL/6 genetic backgroundwere used in all
experiments. C57BL/6 wt mice were obtained from the Jackson Laboratory. IL-17A/
F−/− mice were provided by Yoichiro Iwakura, University of Tokyo, Tokyo, and
generated as previously described (12). IL-17A-tdTomato/IL-17F-GFP dual-color re-
porter mice on a C57BL/6 background were generated as described below.

Generation of IL-17A/F Dual-Color Reporter Mice. A bacterial artificial chro-
mosomewasmodified to introduce two fluorescent reporter genes into the Il17
locus, which includes IL-17A and IL-17F. By homologous recombination, the
synthesis of the signal peptide of Il17a/f in the BAC was disrupted and the GFP
gene with polyA was inserted immediately after the ATG start site of Il17f,
replacing exon 1, while the tdTomato gene with poly(A) was inserted imme-
diately after the ATG start site of Il17a. BAC end-sequencing and DNA-
fingerprinting results showed that there is no rearrangement and deletion
of the BAC construct with the reporter gene. Mice on a C57BL/6 background
were generated that harbor the BAC construct. Description of the methods for
validation of the reporter mouse strain can be found in SI Appendix, Methods.

Mouse Model of S. aureus Skin Infection and Lesion Size Quantification. All
experimentswereapprovedby the JohnsHopkinsAnimalCareandUseCommittee.
This mouse model of intradermal S. aureus infection was performed as previously
described (11, 25, 29–31). Briefly, mice were anesthetized (2% isoflurane), and the
dorsal backs were shaved and injected intradermally with 3 × 107 CFUs/100 μL PBS
of CA-MRSA strain USA300 LAC::lux using a 29-gauge insulin syringe. In some
experiments, IL-17A/F dual-color reporter mice were injected intraperitoneally
with FTY720 (Sigma-Aldrich), 1 mg/kg in 100 μL sterile water on days −1, 0, and 1,
and every other day thereafter until the experiment was arbitrarily ended on day
14, according to previously described methods (25, 32). In some experiments, wt
mice were treated intraperitoneally with anti–IL-17A mAb (clone 17F3; BioXCell),
anti–IL-17F mAb (clone MM17F8F5.1A9; BioXCell), or combined anti–IL-17A and
anti–IL-17F mAb each on days −1 and 0 (200 μg/100 μL) and every other day
thereafter (100 μg/100 μL) until the experiment was arbitrarily ended on day 14,
modified from previously describedmethods (10). In other experiments, IL-17A/F−/−

mice were treatedwith recombinant IL-17A or rIL-17F (1,000 ng) that was included
with the i.d. bacterial inoculum, modified from previously described methods (11).
Total lesion size (cm2) was measured by analyzing digital photographs using
ImageJ (https://imagej.nih.gov/ij/) and a millimeter ruler as a reference.

Quantification of S. aureus by in Vivo BLI and ex Vivo CFUs. Mice were anes-
thetized via inhalation of isoflurane (2%), and in vivo BLI was performed
using a Lumina III IVIS (PerkinElmer); total flux (photons/s) was measured
within a 1 × 103-pixel circular region of interest using Living Image software
(PerkinElmer) (limit of detection, 2 × 104 photons/s). The in vivo bioluminescent
signals of USA300 LAC::lux closely approximate the ex vivo CFUs from ho-
mogenized skin obtained at different time points after infection (correlation
coefficient, R2 = 0.9996) (33). Ex vivo CFUs were enumerated from overnight
cultures of serially diluted 10-mm lesional skin punch biopsy specimens ho-
mogenized at 4 °C (Pro200 Series homogenizer; Pro Scientific).

Mouse Model of P. aeruginosa Skin Infection. See SI Appendix, Methods
for details.

Histology and Immunofluorescence Microscopy. See SI Appendix, Methods
for details.

Flow Cytometry. For skin specimens, 10-mm skin punch biopsies were minced
and placed in 3mL RPMI containing 100 μg/mL DNaseI (Sigma-Aldrich) and 1.67
Wunsch units/mL Liberase TL (Roche). Skin was digested for 1 h at 37 °C and
shaken at 140 rpm. For skin and lymph node specimens, single cells were
isolated by manually pushing grinded skin or lymph nodes with a 3-mL syringe
plunger through a 40-μm cell strainer and the cells were then washed in RPMI.
For additional flow cytometry methods, see SI Appendix, Methods.

RNA Extraction and mRNA Quantification for Gene Expression Arrays. See SI
Appendix, Methods for details.

Cytokine Protein Levels. Protein levels (pg/mg tissue weight) of IL-1α, IL-1β,
TNF, IL-17A, and IFNγ were measured from homogenized 10-mm skin punch
biopsies collected on days 0 and 7 following S. aureus skin infection by ELISA
according to the manufacturer’s recommendations (R&D Systems).

In Vivo Fluorescence Imaging of IL-17A/F–Producing Cells. Mice were anes-
thetized with inhalation isoflurane, and in vivo FLI was performed sequentially
after in vivo BLI using a Lumina III IVIS (PerkinElmer). tdTomato fluorescence was
measured using excitation 554 nm, emission 581 nm, and exposure time 0.5 s.
GFP fluorescence was measured using excitation 488 nm, emission 507 nm,
and exposure time 0.5 s. Data are presented on a color scale overlaid on a
grayscale photograph of mice and quantified as total radiant efficiency
([photons/s]/[mW/cm2]) within a circular region of interest using Living Image
software (PerkinElmer).

Analysis of Public RNA-Seq Datasets. See SI Appendix, Methods and our
previously described methods (25).

RNA Isolation, RNA-Seq and Analysis, Amplification of TCR CDR3, TCR Library
Preparation, and TCR Library Sequencing and Analysis. See SI Appendix,
Methods, ref. 86, and our previously described methods (25).

Statistical Analysis. For all data except the RNA-seq analyses, data for single
comparisons were compared using a two-tailed Student’s t test and data for
multiple comparisons were compared using a two-way ANOVA using Prism soft-
ware (GraphPad). For the RNA-seq datasets, Shannon diversity indices were cal-
culated using the “vegan” R package (87), and the Wilcoxon rank-sum test was
used for all between-group comparisons and all pairwise comparisons. Values of
P < 0.05 for all statistical comparisons were considered to be statistically significant.
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