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Regulatory T cells control Staphylococcus aureus and
disease severity of cutaneous leishmaniasis

Tej Pratap Singh%?@®, Camila Farias Amorim'@®, Victoria M. Lovins?®, Charles W. Bradley'®, Lucas P. Carvalho>*@®, Edgar M. Carvalho**®,
Elizabeth A. Grice?®, and Phillip Scott'@®

Cutaneous leishmaniasis causes alterations in the skin microbiota, leading to pathologic immune responses and delayed
healing. However, it is not known how these microbiota-driven immune responses are regulated. Here, we report that depletion
of Foxp3* regulatory T cells (Tregs) in Staphylococcus aureus-colonized mice resulted in less IL-17 and an IFN-y-dependent
skin inflammation with impaired S. aureus immunity. Similarly, reducing Tregs in S. aureus-colonized and Leishmania
braziliensis-infected mice increased IFN-y, S. aureus, and disease severity. Importantly, analysis of lesions from L. braziliensis
patients revealed that low FOXP3 gene expression is associated with high IFNG expression, S. aureus burden, and delayed
lesion resolution compared to patients with high FOXP3 expression. Thus, we found a critical role for Tregs in regulating the
balance between IL-17 and IFN-y in the skin, which influences both bacterial burden and disease. These results have clinical
ramifications for cutaneous leishmaniasis and other skin diseases associated with a dysregulated microbiome when Tregs are

limited or dysfunctional.

Introduction

Cutaneous leishmaniasis is caused by infection with the proto-
zoan parasite Leishmania, and the resulting pathology ranges
from mild cutaneous lesions to chronic non-healing and meta-
static disease. Unfortunately, there is no vaccine for this disease,
and anti-leishmania drugs are often toxic and marginally ef-
fective (Kaye and Scott, 2011; Scott and Novais, 2016; Unger
et al., 2009). While infection-induced immune responses are
critical for parasite control, they can also result in immuno-
pathology, which largely dictates the clinical presentation.
For example, while parasite control depends upon killing by
IFN-y-activated macrophages, an exaggerated immune response
leads to more severe disease (Ehrlich et al., 2014; Gonzalez-
Lombana et al., 2013; Kaye and Scott, 2011; Pandiyan et al., 2019;
Scott and Novais, 2016). Understanding the factors driving this
increased disease can provide targets for better therapy.

We and others found that increased IL-1B production pro-
motes a severe inflammatory response in cutaneous leishmani-
asis without playing a role in parasite control (Charmoy et al.,
2016; Gonzalez-Lombana et al., 2013; Novais et al., 2017; Santos
et al.,, 2018). One factor driving increased IL-1 in leishmaniasis is
bacteria associated with the skin microbiome (Gimblet et al.,
2017; Naik et al., 2012; Singh et al., 2021). Consistent with this,

we previously found that cutaneous leishmaniasis is associated
with a dysregulated skin microbiome and, in many patients,
increased Staphylococcus aureus (Amorim et al., 2023, Preprint;
Gimblet et al., 2017). In mice, we found that a dysregulated skin
microbiome promotes increased IL-1B levels and lesion severity
(Gimblet et al., 2017), and Leishmania braziliensis patients with a
high level of S. aureus in their lesions were delayed in healing
(Amorim et al., 2023, Preprint). While S. aureus can silently
colonize healthy individuals (Clegg et al., 2021), it also causes
most skin and soft tissue infections and mediates pathology in
many inflammatory dermatological diseases (Alekseyenko et al.,
2013; Fyhrquist et al., 2019; Kobayashi et al., 2015; Terui et al.,
2022). S. aureus, as well as other microbes, stimulates the IL-1 path-
way and type-17 responses that are essential for bacteria control but
also promotes increased inflammation (Brown et al., 2014; Cho
et al., 2010; Liu et al., 2017; Miller and Cho, 2011; Nakagawa
et al., 2017). These results implicate S. aureus colonization of
leishmanial lesions as an important factor promoting increased
disease. Given the potential for increased disease driven by
excessive inflammation, we hypothesized that regulatory
T cells (Tregs) would play a critical role in maintaining the
balance between inflammation and control of bacteria by
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limiting the IL-17 response. Tregs are critical for preventing
chronic dermal inflammation and, depending on the context,
can block a diverse set of immune responses (Boothby et al.,
2020; Whibley et al., 2019). Tregs are primed by bacteria in ne-
onates to promote tolerance to skin microbiota later in life, al-
though such tolerance is not initiated with S. aureus (Leech et al.,
2019; Scharschmidt et al., 2015). Most Tregs in the skin express
GATA3 and regulate Th2 responses (Boothby et al., 2021; Kalekar
et al., 2019; Wohlfert et al., 2011), although, in other contexts,
they may also regulate IL-17 and IFN-y responses (Mathur et al.,
2019; Moreau et al., 2021; Nosbaum et al., 2016). In leishmaniasis,
IL-10 limits the complete clearance of the parasites but may
also limit disease severity (Belkaid et al., 2002; Ehrlich et al.,
2014; Gonzalez-Lombana et al., 2013). While IL-10 can be
produced by Tregs, in leishmaniasis, other cells have been
shown to be the primary source of IL-10 (Anderson et al.,
2007; Bunn et al., 2018), leaving open the question of Treg’s
role in cutaneous leishmaniasis when a S. aureus dysbiosis has
developed.

In this study, we used a clinical isolate of S. aureus from a
patient infected with L. braziliensis to investigate how the host
immune response is impacted in mice colonized with S. aureus.
While skin colonization with S. aureus induced a dominant IL-17
response that exacerbated disease severity in L. braziliensis-
infected mice, it also promoted the accumulation of Tregs. We
unexpectedly found that Tregs facilitate IL-17-dependent S.
aureus immunity. Specifically, the depletion of Tregs in S.
aureus—colonized mice led to a decreased IL-17 response and
increased IFN-y, leading to epidermal damage and an in-
creased S. aureus burden. In contrast to the dominant role of
GATA3" Tregs in tissue repair and Th2 responses within the skin
(Boothby et al., 2020; Kalekar et al., 2019; Wohlfert et al., 2011),
we found that a subset of RORyt-expressing Foxp3* Tregs was
important in regulating the pathogenic type 1 response in the
context of S. aureus. Not only were Tregs contributing to the
maintenance of the IL-17 response and control of the bacterial
burden in mice colonized with S. aureus, partial reduction of
Tregs in S. aureus-colonized and L. braziliensis-infected mice in-
creased IFN-y responses, disease severity, and S. aureus burden.
Importantly, our findings appear clinically significant as a
transcriptional analysis of biopsies of lesions from L. braziliensis
patients revealed that low levels of FOXP3 transcripts were
associated with increased expression of IFNG and a delay in
healing, suggesting that variability in the number of Tregs in
patient’s lesions influence disease severity. These results un-
cover a previously unappreciated role for Tregs in regulating
opportunistic S. aureus infection by moderating IFN-y-mediated
pathology.

Results

S. aureus-induced immune responses exacerbate disease
severity in cutaneous leishmaniasis

We found that Staphylococcus species often dominate the lesional
microbiota of cutaneous leishmanial infections in both mice and
patients and can be associated with more severe disease and
delays in lesion resolution (Amorim et al., 2023, Preprint;
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Gimblet et al., 2017). S. aureus was the most frequent species
cultured from human L. braziliensis lesions and a clinical isolate
was selected for subsequent experiments to delineate how
Staphylococcus influences disease outcome (Amorim et al., 2023,
Preprint). We topically colonized mice on four consecutive days
with S. aureus to assess how the bacteria influences skin im-
mune responses (Fig. 1 A) and found that S. aureus could be
cultured from the skin for at least 30 d following colonization
(Fig. S1 A). We quantified Ifng, IlI3, and IlI7a transcripts and
found significantly higher gene expression of Il17a and Ifng but
not Il13in S. aureus-colonized mice compared with control mice
(Fig. 1 B). Next, we performed flow cytometry to identify the
cell types producing IL-17A and IFN-y (Fig. S1 B). The dominant
producers of IL-17A were y8°% T cells, although all T cell sub-
sets and innate lymphoid cells (ILCs) exhibited increased IL-17A
levels (Fig. 1, C-G and I; and Fig. S1 C). IFN-y was also increased
in S. aureus-colonized mice and was mainly found in T cells
(Fig. 1, E,F, H, and [; and Fig. S1C). In addition, the total number
of y81°% T cells, CD4 T cells, and ILCs were markedly increased
in the skin after S. aureus colonization compared with control
mice (Fig. 1]). We analyzed arrays of chemokines and cytokines
to identify genes expressed in the ear skin of S. aureus-
colonized mice. The transcripts associated with an IL-17 sig-
nature, including Ilib, Il6, IL23a, Ccl20, and Cxcll, were induced
in S. aureus-colonized skin compared with control skin (Fig. S1,
D and E). Despite these changes, S. aureus colonization without
skin injury was associated with minimum skin inflammation,
suggesting some regulation of the response to S. aureus (Fig.
S1 F). Taken together, these data indicate that despite mini-
mal skin thickening, colonization with S. aureus in the skin
induces a T cell response dominated by IL-17.

To determine whether S. aureus-colonized mice would de-
velop more severe disease in cutaneous leishmaniasis, we colo-
nized the mice with S. aureus and infected them with L.
braziliensis (Fig. 2 A). S. aureus colonization significantly aug-
mented lesion size and skin pathology following infection with
L. braziliensis (Fig. 2, B and C), consistent with previous findings
that Staphylococcus colonization exacerbates disease in cutane-
ous leishmaniasis (Gimblet et al., 2017; Naik et al., 2012). The
augmented disease was not associated with increased parasites
but was characterized by increased epidermal thickening and
infiltration of inflammatory cells in the epidermis and dermis
(Fig. 2, D and E). The absolute numbers of y8!°¥ T cells and IL-
17A*y8°% T cells were significantly increased in mice with S.
aureus compared with control groups (Fig. 2 F), with no signif-
icant changes in IFN-y-producing CD4* T cells (Fig. 2 G). We
found a significant increase in neutrophils in S. aureus-colonized
mice (Fig. 2 H), which, while required for immunity against S.
aureus (Cho et al., 2010; Miller and Cho, 2011), enhances disease
in cutaneous leishmaniasis (Boaventura et al., 2010; Goncalves-
de-Albuquerque et al., 2017; Pedraza-Zamora et al., 2017). We
found that the increase in neutrophils was dependent upon
IL-1B (Amorim et al., 2023, Preprint). Similarly, blocking IL-17
reduced the inflammation in L. braziliensis-infected and S.
aureus-colonized mice and increased the S. aureus burden
(Fig. S1 G). These results are consistent with previous studies
showing that IL-17 promotes increased disease in cutaneous
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Figure 1. Immune signature in uninjured skin after topical S. aureus colonization. (A) Clinical S. aureus isolate colonization protocol. C57BL/6 mice were
colonized with a clinical S. aureus isolate from the skin lesions of a L. braziliensis-infected patient on day 1-4 and euthanized on day 10 for ear skin collection
and analysis. MALDI TOF, Matrix-assisted laser desorption/ionization-time of flight. (B) mRNA analysis by qRT-PCR for Ifng, 113, and Il17a transcripts in S.
aureus-colonized and PBS control mice on day 10. Mean + SEM from two experiments with five mice per group. (C-F) Flow cytometry analysis of IL-17A and
IFN-y production from y8°" T cells, ILCs, CD4* T cells, and CD8* T cells in uncolonized (PBS, control) and S. aureus-colonized mice on day 10. Representative of
two experiments with 9-10 mice per group. Numbers in contour plots indicate the percent of cells within the gates. (G) Absolute numbers of IL-17A-producing
y8°¥ T, ILCs, CD4* T, CD8"* T, and CD4~CD8" T cells in uncolonized (PBS, control) and S. aureus-colonized mice on day 10. Mean + SEM from two experiments
with 9-10 per mice group. (H) Absolute numbers of IFN-y-producing CD4* T, CD8* T, and CD4-CD8" T cells in uncolonized (PBS, control) and S. aureus-
colonized mice on day 10. Mean + SEM from two experiments with 9-10 mice per group. (1) Contribution of IL-17A and IFN-y from T cells and ILCs within the
ear skin of S. aureus-colonized mice at day 10. Absolute numbers were used to create the chart. Two experiments with 9-10 mice per group. (J) Absolute
numbers of y8°% T cells, ILCs, CD4* T, CD8* T, and CD4-CD8" T cells in uncolonized (PBS, control) and S. aureus—colonized mice on day 10 by flow cytometry.
Mean + SEM from two experiments with 9-10 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant P values by two-
tailed unpaired Student’s t test with Welch’s correction are indicated in the figure.

leishmaniasis (Gonzalez-Lombana et al., 2013; Lopez Kostka
et al., 2009; Singh et al., 2021). To determine if these results
were unique to S. aureus and L. braziliensis, we also tested if S.
aureus promoted increased IL-17 and disease using a TLR7-
ligand-induced dermatitis model (Fig. 2 I), which promotes
skin inflammation through IL-23-dependent IL-17 secretion
(van der Fits et al., 2009). We similarly found enhanced skin
inflammation in S. aureus-colonized mice and increased y§'»
T cells and IL-17 production by y§* T cells (Fig. 2, J-L). To-
gether, these studies extend our previous work, demonstrating
that S. aureus promotes increased disease.

Singh et al.
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Foxp3 Tregs limit cutaneous inflammation and

S. aureus abundance

Alarge percentage of the CD4" T cells present in the skin of mice
and humans are Foxp3*, where they inhibit autoimmunity and
promote tissue maintenance (Boothby et al., 2020; Gouirand
et al., 2022; Whibley et al., 2019). Since S. aureus colonization
alone induced minimal inflammation, we hypothesized that
Tregs might be critical to limit inflammation mediated by IL-17.
Consistent with this, we observed an accumulation of Tregs in
the skin of S. aureus-colonized mice compared with control
mice (Fig. 3 A), and the number of Ki67* Tregs were also
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Figure 2. S. aureus augments pathology of cutaneous leishmaniasis and dermatitis. (A) Clinical S. aureus colonization and L. braziliensis infection protocol.
C57BL/6 mice were colonized with S. aureus on days 1-4 and then on day 10 (week 0) mice were infected with L. braziliensis. Mice were euthanized at week 6
for tissue collection and analysis. (B and C) Pathology score (B) or ear thickness (C) of S. aureus-colonized or PBS control mice infected with L. braziliensis was
assessed. Mean + SD representative of two experiments with five mice per group. (D) H&E-stained ear sections of S. aureus—colonized or PBS control mice
infected with L. braziliensis at week 6. Scale bar = 200 pm. (E) Parasite load in S. aureus-colonized or PBS control mice infected with L. braziliensis at week 6.
Representative of two experiments with five mice per group. (F) Absolute numbers of y5'°% T cells and IL-17A*y8°" T cells of S. aureus—colonized or PBS
control mice infected or non-infected with L. braziliensis. Mean + SEM representative of two experiments with three to five mice per group. (G) Absolute
numbers of IFN-y*CD4* T cells of S. aureus-colonized or PBS control mice infected or non-infected with L. braziliensis. Mean + SEM representative of two
experiments with three to five mice per group. (H) Absolute numbers of CD11b*Ly6G* cells of S. aureus—colonized or PBS control mice infected or non-infected
with L. braziliensis. Mean + SEM representative of two experiments with four to five mice per group. (I) S. aureus colonization and TLR7-L (imiquimod)
treatment protocol. 6-wk-old C57BL/6 mice were colonized with S. aureus at days 1-4 and then treated with TLR7-L every day for 3 d (days 10, 11, and 12). Mice
were euthanized on day 14 for tissue collection and analysis. (J) Skin thickness measurement of S. aureus-colonized or PBS control mice treated with TLR7-L.
Mean + SD representative of two experiments with five mice per group. (K and L) Absolute numbers of y§'o¥ T cells and IL-17A*y8'*" T cells of S. aureus-
colonized or PBS control mice treated or non-treated with TLR7-L. Mean + SEM representative of two experiments with three to five mice per group. *P < 0.05,
**P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant P values by two-tailed unpaired Student’s t test with Welch'’s correction are indicated in
the figure.

increased in S. aureus-colonized mice (Fig. 3, B and C). Pheno- long-term absence of Tregs leads to autoimmunity, a transient
typically, Foxp3* Tregs expressed ICOS, CTLA4, and CD25 but lack of Tregs does not induce skin inflammation (Al et al., 2017;
not ST2 (Fig. 3 D). These data suggest that S. aureus colonization ~ Hartwig et al., 2018). We treated the mice with DT (Fig. 3 E) and
increases the peripheral accumulation of proliferative Tregs found that S. aureus burdens were substantially increased in
in the skin. To determine if Tregs impact immune responses these mice (Fig. 3 F), both in the epidermis and dermis
in S. aureus-colonized mice, we transiently depleted Tregs (Fig. 3 G), and led to the dissemination of S. aureus to the skin-
using Foxp3-DTR transgenic mice, which express the diph- draining lymph node (Fig. 3 H). In addition, depletion of Tregs
theria toxin receptor (DTR) under the control of Foxp3 pro- resulted in compromised skin barrier integrity as measured
moter (Kim et al., 2007). Foxp3 is expressed by CD4 T cells (Fig. by transepidermal water loss (Fig. 3 I) and an increase in skin
S2 A), and treatment with diphtheria toxin (DT) in Foxp3-DTR thickness, epidermal damage, and inflammatory cell infil-
mice allows for inducible depletion of Foxp3* Tregs. While the tration into the skin as compared with Treg-sufficient mice
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Figure 3. Depletion of Foxp3* Tregs facilitates S. aureus growth and spontaneous inflammation. C57BL/6 mice were colonized with a clinical S. aureus as
in Fig. 1 A and euthanized on day 10 for ear skin collection and analysis. (A) Absolute numbers of Foxp3* Tregs in the skin of PBS and S. aureus-colonized mice
on day 10. Mean + SEM representative of two experiments with five mice per group. (B and C) Percent (B) and number (C) of Ki67*Foxp3* Tregs in the skin of
PBS and S. aureus-colonized mice at day 10. Mean + SEM representative of two experiments with five mice per group. Numbers in contour plots indicate the
percent of cells within the gates. (D) Analysis of ICOS, ST2, CTLA4, and CD25 expression on Foxp3* Tregs. Representative of two experiments with six mice per
group. Numbers in contour plots indicate the percent of cells within the gates. (E) S. aureus colonization protocol in Foxp3* Treg-depleted or non-depleted
Foxp3-DTR mice. Mice were colonized on days 1-4 and euthanized on day 10 for ear skin collection and analysis. Mice received DT on days -1, 2, 4,
and 6. (F) CFUs of S. aureus at day 10 from the ear skin of S. aureus-colonized Foxp3-DTR mice depleted (Foxp3* Treg~) or not (Foxp3* Treg*) of
Foxp3* Tregs by DT treatment. Representative of two experiments with five mice per group. (G) CFUs of S. aureus at day 10 from the dermis (Der) and
epidermis (Epi) ear skin of S. aureus—colonized Foxp3-DTR mice depleted or not of Tregs by DT treatment. Representative of two experiments with
five mice per group. (H) CFUs of S. aureus at day 10 from the skin-draining lymph node of S. aureus-colonized Foxp3-DTR mice depleted or not of
Tregs by DT treatment. Representative of two experiments with five mice per group. (1) Transepidermal water loss (TEWL) in S. aureus—colonized Foxp3-
DTR mice depleted or not of Tregs by DT treatment. Representative of two experiments with four to five mice per group. (J) Ear thickness measurement in
Foxp3-DTR mice depleted or not of Tregs by DT treatment, with and without S. aureus colonization. Mean + SD representative of two experiments with
five mice per group. (K) H&E-stained sections of Foxp3* Treg cells non-depleted (Foxp3* Treg*) and depleted (Foxp3* Treg~) Foxp3-DTR mice colonized
with S. aureus or non-colonized PBS control mice. Scale bar = 200 um. (L) Ear thickness measurement in Foxp3-DTR mice depleted of Tregs and
colonized with different clinical S. aureus isolates from L. braziliensis patients. Mean + SD representative of two experiments with five mice per group.
(M) CFUs of different clinical S. aureus isolates on day 10 from the ear skin of S. aureus-colonized, Treg non-depleted (Foxp3* Treg*) and depleted
(Foxp3* Treg~) in Foxp3-DTR mice. Representative of two experiments with four mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. Significant P
values by two-tailed unpaired Student’s t test with Welch’s correction, except L, which is one-way ANOVA with Dunnett’s multiple correction, are
indicated in the figure.
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(Fig. 3, ] and K). These results suggest that Foxp3* Tregs not
only limit tissue damage but also may play a critical role in
limiting colonization by opportunistic bacteria. To investigate
if the inflammatory responses we observed in the absence of
Tregs were limited to one specific isolate of S. aureus, we colo-
nized Treg-depleted mice with additional S. aureus isolates from
L. braziliensis patients. While there were slight differences in the
degree of inflammation as assessed by ear thickness, all the
strains promoted increased skin thickening and were associated
with increased S. aureus levels in Treg-depleted mice (Fig. 3, L
and M). These results suggest that Tregs limit opportunistic
bacterial colonization and tissue damage.

Foxp3* Tregs control a pathogenic type 1 immune response

To understand how Tregs were influencing S. aureus levels, we
performed flow cytometry on cells from the skin of Treg-
depleted and Treg-sufficient mice after S. aureus colonization.
In S. aureus—colonized, Treg-depleted mice, we found a higher
accumulation of CD4* and CD8* T cells compared with Treg-
sufficient mice but no differences in the number of y&low
T cells (Fig. 4 A). S. aureus-colonized, Treg-depleted mice also
had a higher percentage of CD4* and CD8* T cells compared with
controls (Fig. 4 B). To investigate if the absence of Tregs im-
pacted the IL-17 and IFN-y responses that we observed in S.
aureus—colonized mice, we analyzed cytokine production from
T cells by flow cytometry. Since we previously found that
blocking IL-10 led to an IL-17-dependent increase in disease in
leishmaniasis, we expected a similar response when we depleted
Tregs (Gonzalez-Lombana et al., 2013) as Foxp3* Tregs in the
skin can produce IL-10 (Fig. S2 B). Instead, we found that Treg
depletion decreased IL-17 from y8'°" and CD4 T cells (Fig. 4,
C-F). Expression of other pathogenic cytokines, including GM-
CSF, IL-22, and TNFa, were not significantly increased (Fig. S2
C). In contrast to IL-17, the number and percentage of IFN-
y-producing cells were significantly increased in CD4 and CD8
T cells, with a more moderate increase in IL-5 and IL-13 ex-
pression, compared with controls (Fig. 4, C-H; and Fig. S2 D).
Consistent with the increased IFN-y, we found that a high per-
centage of CD4 and CD8 T cells expressed T-bet (Fig. 4 I). We also
found that Treg depletion led to an increase in monocytes
(Fig. 4J). Since IFN-y and IL-17 are known to crossregulate each
other (Hu and Ivashkiv, 2009), it was possible that the increased
levels of IFN-y were responsible for the diminished IL-17 re-
sponse. If this was the case, depletion of IFN-y in S. aureus-
colonized mice without Treg depletion might increase the IL-17
response and lead to better control of S. aureus. To test this, we
colonized IFN-y-deficient mice (IFN-y~/-) with S. aureus and
assessed IL-17 responses and found that IFN-y~/~ mice produced
higher levels of IL-17 with increased numbers of y8°% T cells and
IL-17-producing y8°" T cells in the skin, but not an increase in
IL-17-producing CD4 T cells or ILCs (Fig. 4, K-M; and Fig. S2 E)
without impacting the number of Foxp3* Tregs (Fig. S2 F). The
absence of both IFN-y and Tregs led to greater IL-17 induction,
suggesting that Tregs also play a role in regulating IL-17 in S.
aureus-colonized mice (Fig. S2 G). We also observed a significant
decrease in S. aureus in the IFN-y~/~ mice (Fig. 4 N), which we
believe is due to the increased production of IL-17. We confirmed
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our results in knockout mice by treating S. aureus-colonized
mice with anti-IL-17 or anti-IFN-y antibodies. Like IFN-y~/-
mice, we observed decreased S. aureus burdens in anti-IFN-y
treated mice compared with control mice, while mice treated
with anti-IL-17 exhibited a higher S. aureus burden (Fig. 4 O).
These data highlight a crucial role for Tregs in blocking a
pathogenic type 1 immune response, thereby facilitating a strong
IL-17 response that can control S. aureus.

IFN-y mediates increased inflammation, epidermal damage,
and S. aureus burden

We hypothesized that the increased production of IFN-y not
only limited IL-17 responses but was mediating the increased
severity of disease in S. aureus-colonized mice when Tregs were
depleted. To test this, we neutralized IFN-y in S. aureus-
colonized mice depleted of Tregs. Blocking IFN-y significantly
reduced skin thickening and histological alterations we observed
in control mice (Fig. 5, A and B). As anticipated, the number of
IL-17-producing y8!°% T cells was restored in S. aureus-colonized
and Treg-depleted mice after IFN-y neutralization (Fig. 5 C).
Additionally, blocking IFN-y significantly reduced the number
of CD4 T cells, CD8 T cells, and monocytes in S. aureus-colonized
and Treg-depleted mice (Fig. 5 C). In addition, the transcripts
associated with an IL-17 signature Il6, Ccl20, S100a8, and Cxcll
were increased after IFN-y neutralization in Treg-depleted mice
(Fig. 5 D). Further demonstrating the role of IL-17 in control of S.
aureus, neutralization of IFN-y in the absence of Tregs reduced
the bacterial burden and migration of bacteria to the lymph node
(Fig. 5 E). Since IFN-y induces keratinocyte (KC) apoptosis and
can enhance cell-mediated cytotoxicity (Rebane et al., 2012; Shao
et al., 2019; Viard-Leveugle et al., 2013), we tested if the in-
creased production of IFN-y when Tregs are depleted in S.
aureus—colonized mice might be promoting increased cell death.
We observed significantly more dead epidermal cells in Treg-
depleted mice compared with Treg-sufficient mice colonized
with S. aureus (Fig. 5, F and G), and blocking IFN-y increased the
survival of the epidermal cells (Fig. 5, F and G). Furthermore,
in vitro-treated primary human KCs with IFN-y led to cell death
in S. aureus-exposed KCs compared with control (Fig. 5 H).
These data suggest that excess IFN-y is directly involved in
promoting epidermal destruction leading to S. aureus invasion/
infection.

Foxp3* Treg cells expressing RORyt control type 1

immune responses

Microbiota-dependent Foxp3* Tregs are heterogeneous and
comprise subsets uniquely poised to control specific immune
responses (Pandiyan et al., 2019; Whibley et al., 2019). In normal
skin, most Tregs express the transcription factor GATA3 and are
involved in controlling skin fibrosis, wound healing responses,
and barrier repair (Kalekar et al., 2019; Whibley et al., 2019;
Wohlfert et al., 2011). To investigate the impact of S. aureus
colonization on the phenotype of Tregs in the skin, we per-
formed flow cytometry to quantify subsets of Tregs in S.
aureus—colonized mice. As expected, most Tregs in the skin of
control mice expressed GATA3. However, the number of Tregs
expressing RORyt significantly increased in S. aureus-colonized
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Figure 4. Depletion of Foxp3* Treg cells amplified type 1 immune responses. C57BL/6 mice were colonized with a clinical S. aureus as in Fig. 1 A and
euthanized on day 10 for ear skin collection and analysis. (A) Absolute numbers of CD4* T, CD8* T, and y8'** T cells in Treg non-depleted (Foxp3* Treg*) and
Treg-depleted (Foxp3* Treg™) Foxp3-DTR mice colonized with S. aureus or PBS control mice. Mean + SEM representative of two experiments with three to five
mice per group. (B) Pie chart showing percent contribution of T cells and ILCs in Treg non-depleted (Foxp3* Treg*) and Treg-depleted (Foxp3* Treg~) Foxp3-
DTR mice colonized with S. aureus. Absolute numbers were used to create the chart. Two experiments with three to five mice per group. (C) IL-17A and IFN-y
production from y8°" T cells in S. aureus-colonized, Treg-depleted (Foxp3* Treg™) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Representative of two
experiments with three to five per group. Numbers in contour plots indicate the percent of cells within the gates. (D) Absolute numbers of IL-17A*y8'" T cells
in PBS control and S. aureus-colonized, Treg-depleted (Foxp3* Treg~) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Mean + SEM representative of two
experiments with three to five mice per group. (E) IL-17A and IFN-y production from CD4* T cells in S. aureus-colonized, Treg-depleted (Foxp3* Treg~) and non-
depleted (Foxp3* Treg*) Foxp3-DTR mice. Representative of two experiments with three to five mice per group. Numbers in contour plots indicate the percent
of cells within the gates. (F) Absolute numbers of IFN-y*CD4* T and IL-17A*CD4* T in PBS control and S. aureus—colonized, Treg-depleted (Foxp3* Treg~) and
non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Mean + SEM representative of two experiments with three to five mice per group. (G) IL-17A and IFN-y
production from CD8* T cells in S. aureus—colonized, Treg-depleted (Foxp3* Treg~) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Representative of two
experiments with three to five mice per group. Numbers in contour plots indicate the percent of cells within the gates. (H) Absolute numbers of IFN-y*CD8* T
in PBS control and S. aureus-colonized, Treg-depleted (Foxp3* Treg~) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Mean + SEM representative of two
experiments with three to five mice per group. (I) T-bet expression in IFN-y*CD4 and IFN-y*CD8 T cells in S. aureus-colonized, Treg-depleted (Foxp3* Treg")
Foxp3-DTR mice. Representative of two experiments with three to five per group. Numbers in contour plots indicate the percent of cells within the
gates. (J) Absolute numbers of monocytes (CD11b*Ly6C*) by flow cytometry in Treg non-depleted (Foxp3* Treg*) and -depleted (Foxp3* Treg~) Foxp3-
DTR mice colonized with S. aureus or non-colonized PBS control mice. Mean + SEM representative of two experiments with three to five mice per group.
(K) Flow cytometry analysis of IL-17A and IFN-y production from y§'® T cells in uncolonized (PBS, control) and S. aureus-colonized wild-type and IFN-y~/~ mice at
day 10. Representative of two experiments with four mice per group. Numbers in contour plots indicate the percent of cells within the gates. (L and M) Absolute
numbers of y8!°% T cells and IL-17A*y8'°" T cells in uncolonized (PBS, control) and S. aureus-colonized wild-type and IFN-y=/~ mice at day 10. Mean + SEM
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representative of two experiments with four mice per group. (N) CFUs of S. aureus in the ear skin of control (PBS) and S. aureus-treated WT and IFN-y~/~
mice at day 10. Mean + SEM representative of two experiments with three mice per group. (0) CFUs of S. aureus in the ear skin of control (PBS), IgG, anti-IL-17,
and anti-IFN-y treated mice. Wild-type mice were colonized with S. aureus at days 1-4 and killed on day 10 for analysis. Injection of anti-IL-17A or anti-IFN-y was
performed on days 0, 2, 4, and 7. From two experiments with five mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant
P values by two-tailed unpaired Student’s t test with Welch’s correction are indicated in the figure.

skin compared with control mice (Fig. 6 A). To determine if the
Tregs controlling the pathogenic type 1 response were RORyt",
we generated mice that lacked RORyt in Foxp3* Treg cells and
colonized them with S. aureus (Fig. 6 B). Similar to total deple-
tion of Foxp3* Tregs, the number of CD4 T cells, CD8 T cells, and
monocytes were increased in Foxp3°*® RORyt!/l mice compared
with RORyt"fl mice after S. aureus colonization (Fig. S3 A).
Further, after S. aureus colonization, mice that lack RORyt in
Foxp3* Tregs produced high levels of IFN-y from CD4 T and CD8
T cells in the skin compared with mice that express RORyt in
Foxp3* Tregs (Fig. 6, C-F; and Fig. S3 B). In contrast, IL-17 pro-
duction from CD4 T cells and y8°" T cells was significantly
decreased in Foxp3©"RORyt/fl compared with RORyt?/f mice
(Fig. 6, C-E, G, and H; and Fig. S3 C). We found that RORyt
deletion did not induce IL-17A or IFN-y in Foxp3Yf?* Tregs or
change the number of Foxp3* Treg cells after S. aureus coloni-
zation (Fig. S3, D-F). Our results are in contrast to the deletion of
RORyt in colonic Foxp3* Treg cells, which led to the production
of inflammatory cytokines (Bhaumik et al., 2021). Similar to the
results we observed in complete Treg depletion, mice that lack
RORyt in Foxp3* Treg cells developed significantly greater skin
inflammation and histological alterations compared to mice that
expressed RORyt in Tregs after S. aureus colonization (Fig. 6, I
and]). We also observed a higher S. aureus burden on the skin of
Foxp3°**RORyt!fl compared with RORyt?/ mice (Fig. 6 K).
These results suggest that RORyt expression in Tregs is essential
in regulating the IFN-y from effector T cells in skin colonized
with S. aureus.

Chronic reduction of Foxp3* Treg cells promotes increased
disease severity and S. aureus colonization in cutaneous
leishmaniasis

Based upon the preceding findings, we hypothesized that a re-
duction in Tregs would promote increased IFN-y-associated
pathology and higher levels of S. aureus in cutaneous leish-
maniasis. Since chronic depletion of all Tregs in mice leads to
autoimmunity (Hu et al., 2021; Kim et al., 2007), we utilized
female heterozygous Foxp3-DTR mice that contain one copy of
DTR transgene and one copy of the normal endogenous Foxp3
allele. In these heterozygous Foxp3-DTR (Foxp3-DTR*/~) mice,
only ~50% of the Foxp3* Treg cells are subjected to DT-mediated
depletion (Kalekar et al., 2019). We topically colonized the mice
with S. aureus as before, infected them with L. braziliensis on day
10, and treated them with DT once a week for 5 wk. We found
that both lesion size and the pathology in S. aureus-colonized
mice infected with L. braziliensis were significantly increased
after the reduction of Tregs compared with all other groups,
without any changes in the parasite burden (Fig. 7, A-C). Sim-
ilarly, assessment of histological sections and flow cytometry
analysis revealed that epidermal damage and infiltration of cell
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infiltrates were increased in L. braziliensis-infected and S.
aureus-colonized mice after the reduction of Tregs (Fig. 7 D and
Fig. S4). While we could not deplete IFN-y due to its role in
controlling the parasites, we found that IFN-y-producing aff
T cells in S. aureus-colonized mice infected with L. braziliensis
were increased after reduction of Tregs compared with intact
Tregs groups (Fig. 7 E). However, the mRNA transcripts of Ill7a
were decreased after reduction of Tregs compared with controls
(Fig. 7 F). Finally, S. aureus levels were significantly higher in
lesions when mice were partially depleted of Tregs (Fig. 7 G).
Together, these results reveal a significant role for Tregs in
moderating IFN-y-mediated disease and opportunistic bacterial
infection in cutaneous leishmaniasis.

Low FOXP3 expression is associated with enhanced IFNG,

S. aureus abundance, and delayed healing in human

cutaneous leishmaniasis

To assess the role of Tregs in human leishmaniasis, we took
advantage of a whole transcriptome dual RNA sequencing (RNA-
seq) dataset from lesion biopsies of L. braziliensis-infected pa-
tients (Amorim et al., 2023, Preprint). In this dataset, transcripts
were mapped to the human transcriptome to estimate host gene
expression and non-human transcripts were mapped to S. aureus
to estimate S. aureus transcriptional abundances (Fig. 8 A). Using
FOXP3 as a unique marker for Treg cells (Fig. S5, A-C), we
stratified the L. braziliensis lesions according to FOXP3 expression
into FOXP3h9" and FOXP3* groups (Fig. 8 B). To investigate
whether the magnitude of FOXP3 expression impacted the whole
transcriptional gene expression patterns, we performed an un-
supervised principal component analysis and found that FOXP3"ish
lesions presented distinct whole transcriptome profiles and
clustered separately from FOXP3"¥ lesions, P < 0.01 (Fig. 8 C).
We performed differential gene expression analyses between
FOXP3!» and FOXP3"9" lesions and observed a total of 136 genes
overrepresented in FOXP3* lesions. Included in this gene list
were IFNG and genes encoding for cytolytic activity, such as
PRFI and GZMB, which we have previously associated with
treatment failure in L. braziliensis patients (Amorim et al., 2019).
In the genes overrepresented in FOXP3g" lesions, Gene Ontology
(GO) analysis revealed enrichment for responses to wounding,
skin healing, and structural skin formation (Fig. 8 D and Fig.
S5 D). Since our murine data suggested an association between
Tregs, S. aureus colonization, and IFN-y levels, we evaluated the
association between S. aureus, FOXP3, and IFNG transcripts from
the dual RNA-seq dataset. The samples were divided into S.
aureus-high and S. aureus-low lesions based on a comparison
with the quantities detected in healthy, intact skin samples
(Fig. 8 E). The S. aureus-high lesions exhibited decreased FOXP3
expression compared with the S. aureus-low lesions (Fig. 8 F),
consistent with our murine studies suggesting that high levels of
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Figure 5. Excessive IFN- y promotes inflammation, S. aureus growth, and barrier damage. (A) Ear thickness measurement in IgG or anti-IFN-y treated
PBS control and S. aureus-colonized, Treg-depleted (Foxp3* Treg~) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Mice were colonized with S. aureus on
days 1-4 and euthanized on day 10 for analysis. Injection of anti-IFN-y was performed on days 0, 2, 4, and 7. DT was administered on days -1, 2, 4, and 6. Mean
+ SD representative of two experiments with five mice per group. (B) H&E-stained sections of non-depleted (Foxp3* Treg*) S. aureus-colonized mice or IgG or
anti-IFN-y treated S. aureus—colonized, Treg-depleted (Foxp3* Treg~) Foxp3-DTR mice. Scale bar = 200 pm. (C) Absolute numbers of IL-17A*y8'" T cells, IL-
17A*CD4 T cells, IL-17A*ILCs, CD4 T cells, CD8 T cells, and CD11b*Ly6C* monocytes in IgG or anti-IFN-y treated S. aureus-colonized, Treg-depleted (Foxp3*
Treg™) Foxp3-DTR mice. Mean + SEM representative of two experiments with four mice per group. (D) mRNA analysis of 116, Ccl20, S100a8, and Cxcll in the skin
of IgG or anti-IFN-y treated S. aureus-colonized, Treg-depleted (Foxp3* Treg~) Foxp3-DTR mice. Mean + SEM from two experiments with six mice per group.
(E) CFUs of S. aureus in the ear skin and draining lymph node of non-depleted (Foxp3* Treg*) S. aureus—colonized mice or IgG or anti-IFN-y treated S.
aureus-colonized, Treg-depleted (Foxp3* Treg™) Foxp3-DTR mice. Representative of two experiments with five mice per group. (F) Analysis of Epcam* dead
epidermal cells by flow cytometry in the epidermis of non-depleted (Foxp3* Treg*) S. aureus-colonized or IgG or anti-IFN-y treated S. aureus-colonized, Treg-
depleted (Foxp3* Treg~) Foxp3-DTR mice. Cells gated on CD45~ cells from the epidermis. Representative of two experiments with three to four mice per group.
Numbers in contour plots indicate the percent of cells within the gates. (G) Absolute numbers of live CD45~Epcam* cells and CD45~ dead cells in the epidermis
of IgG or anti-IFN-y treated S. aureus-colonized, Foxp3* Treg cells-depleted (Foxp3* Treg~) and non-depleted (Foxp3* Treg*) Foxp3-DTR mice. Mean + SEM
from two experiments with three to four mice per group. (H) Flow cytometry analysis of percent of propidium iodide (PI) positive human primary KCs were
exposed to S. aureus for 18 h and then cultured with or without IFN-y for 48 h at which time cells were collected for cytometric analysis. Mean + SEM from two
experiments with three to five mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant P values by two-tailed unpaired
Student’s t test with Welch’s correction, except for H, which is one-way ANOVA with Tukey’s multiple comparisons test, are indicated in the figure.

Tregs limit S. aureus infections in lesions. Also similar to murine responses to wound healing (Fig. 8 G), similar to the enrichment
studies, we found that S. aureus-high lesions had higher levels of  for wound healing genes seen in FOXP3 high-expressing lesions
IFNG transcripts (Fig. 8 F) and transcripts associated with cell (Fig. 8 D). Finally, we investigated whether Tregs might in-
killing/cytolysis (Fig. 8 G) than S. aureus-low lesions. Addition- fluence the response to drug treatment in L. braziliensis pa-
ally, S. aureus-high lesions exhibited a decreased enrichment for ~ tients. We utilized metadata associated with the RNA-seq
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Figure 6. RORyt*Foxp3* Tregs control type 1immune responses. (A) Absolute numbers of Foxp3* Tregs expressing the transcription factor RORyt, GATA3,
or T-bet in PBS control and S. aureus-colonized mice. Wild-type mice were colonized with S. aureus on days 1-4 and euthanized on day 10 for analysis. Mean +
SEM from two experiments with seven mice per group. (B) Schematic representation of S. aureus colonization protocol in RORyt" and Foxp3<RORyt/ mice.
Mice were colonized with S. aureus on days 1-4 and euthanized on day 10 for analysis. (C) Flow cytometry analysis of IL-17A and IFN-y production from CD4*
T cells in S. aureus-colonized RORyt/fl and Foxp3<eRORytf!/f mice. Representative of two experiments with four to five mice per group. Numbers in contour
plots indicate the percent of cells within the gates. (D) Absolute numbers of IFN-y*CD4* and IL-17A*CD4* T cells in S. aureus—colonized RORyt™!" and
Foxp3<eRORytM mice. Mean + SEM from two experiments with four to five mice per group. (E) Flow cytometry analysis of IL-17A and IFN-y production from
CD8* T cells in S. aureus—colonized RORytf! and Foxp3<eRORyt/f mice. Representative of two experiments with four to five mice per group. Numbers in
contour plots indicate the percent of cells within the gates. (F) Absolute numbers of IFN-y*CD8* T cells in S. aureus—colonized RORyt/f and Foxp3<eRORytf
mice. Mean + SEM from two experiments with four to five mice per group. (G) Flow cytometry analysis of IL-17A and IFN-y production from y§'o¥ T cells in S.
aureus—colonized RORytf and Foxp3<eRORytf! mice. Representative of two experiments with four to five mice per group. Numbers in contour plots indicate
the percent of cells within the gates. (H) Absolute numbers of IL-17A*y8'*% T cells and IFN-y*y&8'°* T cells in S. aureus-colonized RORyt" and Foxp3<eRORyt/f
mice. Mean + SEM from two experiments with four to five mice per group. (I) Ear thickness measurement of PBS control and S. aureus-colonized RORytf and
Foxp3eRORyt/M mice. (J) H&E-stained sections of S. aureus-colonized RORyt" and Foxp3<sRORyt/f mice. Scale bar = 200 um. Mean # SD representative of
two experiments with three to five mice per group. (K) CFUs of S. aureus—colonized RORyt"f! and Foxp3<eRORyt" mice on day 10. Mean + SEM representative
of two experiments with four to five mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant P values by two-tailed
unpaired Student’s t test with Welch'’s correction, except for A, which is one-way ANOVA with Tukey’s multiple comparisons test, are indicated in the figure.

dataset (Amorim et al., 2023, Preprint) and assessed healing
times in patients with high and low FOXP3 transcripts. We
found that patients with high FOXP3 levels healed faster than
those with low FOXP3 levels (Fig. 8 H). These data suggest that,
as in our mouse model, Tregs are critical in limiting pathologic
levels of IFN-y that promote tissue damage and S. aureus colo-
nization in patients.

Discussion
The commensal microbiota provides signals that maintain skin
function and integrity and promotes increased inflammation
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when dysregulated. Using a combination of human and murine
studies, we previously found that lesions associated with cuta-
neous leishmaniasis exhibited significant changes in the types
and abundance of bacteria and found that these changes pro-
mote increased pathology (Gimblet et al., 2017). Here, colonizing
mice with S. aureus isolates obtained from L. braziliensis patients,
we show that Tregs moderate bacteria-induced pathologic re-
sponses and limit the abundance of S. aureus. Thus, in the ab-
sence of Tregs, mice developed a robust IFN-y response that led
to a skin barrier defect, increased cell death, decreased IL-17
responses, and invasion of S. aureus beyond the skin. Consistent
with these murine studies, using an RNA-seq dataset of lesions
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Figure 7. Impact of reduced Foxp3* Tregs in S. aureus-colonized and L. braziliensis-infected mice. Foxp3-DTR heterozygous female mice were colonized
on days 1-4 and then on day 10 (week 0). Mice were infected with L. braziliensis in one ear as in Fig. 2 A and euthanized at week 6 for analysis. Mice treated with
DT at weeks 0, 1,2, 3, 4, and 5 to chronically reduce the Foxp3* Tregs. (A and B) Pathology score and change in ear skin thickness of different treatment groups
of treated (+DT) and non-treated (~-DT) Foxp3+DTR mice. Mean + SD representative of two experiments with five mice per group. (C) Parasite load in S. aureus or
PBS control mice infected with L. braziliensis and treated (+DT) or untreated (~DT) with DT. Representative of two experiments with five per group. (D) H&E-stained
sections of ear skin of S. aureus-colonized and L. braziliensis-infected Foxp3-DTR heterozygous female mice treated (+DT) or untreated (~DT) with DT. (E) Absolute
numbers of IFN-y*aB T cells in the ear skin of different treatment groups of treated (+DT) and untreated (-DT) with DT at week 6. Mean + SEM from two
experiments with five to nine mice per group. (F) mRNA analysis of /l17a in the ear skin of different treatment groups of treated (+DT) and untreated (-DT)
with DT at week 6. Mean + SEM from two experiments with five to six mice per group. (G) CFUs of S. aureus at week six in the ear of different treatment
groups in treated (+DT) and untreated (~-DT) mice. Representative of two experiments with five mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001.
“ND” denotes not detected. Significant P values by two-tailed unpaired Student’s t test with Welch’s correction, except for E and F, which are one-way
ANOVA with Tukey’s multiple comparisons test, are indicated in the figure.

from L. braziliensis patients (Amorim et al., 2023, Preprint),
we found that low levels of FOXP3 transcripts were associated
with increased S. aureus colonization and a delay in lesion
resolution. Thus, Tregs restrain type 1 immune responses in the
skin to prevent epidermal damage and susceptibility to bacte-
rial invasion.

The skin contains a plethora of microbes that can promote
skin health but can also become pathogenic (Ansaldo et al., 2021;
Flowers and Grice, 2020). Their role in several skin diseases,
including psoriasis, atopic dermatitis, and wound healing, is
well-studied (Alekseyenko et al., 2013; Byrd et al., 2017; Chang
et al., 2018; De Francesco and Caruso, 2022; Fyhrquist et al.,
2019; Geoghegan et al., 2018; Grice et al., 2010; Kobayashi
et al,, 2015; Liang et al., 2021; Liu et al., 2017). Still, we under-
stand less about how microbes influence the outcome of skin
infections such as cutaneous leishmaniasis. Our previous work
and others found that a dysregulated skin microbiome develops
in mice and people infected with Leishmania (Gimblet et al., 2017;
Salgado et al., 2016). In mice, colonization with Staphylococcus
spp leads to increased disease severity in cutaneous leishmani-
asis, which is mediated by ILCs, y8'°" T cells, and Thi17 cells
(Gimblet et al., 2017; Naik et al., 2012; Singh et al., 2021). We
recently found that S. aureus is a dominant member of the le-
sional microbiome in many L. braziliensis patients and that a high
S. aureus burden was associated with delayed healing (Amorim
et al., 2023, Preprint). Here, we show in a murine model that
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S. aureus colonization induces an increase in IL-17 production
that contributes to the control of skin colonizing bacteria but
leads to more severe disease.

Since S. aureus colonization in mice led to an increase in
Tregs, we investigated their role in the outcome of the infection.
Tregs contribute to skin homeostasis, such as tissue repair, hair
regeneration, and wound healing (Ali et al., 2017; Boothby et al.,
2020; Mathur et al., 2019; Nosbaum et al., 2016), and their role in
regulating unwanted immune responses is essential for survival
(Kim et al., 2007). However, just as effector T cells are adaptable
in the skin (Harrison et al., 2019), Tregs adapt to limit immune
responses that are damaging to the integrity of the skin. For
example, under homeostatic conditions, most Tregs in the skin
express the transcription factor GATA3, and depletion of Tregs
or GATA3 in Tregs leads to an increase in Th2 cytokines and
dermal fibrosis (Harrison et al, 2019; Kalekar et al., 2019;
Wohlfert et al., 2011). Similarly, in a model of allergic inflam-
mation, RORa -expressing Tregs limited Th2 responses and skin
inflammation in response to the vitamin D analog, calcipotriol
(Malhotra et al., 2018). However, in response to tape stripping,
Tregs blocked IL-17 responses and neutrophil recruitment,
thereby promoting epidermal repair (Mathur et al., 2019), while
when Tregs were depleted in a murine model of psoriasis, GM-
CSF-producing CD4* T cells dominated, rather than IL-17 re-
sponses (Hartwig et al., 2018). Similar to our results, Tregs can
also limit IFN-y responses in other situations. For example, in a
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Figure 8. Reduced expression of FOXP3 is associated with enhanced IFNG expression and S. aureus burden in human cutaneous leishmaniasis lesions.
(A) Dual RNA-seq analyses were performed on lesion biopsies from L. braziliensis-infected patients. The transcripts were first mapped to the human tran-
scriptome, and then unmapped transcripts were aligned to an in-house S. aureus pan-genome to estimate host gene expression and S. aureus transcriptional
abundances, respectively. (B) FOXP3 expression in the lesion biopsies. Lesions were subgrouped in FOXP3/"- and FOXP31°*-expressing lesions. Biopsies from 51
patients were used for analysis. Each dot represents a patient. (C) Principal component analysis of FOXP3"9" and FOXP3°¥ samples. Data represent
19 FOXP3Mih- and 20 FOXP3'*¥-expressing biopsies. (D) Differential gene expression analysis was performed between FOXP3"9" and FOXP3°“ samples. GO
accessing biological process was conducted in the list of genes significantly enriched in each group, with cutoff thresholds of FC = 1.5 and adjusted P values =
0.05. Volcano plot with genes differentially expressed, highlighting genes annotated as “response to wounding” (blue) and “regulation of cell killing/cytolysis”
(red) from GO analyses. (E) All lesion biopsies in the dataset were classified into two groups: S. aureus-high samples with higher bacterial transcriptional
abundances relative to S. aureus—low samples that presented levels comparable to healthy skin. Biopsies from 51 patients were used for analysis. (F and G)
FOXP3 and IFNG expression (F), the “Regulation of cell killing/cytolysis” GO term score and the “response to wounding” GO term score (G) in S. aureus-high and
S. aureus-low lesions. Data represent 24 S. aureus-low and 27 S. aureus-high expressing biopsies. Two-tailed unpaired Student’s t test with Welch's correction.
(H) Healing time for patients with FOXP3"9- and FOXP3!°*-expressing lesions. Green arrows indicate the rounds for antimony treatment. Data represents

19 FOXP3M9h- and 20 FOXP3!°¥-expressing biopsies. Gehan-Breslow-Wilcoxon test. *P < 0.05 and **P < 0.01.

skin wounding model, Treg depletion led to increased IFN-y
production, recruitment of CD11b*Ly6C* myeloid cells, and de-
layed wound repair (Nosbaum et al., 2016). Paradoxically, in
other situations, Tregs may be proinflammatory. For example,
via a TGFB-KC pathway, Tregs increase neutrophil recruitment,
which may delay epidermal repair but simultaneously provide
protection against bacteria in the skin (Moreau et al., 2021). Our
studies found that Tregs promoted bacteria control by limiting
IFN-y, which at high levels promotes barrier disruption and
blocks IL-17 responses. While T-bet-expressing Tregs are known
to control type 1immune responses (Di Giovangiulio et al., 2019;
Koch et al., 2009), in our studies, the Tregs controlling the Thl
response expressed RORyt and may be similar to intestinal
RORyt-expressing Tregs that develop in response to microbiota
(Sefik et al., 2015).

We found that Treg depletion increased the amount of S.
aureus in lesions, leading to S. aureus invasion into the dermis
and draining lymph nodes. Our results indicate that the increase
in S. aureus is due to the increase in IFN-y, which downregulated
an IL-17 response that controls bacteria (Cho et al., 2010). The
inhibition of IL-17 by IFN-y is consistent with previous studies
showing that IFN-y inhibits IL-17 production (Cruz et al., 2006;
Harrington et al., 2005; Stumhofer et al., 2006). While other
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studies have indicated that IFN-y can control S. aureus (Brown
et al., 2015), our results are more consistent with studies where
IFN-y was not protective against S. aureus (Montgomery et al.,
2014; Tuffs et al., 2022). In addition to limiting IL.-17 responses,
the high levels of IFN-y led to increased damage to the skin,
which may further create an environment that favors S. aureus
growth, and specifically allowed invasion of the bacteria beyond
the skin barrier. A role for IFN-y in skin damage is observed in
other contexts. For example, high levels of IFN-y promote KC
cell death in chronic phases of inflammation (Hu and Ivashkiv,
2009) and drive Fas- and caspase-8-mediated KC cell death in
toxic epidermal necrolysis (Viard-Leveugle et al., 2013). Type 1 re-
sponses are also associated with KC necroptosis in lichen planus
and lupus erythematosus, and KCs of patients with atopic
dermatitis show increased IFN-y-induced apoptosis (Rebane
et al., 2012; Shao et al., 2019; Trautmann et al., 2001). Fur-
ther, a recent report suggests that excessive IFN-y-dependent
cell death leads to susceptibility to oral mucosal infection by the
commensal fungus Candida albicans (Break et al., 2021). Thus,
decreased IL-17 production and IFN-y-mediated skin damage
likely promote increased S. aureus levels. With the increased
numbers of IFN-y-producing cells in mice with fewer Tregs,
one might predict that there would be better parasite control,
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which was not the case. These results contrast with a study
showing that depletion of Tregs in Leishmania panamensis-infected
mice led to increased parasite numbers and larger lesions (Ehrlich
et al., 2014). However, similar to our findings, Ehrlich et al. (2014)
found that Treg depletion led to a substantial increase in IFN-y. A
possible explanation for this observation is that IL-10 from cells
other than Tregs cells known to be induced in leishmaniasis may
be blunting the effects of IFN-y (Anderson et al., 2007; Bunn
et al., 2018). Supporting this hypothesis, in experimental
visceral leishmaniasis, depletion of Tregs had little influence on
the parasite burden (Bunn et al., 2018). Indeed, Treg depletion in
this study was not equivalent to IL-10 depletion, which we pre-
viously reported leads to an exaggerated IL-17 response (Gonzalez-
Lombana et al., 2013). This could be due to the presence of S. aureus
in our current study, a dose effect of IL-10, a role for non-
pathogenic IL-10-producing Thi7 cells, or an IL-10-independent
function of Tregs in the skin. We are currently evaluating each
of these possibilities.

One limitation of these studies is that we cannot differentiate
between the depletion of Tregs in the skin and systemically in
our murine experiments. There is no straightforward approach
to specifically delete Tregs in the skin. However, while not ne-
gating a possible influence of systemic Tregs in leishmaniasis,
our transcriptional studies on lesions from patients suggest that
the number of Tregs in the lesions affects healing. The varia-
bility we find in transcripts for FOXP3 in lesions is consistent
with previous studies of Tregs, indicating that there is varia-
bility in the number of Tregs in leishmanial lesions (Barros et al.,
2018; Belkaid et al., 2002; Campanelli et al., 2006; Costa et al.,
2013; Mendez et al., 2004; Rodriguez-Pinto et al., 2012; Falcio
et al., 2012). What drives that variability is unknown.

Regulation of unwanted immune responses is critical in skin
diseases, and Tregs play a large role in that regulation. Here, we
show that in the context of S. aureus, Tregs limit IFN-y responses,
leaving intact bacteria-protective IL-17 responses. While IL-17 pro-
motes inflammation in the skin, the IL-17 response is less damaging
as it avoids a more severe inflammation caused by high levels of
IFN-y leading to increased epidermal cell death, barrier breach, and
increased levels of S. aureus. Our data suggest that the number of
Tregs in leishmanial lesions will significantly impact the immune
response, the bacterial burden, and the disease outcome, suggesting
that in other contexts, variable numbers of Tregs may play a similar
role. Thus, our findings show that Tregs not only limit immune
responses but also modulate the type of immune responses that
dominate and, in the context of an altered microbiome, can act as
guardians against overwhelming bacterial infections.

Materials and methods

Study design

The objective of this study was to determine the role of Foxp3
Tregs in controlling the impact of S. aureus colonization in cu-
taneous leishmaniasis. To achieve this objective, we used clinical
S. aureus isolates from L. braziliensis patients and designed and
performed experiments using cellular and molecular immunol-
ogy, microbiology, and bioinformatic techniques. We performed
flow cytometry, quantitative PCR, cytokine analysis, cell culture,

Singh et al.
Treg control of S. aureus in leishmaniasis

RNA-seq analysis, bacterial and parasite culture, and murine
in vivo infection and inflammation models. The sample size and
number of independent experiments and statistical analysis are
indicated in each figure legend.

Ethics statement

All animals were used in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, and the guidelines of the Univer-
sity of Pennsylvania Institutional Animal Use and Care Com-
mittee. The protocol was approved by the Institutional Animal
Care and Use Committee, University of Pennsylvania Animal
Welfare Assurance Number D16-00045 (A3079-01). This study
was conducted according to the principles specified in the Dec-
laration of Helsinki and under local ethical guidelines (Ethical
Committee of the Faculdade de Medicina da Bahia, Universidade
Federal da Bahia, Salvador, Bahia, Brazil, and the University of
Pennsylvania Institutional Review Board), and all patients
signed informed consent before enrollment into the study.

Mice

Age-matched male wild-type C57BL/6 mice were purchased
from Charles River Laboratories or from Jackson Laboratory.
Foxp3P™® (B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J [https://www jax.
org/strain/016958]), Foxp3¥FP/Cre (B6.129(Cg)-Foxp3tm4(YFP/icre)
Ayr/] [https://www.jax.org/strain/016959]), RORytf (B6(Cg)-
Rorctm3Litt/] [https://www.jax.org/strain/008771]), and IFN-yR~/
(B6.129S7-IfngritmlAgt/] [https://www.jax.org/strain/003288])
were purchased from The Jackson Laboratory. IFN-y~/~ mice
were a gift from C. Hunter (University of Pennsylvania, Phil-
adelphia, PA, USA). Littermates were used for the Foxp3P™®
(B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/] [https://www.jax.org/
strain/016958]) mice and the RORytfl (B6(Cg)-Rorctm3Litt/]
[https://www.jax.org/strain/008771]) mice. Wild-type C57BL/6
mice were used as controls for the IFN-y~/~ mice. All mice were
maintained in specific pathogen-free facilities at the University of
Pennsylvania. Mice were randomly assigned to experimental
groups, were 6-8 wk old at the start of the experiment, and were
age-matched within each experiment.

S. aureus isolation and identification

Human isolates of S. aureus were taken from the skin of L.
braziliensis patients. Bacterial swabs were collected topically
from the lesions of human subjects with cutaneous leishmani-
asis from Brazil and stored in cryotubes with freezing media
(autoclaved, filtered tryptic soy broth [TSB] dissolved in de-
ionized water with 1% sterile Tween 80% and 15% glycerol) at
-20°C. For bacterial identification, swabs were removed from
TSB and streaked out onto blood agar plates (trypticase soy agar
with Sheep Blood Plate; R01201; Remel) overnight at 37°C. Bac-
terial species were identified using Matrix-assisted laser de-
sorption/ionization-time of flight at the Pennsylvania Animal
Diagnostic Laboratory System, New Bolton Center.

S. aureus colonization and CFU quantification
S. aureus was cultured in TSB for 24 h at 37°C in a shaking in-
cubator. After centrifugation, bacterial pellets were suspended
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in TSB. Mice were topically associated by applying up to 300 pl
of suspended bacteria (108-10° CFUs) to the ears and back of the
mouse using sterile cotton swabs, every day for a total of 4 d to
colonize mice. For total bacteria quantification, serially diluted
digested ears were plated on blood agar plates and incubated
overnight at 37°C. For S. aureus quantification, serially diluted
samples were plated on CHROMagar S. aureus selective medium
plates.

L. braziliensis infection

L. braziliensis parasites (strain MHOM/BR/01/BA788) were
grown in Schneider’s Drosophila medium (Gibco BRL) supple-
mented with 20% heat-inactivated fetal bovine serum (FBS;
Invitrogen) and 2 mM L-glutamine for 6-7 d. The infectious
metacyclic promastigotes of L. braziliensis were isolated by Fi-
coll (Sigma-Aldrich) density gradient centrifugation (Spéith and
Beverley, 2001). Mice were inoculated intradermally in the ear
with 20 ul PBS containing 1 x 106 L. braziliensis parasites. Lesion
development was monitored by a pathology score and ear
thickness measurement as described (Singh et al., 2021). In
brief, pathology scores were assessed using the following
inflammatory features: swelling/redness, deformation, ul-
ceration, and loss of tissue. Each feature was scored as no
symptom (0), mild (1), moderate (2), and severe (3) of indi-
vidual mice. The scores were summed, resulting in a maximal
score of 12. Parasite burden in lesion tissues was assessed using
a limiting dilution assay.

TLR7-L (imiquimod) treatment

To induce dermatitis, mice were topically treated with imiqui-
mod, a TLR7-L ligand that induces IL-23/IL-17-dependent skin
inflammation. Mice were treated with TLR7-L on days 10, 11, and
12 after S. aureus colonization on days 1-4 as described above.
TLR7-L (5% imiquimod; 3M Health Care Limited) was topically
applied with a sterile plastic applicator on both sides of either
ear of a mouse (Liu et al., 2022).

DT treatment in Foxp3-DTR mice

Foxp3* Tregs were depleted in Foxp3-DTR mice by DT treat-
ment. Mice were injected with 15 ng/g body weight on day
-1 and then on days 2, 4, and 6 to transiently deplete the Foxp3*
Treg cells as described (Ali et al., 2017). On day 10, mice were
killed to harvest the tissue for analysis. To chronically reduce
the Foxp3* Tregs in L. braziliensis infection model, female het-
erozygous Foxp3-DTR/WT mice were injected with 15 ng/g body
weight at week 0 and then at weeks 1, 2, 3, 4, and 5 (Ali et al,,
2017; Kalekar et al., 2019).

Neutralization of IL-17A and IFN-y

WT mice were injected i.p. with 500 pg anti-IL-17A antibody
(17F3; BioXCell) or anti-IFN-y antibody (XMG 1.2; BioXCell).
Mouse IgG1 was used as an isotype control (MOPC-21; BioXcell).
In both cases, mice were injected 1 d before the start of the
S. aureus colonization at day O and then at days 2, 4, and 7.
To study the IFN-y-mediated tissue damage and inflammation in
the absence of Foxp3* Tregs, FoxP3-DTR mice were injected with
500 pg anti-IFN-y antibody 1 d before the start of the S. aureus
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colonization at day O and then at days 2, 4, and 7 during the DT
treatment protocol.

Hematoxylin and eosin (H&E) histology

Mice were sacrificed at different time points and the ear skin
was fixed in 10% paraformaldehyde. Paraffin-embedded sections
were cut and stained with H&E for analysis. H&E staining was
performed by the Comparative Pathology Core at Penn Vet,
University of Pennsylvania.

RNA isolation and quantitative RT-PCR (qQRT-PCR)

Ear tissue was stored in RNAlater solution and total RNA was
extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen)
according to the manufacturer’s instructions. For mRNA tran-
script analysis, real-time PCR was performed using SuperScript
One Step RT-PCR (PCR with reverse transcription) kit (In-
vitrogen). Fluorescein amidite-labeled primers and probes
were purchased from Applied Biosystems/Thermo Fisher
Scientific to quantify the gene expression. Gapdh (Mm99999915_gl),
Ifng (MmO1168134_mi), I3 (Mm00434204_m), Ili7a (Mm00439618_mi),
Il6 (MmO00446190_m1l), Ccl20 (MmO01268754_ml), S100a8
(Mm00496696_g1), and Cxcll (MmO04207460_m1) were used for
analysis. The reactions were run on an Applied Biosystems ViiA
7 Real-Time PCR system using the standard protocol provided
by Invitrogen. The expression of mRNAs was normalized to
Gapdh mRNA by calculating 2-2€¢. The threshold cycle at the limit
of detection for cytokine mRNAs was 40, which was used for
calculating 272€t in the case of undetectable cycles by qRT-PCR.

Cytokine and chemokine array analysis

To quantify the cytokines and chemokines in S. aureus-colonized
skin, we performed array analysis on the extracted total RNA
using RT? Profiler PCR Array Mouse Cytokines & Chemokines
(PAMM-150ZE-4; Qiagen). The reaction was performed using
SuperScript III Platinum SYBR Green One-Step qRT-PCR (PCR
with reverse transcription) kit (Invitrogen). The expression of
mRNAs was normalized to the reference gene Gusb and refer-
ence sample PBS control by calculating 2-24Ct, Gene expression
values were represented as fold change, which is 2-24¢t, ACT =
CT(a target gene) - CT(a reference gene). AACT = ACT(a target
sample) — ACT(a reference sample).

Tissue processing and flow cytometry analysis

To prepare single-cell suspensions, ventral and dorsal sheets of
the ear were separated from the cartilage and incubated for
90 min in CO, incubator at 37°C in 1 ml volume of RPMI 1640
(Invitrogen) containing 0.25 mg ml™! liberase TL (Roche Diag-
nostics). The digested ears were passed through a 3-ml syringe
to make single-cell suspension. After disruption with a syringe,
the reaction was stopped by adding cold 1 ml FACS buffer con-
taining 2% FBS and 0.5 mM EDTA. The lymph nodes were me-
chanically disrupted using a syringe plunger in cold FACS
buffer. The cells were filtered through 70-ym nylon mesh and
washed in FACS buffer at 1,500 rpm for 5 min. Cells were sus-
pended in FACS buffer for further analysis. For surface staining,
the following antibodies were used at 1:100 dilutions in
FACS buffer according to the manufacturer’s specifications.
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CD45 (30-Fl11; eBiosciences), CD3 (17A2; eBiosciences), CD90.2
(53-2.1; eBiosciences), YSTCR (GL3; eBiosciences), BTCR (H57-
597; eBiosciences), CD4 (RM4-5; BioLegend), CD8 (YTS5167.7;
eBiosciences), CD25 (PC61.5; eBiosciences), ST2 (D1H9; BioLegend),
CD11b (M1/70; eBiosciences), Ly6G (1AS8; eBiosciences), Ly6C
(AL-21; BD Pharmingen), Epcam (G8.8; BioLegend), and dead
cell marker. For counting the cells, AccuCount Fluorescent
particles (Spherotech) were used. The stained cells were run on
an LSR-II flow cytometer (BD Biosciences) and the acquired
data were analyzed using FlowJo software (Tree Star).

Intracellular cytokine and transcription factors staining

For intracellular cytokine staining, cells were incubated for 4 h
with leukocyte-activating cocktail (BD Biosciences) in DMEM
containing 2 mM L-glutamine (Invitrogen) in a CO, incubator at
37°C. After activation, cells were washed with FACS buffer at
1,500 rpm for 5 min. Following surface staining, the cells were
fixed for 60 min and then permeabilized using the BD Cytofix/
Cytoperm Plus Kit (BD Biosciences). Subsequently, permeabilized
cells were stained overnight with anti-IL-17A (TC11-18H10; BD
Pharmingen), anti-IFN-y (XMG 1.2; eBiosciences), IL-10 (JES5-
16E3; BD Pharmingen), GM-CSF (MP-22E9; BioLegend), IL-22
(Poly4164; BioLegend), and TNF-a (MP1-22E9; BioLegend). For
Ki67 (SolAl5; eBiosciences) analysis, cells were incubated for
1 h. To stain transcription factors, after surface staining, cells
were fixed for 90 min and then permeabilized using Foxp3/
transcription factor staining kit (eBiosciences) according to the
manufacturer’s instructions. Cells were stained overnight with
Foxp3 (FJK-16s; eBiosciences), RORyt (B2D; Invitrogen), GATA3
(L50-823; BD Horizon), T-bet (0O4-46; BD Horizon), ICOS
(C398.4A; BD Biosciences), and CD152 (AFS98; eBiosciences). The
analysis of cells by flow cytometry was done as described above.

Human primary KC culture and stimulation

To determine the effect S. aureus and IFN-y exposure on human
KCs, we cultured the primary human KCs obtained from the
Skin Biology and Diseases Resource Center, Penn Dermatology
in KC Media 2 supplemented with 0.06 mM CaCl2 and Supple-
mentalMix (C-20011; Promo Cell). Cells were seeded at 10° per
well in 6-well plates. At 75% confluency, cells were fed with
fresh media and exposed to 10° S. aureus in 2 ml total media.
After 18 h, cells were stimulated with 50 ng/ml IFN-y for 48 h.
Cells were detached using Cell Detachment Kit (C-41000;
Promo Cell) to stain with propidium iodide and flow cytometry
analysis.

Single-cell RNA-seq analysis

To identify the Treg-specific gene expression footprint (gene
biomarkers), we reanalyzed an integrated publicly available
single-cell RNA-seq dataset in the format of a Seurat R object. In
this study, CD45* cells were collected from the skin of healthy
subjects and from the affected skin of patients with psoriasis
vulgaris, atopic dermatitis, lichen planus, bullous pemphigoid,
and indeterminate rashes for sequencing (Liu et al., 2022). The R
objects associated with this dataset were downloaded from
Zenodo #6470377 (https://zenodo.org/record/6470377#.Y1gAa-
zMIUH). The four previously classified Treg subpopulations
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(eTregl + Treg-c + cmTreg + eTreg2) were combined into one
general Treg cluster, and a differential gene expression
analysis between the Treg cluster and all the non-Treg
clusters combined was performed with cutoff thresholds
of fold change (FC) 2 and P < 0.0001. FOXP3 was defined as
a unique and exclusive gene biomarker associated with
Treg classification in the skin of human subjects. All anal-
yses and visualizations were carried out using the statistical
computing environment R version 4.2.1, R Studio version
2022.02.3 build 492, and Bioconductor version 3.15. Single-cell
RNA-seq analyses were performed using the Seurat R package.
The tidyverse suite of R packages and GraphPad Prism
were used in combination for data visualization. Differ-
ential gene expression analyses with Benjamini- Hochberg
correction for multiple testing were carried out using the
Limma R package.

Bulk RNA-seq analysis

To evaluate the impact of the magnitude of Treg (FOXP3) gene
expression in the whole-lesional transcriptome in human cuta-
neous leishmaniasis, we analyzed RNA-seq on 51 biopsies from
skin lesions of L. braziliensis patients, available at Gene Expres-
sion Omnibus accession no. GSE214397, in a format of filtered,
normalized gene versus sample matrix. FOXP3'°% and FOXP3high
lesions were defined based on the distribution of samples ex-
pressing FOXP3. For further analysis, only FOXP3'*% (N = 20) and
FOXP3hgh (N = 19) expressing samples were used. Principal
component analysis was performed with the prcomp R package,
where ellipses were drawn with a 95% interval confidence. The
non-parametric multivariate statistical permutation test was
used for statistical significance differences between FOXP3low
versus FOXP3heh lesion whole transcriptomes using the vegan R
package. The Gehan-Breslow-Wilcoxon test was used for sta-
tistical significance in healing time survival curves. GO analysis
was done with Metascape (http://metascape.org) using the gene
list from FOXP3'°" and FOXP3hieh lesions. Single sample gene set
enrichment analysis was used to calculate the “response to
wounding” and the “cell killing/cytolysis” enrichment scores per
lesion sample with the gene set variation analysis package. The
immunedeconv package was used to estimate cell abundances
from bulk RNA-seq data using the Microenvironment Cell
Populations-counter methodl2. The non-parametric tests Spear-
man and Mann-Whitney were used to compare two-group cases
and correlations, respectively. In all statistical testing, *P < 0.05,
*P < 0.0, and ***P < 0.00L

S. aureus transcript abundance analysis in lesions from
cutaneous leishmaniasis patients

The S. aureus transcriptional abundances in each lesion biopsy
were quantified by performing dual RNA-seq analysis, map-
ping non-human transcripts using KneadData to an in-house
S. aureus pangenome. This S. aureus pangenome was composed
of whole genome sequences of S. aureus isolated from the le-
sions of L. braziliensis patients and publicly available S. aureus
genome (Amorim et al., 2023, Preprint). All the 51 samples
included in this dataset were characterized by either S.
aureus-positive samples or S. aureus-low samples, with the
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cutoff based on abundances of S. aureus transcripts in healthy,
intact skin.

Statistical analysis

In each experiment, mice were randomly assigned to the
treatment groups and the number of mice per group used in
an experiment is shown in the corresponding figure legend.
Two-tailed unpaired Student’s t test with Welch’s correction or
one-way analysis of variance (ANOVA) was performed for sig-
nificance. The mean is represented as the standard error of the
mean (SEM) or standard deviation (SD) as shown in each figure
legend. For comparing the same samples/groups at different
time points, SD was used to represent the mean. P value <0.05
is considered as significant.

Online supplemental material

Fig. S1 shows characterization of IL-17 phenotype including
gating strategy to analyze T cells and ILCs and IL-17A and IFN-y
production from these cells, mRNA analysis of cytokine and
chemokines in the skin of S. aureus-colonized mice and histol-
ogy. Ear thickness and S. aureus load in the skin after anti-I1L-17
treatment in S. aureus-colonized mice infected with L. brazil-
iensis. Fig. S2 shows Foxp3 expression in different cell types, IL-
10 production from Foxp3 Tregs, Foxp3 Tregs in IFN-y-deficient
mice, and additional data on impact of Foxp3 Treg depletion on
cytokine production from T cells. Fig. S3 shows additional data
of Foxp3®re RORgt!/f! mice. Fig. S4 shows inflammatory cell in-
filtrate in DT-treated and non-treated L. braziliensis infection
model colonized with S. aureus. Fig. S5 shows validation of
FOXP3 gene as a unique marker of Treg by analyzing single-cell
sequencing data and GO terms enrichment pathway analysis of
genes associated with FOXP3"9" and FOXP3* by using Meta-
scape Pathway analysis tool. Four tables are provided online.
Table S1 provides differential gene expression between
FOXP3bigh versus FOXP3'°" samples. Table S2 provides a gene
list for GO analysis using Metascape associated with FOXP3high
versus FOXP3!°%, Table S3 provides Metascape results for
FOXP3high gene list. Table S4 provides Metascape results for
FOXP3'°% gene list.

Data availability

The raw sequence data from the bulk RNA-seq of lesions from
cutaneous leishmaniasis patients is available at Gene Expression
Omnibus BioProject PRJNA885131. The whole genome sequenc-
ing for S. aureus clinical isolates is available at Sequence Read
Archive BioProject PRJNA922957. The single-cell RNA-seq of
skin of patients with skin diseases is available at the Eu-
ropean Genome-Phenome Archive EGAS00001005271. The
main R scripts used to perform the computational analyses in
sequencing datasets have been archived on Zenodo and are
available in Github (https://github.com/camilafarias112/Tregs_
Singh2023).
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Figure S1. Topical colonization of S. aureus induces dominant type-17 signature. (A) Enumeration of CFUs of S. aureus at day 5, 7, 10, 20, and 30 from the
ears of S. aureus-colonized mice. Representative of one experiment with five mice in each group. (B) Gating strategy to identify the T cells and ILCs in ear skin
by flow cytometry. Representative of more than two experiments with 9-10 mice per group. (C) Percent of IL-17A and IFN-y from y§'°¥ T, CD4 T, CD8 T, and
CD4-CD8" T cells and ILCs in the skin of PBS and S. aureus-colonized mice at day 10 by flow cytometry. Mean + SEM from two experiments with 9-10 per mice
group. (D and E) Analysis of mRNA transcript of cytokines and chemokines in S. aureus—colonized mice at day 10. Data represented as FC over PBS control and
pooled from two experiments. RNA pooled from three mice in each experiment. Mean + SEM from two experiments with six mice per mice group. (F) H&E-
stained sections of ear skin from PBS control or S. aureus—colonized mice at day 10 (scale bar = 200 mm). (G) Skin thickness and S. aureus CFUs in IgG and
anti-IL-17 injected mice as indicated. Mean + SD representative of one experiment with five mice in each group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns”
denotes not significant. Significant P values by two-tailed unpaired Student’s t test with Welch’s correction are indicated in the figure.
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Figure S2. Characterization of skin Foxp3*Treg cells and impact of Foxp3* Treg cell depletion after topical S. aureus colonization. (A) Representative
flow cytometric analysis of Foxp3 expression on CD4 T, CD8 T, CD4-CD8~ T, y§'°* T, y&M T cells, and ILCs after S. aureus colonization on day 10. Representative
of two experiments with four mice per group. Numbers in contour plots indicate the percent of cells within the gates. (B) Representative flow cytometric
analysis of IL-10 in Foxp3* Treg cells in S. aureus-colonized mice on day 10. Representative of one experiment with five mice per group. Numbers in contour
plots indicate the percent of cells within the gates. (C) Percent of IL-17*GM-CSF*, IL-17*IL-22*, IL-17*TNF-a*, and/or IL-17*IL-10* from CD4 T and y8'°¥ T and in
Foxp3* Treg-depleted and non-depleted Foxp3-DTR mice after S. aureus colonization on day 10. Mean + SEM representative of one experiment with four to five
mice per group. (D) Number of IL-5 and IL-13-producing CD4 and CD8 T cells in Foxp3* Treg-depleted and non-depleted Foxp3-DTR mice after S. aureus
colonization on day 10. Mean + SEM representative of two experiments with four to five mice per group. (E) Number of IL-17-producing CD4 T cells and ILCs in
WT and IFN-y~/~ on day 10 after S. aureus colonization. Mean + SEM representative of two experiments with four mice per group. (F) Foxp3* Treg cells in wild-
type and IFN-y~/~ mice after S. aureus colonization. (G) qRT-PCR analysis of /l17a in Foxp3* Treg-depleted Foxp3-DTR and non-depleted wild-type mice after S.
aureus colonization at day 10, injected with anti-IFN-y. Mean + SEM from two experiments with four to seven mice per group. *P < 0.05, **P < 0.01, and ***P <
0.001. “ns” denotes not significant. Significant P values by two-tailed unpaired Student’s t test with Welch’s correction are indicated in the figure.

Singh et al.

Treg control of S. aureus in leishmaniasis

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230558

S2


https://doi.org/10.1084/jem.20230558

A * ok *%k N *kk
&
s ol 1 ~ 50 l_lO P 5} 159 —
S 20 > 40 S 20 e 2 12 O
Ay N ~ [0}
2 15 Q 2 30 2 15 S oo
Q Q Q [
o (8] o el
— 10 ~ 20 ~ 10 = 64 O
: 2 2 2
<. 5 10 5 2 3
0 0 8 o
& o %\Q @ N & N o
Q N & 5 &
A S Koot Frghd
S ES O T ES T ES
<& <& <& <&
B % IFN-y*CD4 T C o iL17A%sow T % IL-17A*CD4 T
AFkk ns
T 25 *%k
“ 30 3 . o 604 I 1 o
3 25 3 E 'g_'g 20 O
20 = 40 "
& t s g 15
8 15 9 = o
(&} (&) + b
e < < < 10
Z 10 = = S o)
£ . = = 4 5
® * ® S
0 0
¥ ax ¥ S« ¥ oK Y e
§ %o S 50 & 85 g %85
X U ¥ wox X U X UL
D E F
CD4* T cells CD4* T cells .
Foxp3* Treg cells
S. aureus S. aureus _
a
ROR;,tﬂ/ﬂ FOXp3Cre/VFPROR7tﬂ/I/ ROR}/tﬂ/ﬂ Foxp3Cre/VFPROR},tﬂ/f/ g 40
12}
T 30
T 0.18 T 1 E
o o + 20
[T [T (2]
z > . &
Q 2, £ 10
X X 7 +
s 145 s 3 o
IL-17A © NN
o@\oﬁgﬂbs\
S« Q_o‘b

Figure S3. RORyt* Foxp3* Treg cells control the IFN-y-producing CD4 and CD8 T cells. (A) Absolute cell numbers of y§'*% T, CD4 T, and CD8 T cells and
monocytes in the skin of S. aureus—colonized RORytf!/f and Foxp3°eRORytf mice on day 10. Mean + SEM representative of two experiments with four to five
mice per group. (B) Percent of IFN-y*CD4 T and IFN-y*CD8 T cells in the skin of S. aureus-colonized RORytf and Foxp3<eRORytM! mice at day 10 by flow
cytometry. Mean + SEM representative of two experiments with four to five mice per group. (C) Percent of IL-17A*y8'** T and IL-17A*CD4 T cells in the skin of
S. aureus-colonized RORyt/ and Foxp3-ceRORytM mice at day 10 by flow cytometry. Mean + SEM representative of two experiments with four to five mice
per group. (D and E) Flow cytometry analysis of Foxp3YF? and IL-17A and IFN-y in CD4* T cells in S. aureus-colonized RORytffl and Foxp3e/*"PRORyt!/f mice at
day 10. Representative of two experiments with four mice per group. Numbers in contour plots indicate the percent of cells within the gates. (F) Absolute cell
numbers of Foxp3* Treg cells in S. aureus-colonized RORytf and Foxp3sRORyt"f mice at day 10. Mean + SEM representative of one experiment with four to
five mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001. “ns” denotes not significant. Significant P values by two-tailed unpaired Student’s t test with
Welch'’s correction are indicated in the figure.
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Figure S4. Impact of reduced Foxp3* Tregs in S. aureus-colonized and L. braziliensis-infected mice. Foxp3-DTR heterozygous female mice were col-
onized on day 1-, and then at day 10 (week 0) mice were infected with L. braziliensis in one ear as in Fig.2A and euthanized at week 6 for analysis. Mice treated
with DT at weeks 0, 1, 2, 3, 4, and 5 to chronically reduce the Foxp3* Tregs. Absolute numbers of CD45*, CD45*CD11b*, CD11b*Ly6C*, CD45*CD11c*, CD90.2",
aB T cells, and CD4 T cells in the ear skin of different treatment groups of treated (+DT) and untreated (~DT) with DT at week 6. Mean + SEM representative of
one experiment with five to six mice per group. *P < 0.05. Significant P values by two-tailed unpaired Student’s t test with Welch’s correction are indicated in

the figure.
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Figure S5. Identification of FOXP3 as a unique marker for human Tregs and analysis of FOXP3" and FOXP3'"°" enriched genes. (A) Treg clusters are
combined to one Treg population and visualized for FOXP3 expression in all cell types. Data extracted from Liu et al. (2022). (B) Visualization of dif-
ferently expressed genes in Treg cluster versus non-Treg cluster in different cell types. (C) FOXP3, TTN, and AC133644.2 expression in Treg and non-Treg
clusters. (D) GO terms enrichment pathway analysis of genes associated with FOXP3/i9h and FOXP3!°* by using Metascape Pathway analysis tool. Data

were analyzed using differentially expressed genes from 19 FOXP3i9h- and 20 FOXP3!%-expressing biopsies.

Provided online are four tables. Table S1 provides differential gene expression between FOXP3"gh versus FOXP3'°% samples. Table
S2 provides a gene list for GO analysis using Metascape associated with FOXP3"gh versus FOXP3'°", Table S3 provides Metascape
results for Foxp3"igh gene list. Table S4 provides Metascape results for Foxp3'°" gene list.
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