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ABSTRACT Staphylococcus aureus is a leading cause of skin and soft tissue infections
(SSTls). Studies examining the immune response to S. aureus have been conducted, yet our
understanding of the kinetic response to S. aureus subcutaneous skin infection remains
incomplete. In this study, we used C57BL/6J mice and USA300 S. aureus to examine the
host-pathogen interface from 8 h postinfection to 15 days postinfection (dpi), with the fol-
lowing outcomes measured: lesion size, bacterial titers, local cytokine and chemokine lev-
els, phenotype of the responding leukocytes, and histopathology and Gram staining of
skin tissue. Lesions were largest at 1 dpi, with peak necrotic tissue areas at 3 dpi, and
were largely resolved by 15 dpi. During early infection, bacterial titers were high, neutro-
phils were the most abundant immune cell type, there was a decrease in most leukocyte
populations found in uninfected skin, and many different cytokines were produced.
Histopathological analysis demonstrated swift and extensive keratinocyte death and ro-
bust and persistent neutrophil infiltration. Gram staining revealed subdermal S. aureus col-
onization and, later, limited migration into upper skin layers. Interleukin-17A/F (IL-17A/F)
was detected only starting at 5 dpi and coincided with an immediate decrease in bacterial
numbers in the following days. After 9 days, neutrophils were no longer the most abun-
dant immune cell type present as most other leukocyte subsets returned, and surface
wounds resolved coincident with declining bacterial titers. Collectively, these data illustrate
a dynamic immune response to S. aureus skin infection and suggest a key role for pre-
cisely timed IL-17 production for infection clearance and healthy tissue formation.

KEYWORDS skin infection, virulence, methicillin-resistant Staphylococcus aureus, MRSA,
immune response

he Gram-positive pathogen Staphylococcus aureus can cause a wide range of diseases,

from mild, localized skin and soft tissue infections (SSTls) to severe systemic infections
with a high mortality rate. The most prevalent types of infection that S. aureus causes are SSTIs
(1), and the majority of SSTIs are caused by S. aureus (2). Over the past few decades, the knowl-
edge gained about S. aureus SSTIs has been invaluable in decreasing the rate of methicillin-re-
sistant S. aureus (MRSA) infections. However, the rate of decline for MRSA infections decreased
and the rate of methicillin-susceptible S. aureus (MSSA) infections increased from 2012 to 2017
(3). Considering the impact of S. aureus on human health, it is imperative that we work toward
generating a comprehensive view of how this pathogen causes disease.

Mouse models of skin infections are commonly used to gain a better understanding
of the complex relationship between S. aureus and the host immune system. Previous
studies identified both bacterial and host factors that contribute to pathogenesis and
immune defense. Upon infection, neutrophils are the first leukocytes recruited to the site of
infection by cytokines and chemokines produced by damaged skin cells (reviewed in refer-
ence 4) and are crucial for sequestering and clearing S. aureus from the infection (5, 6).
Recently, it has been shown that bacterial factors such as phenol-soluble modulins (PSMs)
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are directly involved in recruiting neutrophils to the site of infection (7). The skin has a vari-
ety of antigen-presenting cells (APCs) that help orchestrate the immune response, including
dendritic cells (DCs), Langerhans cells (LCs), and macrophages. The skin contains several DC
populations essential for the immune response. While not specifically studied in the skin,
DCs are important during S. aureus infection models despite their poor ability to phagocy-
tose and kill S. aureus (8, 9). Their importance likely lies in their ability to produce cytokines
and activate T cells (9, 10). LCs are a subset of CD207 (langerin)-expressing APCs in the epi-
dermis. While LCs have also not been extensively studied in S. aureus skin infections, they
are key cells in skin immune homeostasis (11-13). In addition, mice expressing human lan-
gerin on LCs have an altered immune response to S. aureus in the skin (14). Dermal, mono-
cyte-derived, and perivascular macrophages are key components of the immune response
to S. aureus infection and help recruit neutrophils to the site of infection (15, 16). In C57BL/6
mice, interleukin-17 (IL-17) is critical for host defense against S. aureus during skin infection
(17-19). ¥6 T cells produce IL-17, and the absence of these cells decreases neutrophil
recruitment to the site of infection and increases bacterial titers at the site of infection (17,
20, 21). Other studies have also implicated a role for CD4* T cells in S. aureus SSTIs (22-25).
Thus, multiple leukocyte subsets respond to S. aureus SSTIs and are required for successful
infection control and a return to skin homeostasis.

While studies performed to date do not necessarily disagree with each other, direct
comparisons between studies to gain a complete picture of the immune response to S.
aureus skin infections are challenging. This is due, in part, to the use of different mouse
strains that exhibit notable immunological differences, C57BL/6 versus BALB/c, for
example (22). In addition, studies have used a variety of S. aureus strains, each with dif-
ferent virulence factor expression potential. Furthermore, the immune response varies
depending on the layer of skin infected (6). Finally, it is not clear what time point after
infection is appropriate for any given parameter that one wishes to interrogate.

In previous studies, we (26-29) and others observed changes in skin pathology and
local cytokine/chemokine levels during infection by mutant bacteria, demonstrating an
altered immune response. The reason for these changes was not clear, and thus, the dynam-
ics of the host-pathogen interaction during infection are of great interest. To fully decipher
the complexity of this host-pathogen interface, we must first understand the kinetic immune
response to S. aureus infection. To this end, we subcutaneously infected the genetically trac-
table C57BL/6J mouse strain with a derivative of the USA300 community-associated MRSA
strain LAC. We then sacrificed mice at 8 h postinfection (hpi) and at 1, 3, 5,7, 9, 11, 13, and
15 days postinfection (dpi) (Fig. 1a). At each time point, we quantified CFU; measured lesion
size, necrosis area, and cytokine and chemokine production; immunophenotyped leukocyte
populations; and collected skin samples for histopathological examination. The culmination
of these data allowed us to assemble a timeline of the immune response and pathology of
S. aureus subcutaneous skin infection. We observed dramatic changes in immune popula-
tions, with most cell types decreasing upon infection and a spike in IL-17 levels immediately
preceding bacterial clearance and wound resolution.

RESULTS

S. aureus causes skin lesions in a subcutaneous infection model, and bacterial
clearance begins at around day 9 postinfection. Our first goal was to macroscopi-
cally determine the kinetics of lesion formation, a typical measure of pathology in
mouse skin infection models. This model produces two readily observable skin mani-
festations: initial skin blanching, likely resulting from ischemia, followed by a hard ne-
crotic scab (necrosis). No surface lesion was apparent at 8 h postinfection (Fig. 1b and
Fig. 2). The total surface lesion, which includes the larger blanched area and necrosis
within the blanched area, was largest at 1 day postinfection (dpi) (Fig. 1b); however, by
3 dpi, the surface lesion consisted of all necrotic tissue (Fig. 1b and Fig. 2). Thereafter,
the necrotic area steadily declined until 15 dpi when the wound neared resolution.

Another key metric in skin infection models is the bacterial burden within the tissue
surrounding and including the lesion. Bacterial titers were between 10% and 107 CFU per mg
tissue from 8 hpi to 7 dpi, did not significantly decrease until 9 dpi, and steadily declined
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FIG 1 Kinetic macroscopic tissue damage and bacterial titer enumeration over the course of infection. (a)
Schematic of the experimental design. (b) Mice were imaged, and the total lesion size (blanching and necrosis)
and surface necrosis area were measured using Imagel. Data represent the means with standard errors of the
means (SEM) (n = 21 to 186). Errors bars are present and may be smaller than the symbols. (c) Bacterial titers
were determined. Each symbol represents the value for a single animal (n = 10 to 13), and the line represents

the median value. “#” indicates a P value of <0.05 by a Mann-Whitney test compared to 0.3 dpi.

through 15 dpi (Fig. 1c). Based on these data, we defined 3 phases of the infection. First, there
was an early phase from 8 hpi to 3 dpi when bacterial titers were high, surface lesions grew,
and tissue necrosis occurred; next, there was a preresolution phase from 5 to 7 dpi when bac-
terial levels remained high but surface necrosis began to decline; and finally, there was a reso-
lution phase from 9 dpi onward when bacterial titers declined and the surface wound continu-
ally resolved.

Histopathological analysis and Gram staining of S. aureus skin lesions. While
two-dimensional measurements of surface lesions are commonly used as an indicator of skin
pathology during S. aureus skin infection, they neither allow the examination of changes in
skin architecture below the surface nor provide details on cellular localization. In our studies,
we sought to understand subsurface disease progression as well. Therefore, we performed his-
topathological analysis and Gram staining of S. aureus skin lesions to assess tissue destruction
and recovery, bacterial localization, and leukocyte recruitment. At 8 hpi, there was scant infil-
tration of neutrophils and mild inflammation, and bacteria were aggregated underneath the
skeletal muscle (Fig. 2; see also Fig. S1 in the supplemental material). Twenty-four hours after
infection, there was more obvious neutrophil infiltration with foci of neutrophil abscesses; tis-
sue overlaying the bacterial colonies exhibited signs of necrosis, as evidenced by sporadic nu-
clear dissolution (Fig. 2 and Fig. S2). Transitioning from 1 dpi to 3 dpi, there was an extensive
neutrophilic abscess with neutrophilic karyorrhexis (nuclear fragmentation during cell death
where chromatin is irregularly distributed in the cytoplasm) and a mild mononuclear cell infil-
trate with necrosis of both the skin and subcutaneous tissue (Fig. 2 and Fig. S3). The bacteria
were observed laterally in the tissue under the lesion. During the preresolution phase (5 to 7
dpi), there was well-developed, full-thickness tissue necrosis involving the epidermis, dermis,
adipose tissue, and skeletal muscle, leading to the formation of a discrete ulcer; bacterial colo-
nies were scattered within the necrotic tissue (Fig. 2 and Fig. S4 and S5). The viable tissue
flanking the lesion showed reparative epidermal changes and early granulation tissue forma-
tion. At 9 dpi, reparative changes were more evident, with an ulcer flanked by reactive epider-
mis and granulation tissue (Fig. 2 and Fig. S6). Early reepithelization was also observed. At 11
dpi, there was significant epidermal reepithelialization, bacteria were rare and intermixed with
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Macroscopic H&E stain Gram stain

FIG 2 Tissue damage and bacterial localization. Representative photographs of lesions (macroscopic) throughout the infection, H&E staining of histology
slides, and modified Gram staining of tissue are shown. Bars on macroscopic mouse pictures, 0.5 cm. Sections are 5 um thick. Bars on tissue sections,

1 mm. Arrows indicate S. aureus.
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FIG 3 Cytokines and chemokines detected in the skin during S. aureus infection. The indicated cytokines and chemokines were quantified by cytometric
bead arrays. Each symbol represents the value for an individual mouse (n = 9 to 13). Red symbols represent samples whose cytokine/chemokine values were below

the limit of detection.

the necrotic tissue, and granulation tissues were well formed beneath the scab/wound com-
posed of mononuclear inflammatory cells, neovascularization, and fibroblasts (Fig. 2 and Fig.
S7). By 13 and 15 dpi, there were areas of nearly complete or complete epidermal reepitheliali-
zation overlaying mature granulation tissue; wound remodeling had occurred with early scar
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FIG 4 Total leukocytes and neutrophils at the site of infection. (a) Total CD45" cells per milligram of
tissue of either depilated (Nair)-only, mock-infected (PBS), or infected mice at the indicated time
points. (b and ¢) Neutrophils (Ly6G* CD11b") were determined as the percentage of total CD45*
cells (b) or the number of neutrophils per milligram of tissue (c). Each symbol represents the value
for one mouse. The bars represent the means with SEM (n = 5 to 15 mice/group). “#” indicates a P
value of <0.05 by a Mann-Whitney test relative to PBS.

formation (Fig. 2 and Fig. S8 and S9). Together, the histopathology results show dynamic
changes in the skin during infection where at the beginning, there was brisk neutrophil
recruitment, followed by major destruction of the skin tissue. Upon the resolution of the sur-
face lesion, the subsurface skin architecture remained disrupted.

The cytokine and chemokine profiles were dynamic throughout the infection.
Cytokine and chemokine profiling is commonly used to gauge changes in the immune
response to S. aureus infection. These mediators are important for the host response to infec-
tion and are necessary for immune cell differentiation, activation, proliferation, and recruit-
ment. Thus, we measured cytokine and chemokine levels at the site of infection. All the cyto-
kines that we measured were below the limit of detection in control mice that were only
depilated (naive) or mock infected with phosphate-buffered saline (PBS), except for IL-1«
(Fig. S10). This is consistent with previous reports demonstrating high intracellular IL-1«
pools within keratinocytes (30-32).

Our kinetic study revealed the production of specific cytokines/chemokines during
the three phases of the infection. Many key cytokines important for neutrophil, monocyte,
and DC recruitment, differentiation, or activation were readily detectable by as early as 8 hpi
and persisted within the lesion for several days (Fig. 3). These included IL-6, CXCL-1 (KC),
CCL2 (monocyte chemoattractant protein 1 [MCP-1]), CCL3 (macrophage inflammatory pro-
tein 1a [MIP-1a]), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-4, and IL-1 3. Many cytokines and chemokines were at
their highest abundance during the preresolution phase of the infection (days 5 to 7 postin-
fection [p.i.]). These included tumor necrosis factor (TNF), CCL4 (MIP-13), and CCL5 (RANTES)
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FIG 5 Antigen-presenting cells at the site of infection. Single-cell suspensions derived from skin homogenates
from control mice (Nair and PBS) or infected mice isolated at each time point were analyzed to determine
the percentage (a) and number (b) of antigen-presenting cells (APCs) (Ly6G~ MHCHI* [major histocompatibility
complex class Il positive] and CD11b* and/or CD11c*). Each symbol represents the value for one mouse.
The bars represent the means with SEM (n = 5 to 15 mice/group). “#” indicates a P value of <0.05 by a
Mann-Whitney test relative to PBS.

(Fig. 3). CCL3 was observed during all phases and was absent only in uninfected tissue and
at 15 dpi. We were particularly interested in IL-17 since it is critical for combating S. aureus
infections (17, 18, 20, 33). The IL-17A level was highest at 5 to 9 dpi, while IL-17F was primar-
ily observed on day 7 p.i,, coinciding with initial wound healing and preceding the decrease
in bacterial titers. As the infection resolved, most cytokines and chemokines declined and by
15 dpi were below the limit of detection, as observed in uninfected mice. Overall, we observed
a dynamic temporal shift in the cytokine/chemokine profile throughout the infection. There
was a robust response of a variety of proinflammatory cytokines and chemokines during
the early phase of the infection, a separate response marked by IL-17A/F production dur-
ing the preresolution phase, and, finally, a return to baseline levels during the resolution
phase. We did not detect interferon gamma (IFN-y) or IL-12/IL-23p40 at any time point.
Neutrophil and antigen-presenting cell dynamics in the S. aureus lesion. From
our cytokine and chemokine data, it was clear that the immune environment was
dynamic over the course of infection. One way to assess the overall immune response
is to quantify and phenotype infected skin leukocytes over time. To do this, we first
performed flow cytometry to quantify the number of total immune cells present using
CD45, the common leukocyte antigen. As expected, there were detectable leukocytes
present in the skin of both depilated (Nair-treated) and mock-infected (PBS-injected)
mice. CD45* cell numbers remained stable for the first week of infection (Fig. 4a). In
contrast, there was an increase in the CD45" cell number during the resolution phase
(9 to 15 dpi). This was initially surprising considering the influx of neutrophils to the site of
infection observed by histochemical analysis. Neutrophils were not observed in depilated
(Nair) and mock-infected (PBS) mice but were readily detectable at 8 hpi as the major leuko-
cyte population present (Fig. 4b). Neutrophils remained the most abundant leukocyte type
through 9 dpi (Fig. 4¢). After 9 dpi, neutrophil numbers declined as the infection was cleared.
Antigen-presenting cells (APCs), such as macrophages and dendritic cells, process and
present S. aureus antigens to T cells. There are resident APCs in the skin, but we found that
upon infection, this population significantly decreased (Fig. 5). They remained at significantly
reduced numbers until 9 dpi when they then became the major cell type in the skin during
the resolution phase (Fig. 5). Given the diverse skin APC populations, we separated them
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FIG 6 Dynamics of the innate lymphoid cell response at the site of infection. Single-cell suspensions derived from skin homogenates
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Whitney test relative to PBS.

into subsets based on CD11b, CD11¢, CCR2, and CD207 expression. First, we found that
inflammatory monocytes (CD11b™ Ly6C* CCR2*) were present in uninfected skin but were
largely absent during the early and preresolution phases of the infection. Their numbers
returned at around 9 dpi, and they remained until 15 dpi (Fig. ST1a). Next, we observed that
langerin-positive DCs (CD11b~ CD11c* CD207*) were near homeostatic levels throughout
the infection (Fig. S11b). LCs (F4/80" CD207* CD11b* CD11c*) remained largely absent at
days 1 through 7 p.i. and then returned to the numbers found in uninfected skin (Fig. S11c).
F4/80" macrophages (F4/80" CD11b") were found in uninfected skin, immediately
decreased upon infection, and returned at 15 dpi (Fig. S11d). Additional CD11b* and/or
CD11c¢* macrophage/DC populations together made up approximately 35% of the immune
cells in uninfected skin (Fig. S12). All these cell populations decreased upon infection and
remained low during the early and preresolution phases of the infection but returned to
nearly homeostatic levels during the resolution phase.

Innate lymphocyte dynamics in the S. aureus lesion. Non-natural killer (NK)
innate lymphoid cells (ILCs) are resident skin cells involved in tissue homeostasis and
contribute to inflammation during S. aureus epicutaneous infection (19). In noninfected
skin, ILCs were prominent, constituting ~30% of all leukocytes (Fig. 6a). Following infection,
the number of ILCs decreased rapidly and remained low through 7 dpi. The ILCs began
repopulating the skin on day 9 p.i. and were present throughout the resolution phase of the
infection.

NK cells are both tissue-resident and infiltrating cells that play a role in inflammation and
immune homeostasis. While they are best known for combating viral infections, NK cells are
also important for combating S. aureus lung infections (34). In addition, NK cells are involved
in wound healing by delaying resolution to locally contain the pathogen and prevent its sys-
temic spread during group A Streptococcus infection (35). We observed few NK cells in unin-
fected skin but readily identified them at 8 hpi (Fig. 6b). NK cells were maintained during
infection and did not show the rapid decrease observed in the non-NK ILC population.
Indeed, NK cells represented ~7% of the CD45* cells from 8 hpi to 7 dpi, and their elevated
number in the tissue was maintained through day 13 (Fig. 6b). NK cells decreased during
the resolution phase, approaching baseline levels by 15 dpi.

Infection and Immunity
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percentages and numbers of y5 T cells (CD3" ySTCR™ [y5 T cell receptor positive]) (a), NKT cells (CD3* NK1.1%) (b),
CD8* T cells (CD3* CD8") (c), and CD4* T cells (CD3* CD4") (d). Each symbol represents the value for one mouse.
The bars represent the means and SEM (n = 5 to 15 mice/group). “#” indicates a P value of <0.05 by a Mann-
Whitney test relative to PBS.

8 T cells are found in healthy skin and are key players in tissue homeostasis, responding
rapidly to pathogens by producing key cytokines like IL-17 that recruit neutrophils (36, 37).
In addition, previous studies have demonstrated their importance in S. aureus skin infections,
including the production of IL-17 (17, 18, 20, 21). We observed that v T cells were present
in the skin prior to infection and at 8 hpi. However, their numbers declined over the subse-
quent several days and then increased as the infection and tissue damage resolved during
the resolution phase (Fig. 7a).

NKT cells detect and respond to microbial lipids and are not abundant in uninjured
skin (38). As expected, we observed very low numbers of NKT cells in uninfected skin,
constituting 0.3% of CD45* cells (Fig. 7b). NKT cell numbers stayed low after infection
until the resolution phase, where we observed an increase in a subset of mice.

Adaptive lymphocyte dynamics in the S. aureus lesion. «3 CD8" and CD4* T cells
have shown mixed importance in their contribution to combating S. aureus infection, and
their contribution may depend on the location of the infection, the strain of S. aureus used,
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FIG 8 Summary of leukocyte changes during S. aureus skin infection compared to uninfected skin.
Data are the average percentages of each cell population.

and whether it is a primary or secondary infection (20, 24, 25, 39, 40). We found that CD4"
and CD8* T cells were present in uninfected skin (Fig. 7c and d). Both cell types were largely
absent at 8 hpi and were not detected again until the resolution phase of the infection.

S. aureus produces virulence factors that target B cells, and antibodies against S. aureus
are easily detected in blood, yet B cells are thought to not play a major role in combating S.
aureus during systemic infection (40). As expected, we identified B cells in uninfected skin,
representing ~15% of leukocytes (Fig. S13). Like other cell types, the numbers of B cells in
the skin declined upon infection and remained low until 9 dpi, returning to the levels found
in naive (Nair) and mock-infected (PBS) mice by 13 dpi.

DISCUSSION

The results of this study describe the kinetic response to S. aureus subcutaneous skin infec-
tion in a mouse model. Based on lesion development and bacterial titers, we categorized the
infection into three phases: the early response (8 hpi to 3 dpi), the preresolution phase (5 to 7
dpi), and the resolution phase (9 to 15 dpi). Our data demonstrate a dynamic immune
response during S. aureus skin infection; the leukocyte population summary is represented in
Fig. 8. Prior to infection, ILCs and APCs were the predominant immune cells present in the
skin, and there were few to no cytokines present. Upon infection, neutrophils entered the skin
and remained the predominant cell type for the first 9 days, which we observed by both flow
cytometry and histopathological analysis. Despite the high neutrophil abundance, bacterial
titers remained consistently high during this time and spread laterally in the tissue under the
lesion. During early infection, NK cells and neutrophils were present at higher numbers than
before infection, but most other cell types decreased; bacterial titers remained consistent at
around 10° CFU/mg tissue; and G-CSF, CXCL-1, IL-6, IL-4, MCP-1, and IL-18 were abundant.
During the preresolution phase, neutrophils remained the predominant cell type; NK cells
were still present at higher numbers; bacterial titers remained at around 10¢ CFU/mg tissue;
and CCL4, IL-17A, and IL-17F levels increased. Necrosis was observed from the epidermis
down to the skeletal muscle underneath the skin, and bacteria were seen throughout the ne-
crotic tissue. During the resolution phase, neutrophils, while still present, were no longer the
predominant cell type. Instead, ILCs and APCs returned to the infection site, CD4+ and CD8*
T cells arrived in the tissue, NK cells decreased, and most cytokines/chemokines were either at
or below the limit of detection. Reepithelialization and tissue repair began at around day 9
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and continued through day 15. Collectively, these data demonstrate the complex dynamics of
the host response to S. aureus skin infection at both the immunological and histological levels.

Upon tissue damage or infection, skin-resident cells, including leukocytes and kera-
tinocytes, produce chemokines to recruit additional leukocyte populations. Initially, we
were surprised to find that the number of CD45" cells at the infection site did not change
above those of uninfected skin for the first 7 days despite the recruitment of neutrophils;
however, this large neutrophil influx was offset by the loss of other resident immune cell
types, such as ILCs, APCs, and T cells. Indeed, every cell population examined, other than
neutrophils, CD207+ DCs, and NK cells, decreased upon infection. This countereffect resulted
in no net change in leukocyte numbers at the site of infection but a drastic change in the
composition of the leukocytes found in the skin. This held true through the first 7 days of
infection, after which there was a rebalance of the leukocyte populations as the infection
was cleared and the wound was repaired during the resolution phase.

The decrease in the cell populations that we observed may be the result of leukocytes
leaving the infection site or cell death. The numbers of both ILCs and APCs largely decreased
after infection. Although ILCs can migrate, they are typically tissue-resident cells, and we
hypothesize that the loss of ILCs in the skin after infection is the result of cell death during
the infection. Similarly, APCs are also tissue resident but migrate out of tissues upon stimula-
tion as a key component of their role in the immune response. Considering the amount of
observable tissue damage, we hypothesize that the general loss of these cells was also due
to extensive cell death. This is not surprising considering the number of cytolytic proteins
produced by S. aureus, including the phenol-soluble modulins and alpha-hemolysin, which
contribute to necrosis and can kill host cells, including various leukocyte subsets (7, 27, 29,
41-46). We did identify several cell types whose numbers did not decrease upon infection.
For example, we found an immediate increase in NK cells, whose numbers persisted for
7 days. Either there was a continued influx of NK cells to the infection site or NK cells were
resistant to killing during infection. Discerning between these possibilities is a focus of
ongoing studies. In addition, the numbers of CD207+ DCs remained similar to those in con-
trol animals even after infection. Again, whether these cells are resistant to killing, proliferate,
or are continually replenished at the site of infection will require additional investigation.

Considering studies that demonstrated an important role of IL-17 in combating S.
aureus infections, we were particularly interested in the timing of IL-17 production. We
originally chose the 8-h time point due to a previous report that IL-17A and IL-17F mRNA
spiked then during intradermal infection (17); however, our study showed that IL-17F pro-
tein levels were either absent or below the level of detection at 8 hpi. Indeed, we observed
IL-17F only in all animals at 7 dpi and in a subset of animals at 9 dpi. For IL-17A, we observed
very low levels of protein, except between days 5 and 9, where IL-17A levels were elevated.
While there are scant IL-17 kinetic data from other studies, IL-17 protein is readily detectable
at 7 dpi in other studies (18, 19, 24). Of note, the peak IL-17 levels that we observed immedi-
ately preceded bacterial clearance and the start of the resolution phase of the infection.
Given the striking correlation of IL-17A/F production just prior to the decrease in bacterial
titers in our study, this supports the hypothesis that IL-17 production at this later time point
is important for bacterial clearance.

IL-17A/F is critical for combating S. aureus skin infections (18). While many cells produce IL-
17, its production in response to S. aureus skin infection is thought to be controlled largely by
¥8 T cells, although other cells, such as ILCs, Th17 cells, or CD8* T cells, may be important as
well (17-20, 23, 24, 47). Mice deficient in yd T cells have higher skin bacterial titers early in an
S. aureus intracutaneous infection model (21). During cutaneous infection, C57BL/6J mice defi-
cient in either v T cells or IL-17 receptor (IL-17R) had both larger surface lesions and higher
bacterial titers over 2 weeks of infection (17). A similar result was observed using a surgical site
infection model with C57BL/6 mice lacking IL-17R, IL-1R, or y8 T cells (20); however, the rela-
tive importance depended on the strain of S. aureus used. IL-17 also contributes to altered
inflammation and the ability to combat S. aureus skin infection using epicutaneous (19, 24)
and intradermal (18) models. While most of these studies attribute IL-17 production to y5 T
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cells to recruit neutrophils, they also point to the potential roles of type 3 ILCs (ILC3s), CD4*
T cells, and Th17 cells as additional IL-17 producers.

The IL-17 spike that we observed immediately prior to bacterial clearance supports the
body of evidence that IL-17 is a key mediator in immune defense against S. aureus. Therefore,
we are intrigued as to which cell type(s) is responsible for the production of IL-17 in the prere-
solution phase of the infection. We observed the highest numbers of y5 T cells at 8 hpi and
then again at 9 dpi and beyond. This timing did not align with the observed elevated IL-17A/F
quantities in the skin. While we cannot rule out that y§ T cells are producing IL-17 early in
infection (8 h), we did not observe a protein spike as seen in a previous mRNA study, which
used an epicutaneous model of infection (17). A spike in IL-17 mRNA expression at the early
time point in this model could be because the bacteria are in the epidermis, where y5 T cells
reside, much earlier than in our studies using the subcutaneous infection model where it takes
longer for the bacteria to access this site (Fig. 2). CD4™ Th17 cells also produce IL-17 and con-
tribute to skin inflammation during epicutaneous S. aureus infection (24); however, we found
that the CD4* population returned after the observed production of IL-17, suggesting that
they may not be the main producer of IL-17 during the transition to the resolution phase.
Two other candidate cells for IL-17 production include ILC3s and NK cells. ILC3s produce IL-17
and contribute to skin inflammation during S. aureus infection (19). Again, ILC populations
were small at 5 to 9 dpi when IL-17 was maximally detected. NK cells produce IL-17 and help
combat S. aureus lung infections (34). The numbers of NK cells increased during infection and
were maintained until 7 dpi. NK cells were present in elevated numbers when we observed
the peak level of IL-17, but they were also abundant earlier when little IL-17 was detected.
Finally, while CD8* T cells are not considered major players in the IL-17 response to S. aureus
skin infections, these cells produce IL-17A and impact wound repair in response to S. epidermi-
dis (47). Identifying whether the late IL-17A/F spike is indeed critical for bacterial clearance, as
well as the cells producing this IL-17, is a major focus of our ongoing studies.

The goal of this study was to provide a kinetic examination of the immune response to
S. aureus subcutaneous infections. Identifying how the leukocyte populations change over
time is key to understanding the immune response during these infections. We have dem-
onstrated a striking and immediate loss of most skin leukocyte populations that recovers
only after a critical event corresponding to reductions in recruited neutrophil and NK num-
bers and a precisely timed yet ephemeral IL-17A/F burst. Moreover, this study provides a
foundation on which further studies can dissect the mechanisms behind S. aureus pathoge-
nesis, the immune response to S. aureus infection, and the process of wound repair. This
resource will be invaluable for investigations of how the inactivation of genes in either the
host or the bacterium impacts the pathogenesis of S. aureus skin infections.

MATERIALS AND METHODS

Preparation of inocula. For these experiments, we used the AH1263 strain (48), a derivative of the
USA300 strain LAC lacking the LAC-p03 plasmid. Bacteria were retrieved from —80°C freezer stocks and
inoculated into 3 mL of tryptic soy broth (TSB). The culture was incubated at 37°C for 16 h with shaking
at 250 rpm with a 1-in. orbit. The culture was then diluted 1:100 in 10 mL TSB in a 50-mL conical tube with a
loose cap and grown for ~4.5 h at 37°C with shaking at 250 rpm. Bacteria were pelleted at 4,000 x g for 10
min, washed with Dulbecco’s phosphate-buffered saline (DPBS) without calcium and magnesium, pelleted
again, and resuspended to 3.85 x 107 to 4.71 x 10”7 CFU per 50-uL injection. The CFU concentrations were
confirmed by dilution plating.

Subcutaneous infection model. All animal studies were conducted in strict accordance with
approved protocols (2018-2451 and 2021-2613) by the University of Kansas Medical Center Institutional
Animal Care and Use Committee. Eight-week-old female C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME)
were infected as previously described (28, 29), with modifications. In brief, mice were anesthetized using iso-
flurane 5 days before infection for mechanical hair removal using a veterinary shaver. The following day, the
mice were treated with Chapstick, and chemical depilation (Nair with cocoa butter; Church & Dwight, Ewing,
NJ) was performed to destroy the remaining hair follicles and delay hair regrowth. The Nair was removed using
an isopropanol wipe, and the mice were then treated with ointment (Aquaphor; Beiersdorf, Inc., Wilton, CT).
For the following 2 days, Aquaphor was applied. On infection day, mice were again anesthetized using isoflur-
ane and inoculated subcutaneously with ~4 x 107 CFU suspended in 50 uL DPBS into the back or flank of
mice using a 27-gauge needle. Mice were weighed and their infection site was photographed every other day.
A ruler was included in the frame to use for measurement reference. For each time point, mice were eutha-
nized using CO, asphyxiation. The lesion and ~3 mm of the surrounding healthy tissue were excised. Skin
extracts were placed into either cassettes (for histology), Hanks' balanced salt solution (HBSS) (no cations) with
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0.2% (wt/vol) human serum albumin (HSA) (catalog number A5843; Sigma-Aldrich, St. Louis, MO) and 10 mM
HEPES (for CFU and cytokines), or gentleMACS tissue storage solution (Miltenyi Biotec, Bergisch Gladbach,
Germany) (for immune cell isolation). Control mice included naive mice (depilated, with no subcutaneous injec-
tion) or mice mock inoculated with DPBS after depilation and were then treated as infected mice; tissue was
harvested from these two control mouse groups at a time correlating to 3 dpi. The lesion size was determined
from photographs using ImageJ software (NIH).

Histological procedures. Lesions were dissected from mouse skin, maintaining an ~3-mm border
of healthy tissue around each lesion. Next, the lesions were bisected along the shortest dimension, and
one-half was placed into a histology cassette with a tissue sponge (25 by 31 mm; Epredia, Kalamazoo,
MI) to limit skin curling during fixation. The cassette was then placed into 10% neutral buffered formalin
and placed onto a platform orbital shaker (New Brunswick Innova 2050; Eppendorf, Enfield, CT) at
115 rpm (1.9-cm radius) for 16 to 18 h at room temperature. After fixation, the fixative was replaced with
70% ethanol, and the tissues were again incubated on a platform orbital shaker as described above. The
tissues were stored at 4°C until they were processed, embedded in paraffin wax, and sectioned using
standard procedures (Kansas Intellectual and Developmental Disabilities Research Center Histology
Core). Skin sections (5 wm) were placed onto glass slides and stained with hematoxylin and eosin (H&E),
after which coverslips were attached to the slides using Permount (Electron Microscopy Sciences,
Hatfield, PA). H&E-stained skin sections were scanned using an Aperio AT2 instrument (Leica Biosystems,
Buffalo Grove, IL) at a x200 magnification.

Alcoholic saffron-modified Gram stain. Gram staining of tissue sections was performed as previ-
ously described (49). Skin sections (5 um thick) were deparaffinized in CitriSolv (3 times for 3 min each),
after which they were rehydrated in a series of ethanol baths (100% ethanol, twice for 1 min each; 95%
ethanol, once for 1 min; 70% ethanol, once for 1 min; and 30% ethanol, once for 1 min) and then incubated
in reverse-osmosis water (twice for 1 min each) with agitation on a platform orbital shaker (115 rpm, 1.9-cm
radius). Next, the slides were incubated in crystal violet for 5 min, rinsed in cool tap water until the water ran
clear, incubated in Gram iodine for 2 min, rinsed again, incubated in Gram decolorizer for 30 s, and rinsed
again in cool tap water. Next, the slides were incubated in Gram safranin for 1 min 40 s and rinsed a final time
in cool tap water. Thereafter, the sections were dehydrated in a series of ethanol baths (95% ethanol, once for
1 min, and 100% ethanol, once for 1 min) and then incubated in alcoholic saffron for 5 min. After a final etha-
nol incubation step (100%, once for 1 min), the slides were submerged in fresh CitriSolv for 5 min, and the
coverslips were then attached using Cytoseal XYL (Richard Allan Scientific, Kalamazoo, MI). Alcoholic saffron-
modified Gram-stained sections were imaged using an Aperio AT2 instrument at a x 200 magnification.

Histopathology analysis. Microscopic evaluations of the H&E-stained sections and Gram-stained
sections were performed by a board-certified dermatopathologist using light microscopy (BX46;
Olympus, Tokyo, Japan). The histopathological changes at each time point were recorded.

Bacterial titer enumeration. As described previously (29), dissected skin was bisected, minced, and
placed into two lysing matrix H 2-mL tubes (MP Biomedicals, Irvine, CA) containing buffer (HBSS with
0.2% HSA and 10 mM HEPES). Skin samples were then homogenized according to the manufacturer’s
protocol for human skin in a FastPrep-24 5G homogenizer (MP Biomedicals). The previously separated
samples were combined and serially diluted in PBS for CFU enumeration on tryptic soy agar plates. The
remaining homogenate was clarified by centrifugation at 10,000 x g for 10 min at 4°C. Complete prote-
ase inhibitor (Roche, Basel, Switzerland) and 0.8 mM EDTA (Fisher Chemical, Hampton, NH) were added
to the supernatant, and the sample was stored at —80°C for future cytokine and chemokine analyses.

Isolating immune cells from the skin. A protocol modified from the one for the Miltenyi Biotec
whole-skin dissociation kit for human skin was used to generate single-cell suspensions. Briefly, skin extracts
were washed in gentleMACS tissue storage solution, minced, and placed into a C tube with 435 L RPMI 1640.
Enzymes A (2.5 uL), D (50 wl), and R (125 wl) from muiltitissue dissociation kit 1 were added to each tube,
and the samples were incubated in a 37°C water bath for 3 h. Once removed from the water bath, 500 uL of
cold cell culture medium (RPMI 1640 plus 10% fetal bovine serum [FBS]) was added to the C tube. The tissue
was dissociated using protocol h_skin_01 in a gentleMACS dissociator. C tubes were centrifuged at 200 x g
briefly to collect tissue to the bottom of the tube. The tubes were rinsed with 4 mL cold cell culture medium,
and samples were poured through a 40-um strainer into a 50-mL tube. The 50-mL tubes were then centri-
fuged at 300 x g at 4°C for 10 min, and the cells were resuspended in buffer (PBS containing 2% FBS and 0.1%
sodium azide) supplemented with brilliant stain buffer plus (BD Biosciences). Live cells were enumerated using
trypan blue staining and a hemocytometer.

Flow cytometry. Isolated cells were separated into 3 samples, treated with 0.5 ug mL™" Fc block (BD
Biosciences, Franklin Lakes, NJ) for 5 min at 4°C, and incubated with optimized antibody cocktails as outlined
in Table 1. Panel 1 was used to immunophenotype neutrophils and antigen-presenting cells. Panel 2 was used
to immunophenotype ILCs and B cells. Finally, panel 3 was used to immunophenotype T cells and NK cells.
Antibodies were incubated with samples in the dark at 4°C for 20 min. The samples were treated with 4’,6-dia-
midino-2-phenylindole (DAPI) and analyzed using a BD LSRIl instrument at the University of Kansas Flow
Cytometry Core. Analysis was performed using FlowJo software, version 10. Gating strategies for identifying
each cell population are shown in Fig. S14 to S16 in the supplemental material. Panel 1 did not contain a CD45
antibody; therefore, to determine the percentages and numbers of the cell populations, we used the average
for CD45™ cells found in the other two panels.

Measuring cytokine production. Frozen homogenates were thawed, and cytokines and chemo-
kines were quantified using cytometric bead array assays (BD Biosciences) according to the manufac-
turer’s recommendations and protocols on a BD LSRII instrument. A custom Flex set was used to assess the
following cytokines: KC (CXCL1), IL-6, MIP-1a (CCL3), TNF, MIP-18 (CCL4), IL-12/IL-23p40, IL-18, GM-CSF,
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TABLE 1 Antibody panels

Marker Color® Manufacturer, catalog no.?
Panel 1

CCR2 BV786 BD, 747966

CD11b BV510 BD, 562950

CD11c PerCP/Cy5.5 BL, 117328

CD207 APC MB, 130-113-053

F4/80 BV650 BD, 744338

Ly6C AF700 BL, 128023

Ly6G FITC BD, 551460

MHC-II (I-AP) PE BD, 553552

Dead cells DAPI BD, 561907, or Invitrogen, D1306
Panel 2

CD11b BV510 BD, 562950

CD11c PerCP/Cy5.5 BL, 117328

CD45 BV711 BD, 563709

CD3¢ BV605 BL, 100351

CD90.2 APC BD, 561974

GR1 FITC BD, 553126

NK1.1 PE BD, 553165

B220 BV786 BD, 563894

Dead cells DAPI BD, 561907, or Invitrogen, D1306
Panel 3

CD45 PE-CF594 BD, 562420

CD3¢ BV605 BL, 100351

CD4 PE-Cy5 BL, 130312

CD8« BV711 BL, 100759

NK1.1 APC MB, 130-120-507

¥8TCR FITC eB, 11-5711-82

Dead cells DAPI BD, 561907, or Invitrogen, D1306

9BD, BD Biosciences; BL, BioLegend; MB, Miltenyi Biotec; eB, eBioscience.
bPerCP, peridinin chlorophyll protein; APC, allophycocyanin; FITC, fluorescein isothiocyanate; PE, phycoerythrin;
BV, brilliant violet; AF, alexa fluor.

RANTES, IFN-y, G-CSF, MCP-1 (CCL2), IL-17F, and IL-1c. The enhanced-sensitivity Flex set (BD Biosciences) was
used for IL-4, IL-17A, and IL-10 quantification.

Statistical analysis. Statistical analyses were performed using GraphPad Prism, version 9. Significance in
the figures was determined using a Mann-Whitney test compared to mock-infected (PBS) control mice, with
tissues harvested correlating to 3 dpi (or 8 hpi in Fig. 1c). Pairwise comparisons between time points and con-
trols for all leukocyte populations in the text are provided in Table S1 in the supplemental material and were
conducted by a nonparametric Kruskal-Wallis test comparing the mean ranks of each column (Nair, PBS, or
time point) without correction for multiple comparisons (uncorrected Dunn’s test).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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