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ABSTRACT Staphylococcus aureus fatty acid kinase FakA is necessary for the incor-
poration of exogenous fatty acids into the lipid membrane. We previously demon-
strated that the inactivation of fakA leads to decreased �-hemolysin (Hla) production
but increased expression of the proteases SspAB and aureolysin in vitro, and that the
ΔfakA mutant causes larger lesions than the wild type (WT) during murine skin in-
fection. As expected, necrosis is Hla dependent in the presence or absence of FakA,
as both hla and hla ΔfakA mutants are unable to cause necrosis of the skin. At day
4 postinfection, while the ΔfakA mutant maintains larger and more necrotic ab-
scesses, bacterial numbers are similar to those of the WT, indicating the enhanced
tissue damage of mice infected with the ΔfakA mutant is not due to an increase in
bacterial burden. At this early stage of infection, skin infected with the ΔfakA mutant
has decreased levels of proinflammatory cytokines, such as interleukin-17A (IL-17A)
and IL-1�, compared to those of WT-infected skin. At a later stage of infection (day
7), abscess resolution and bacterial clearance are hindered in ΔfakA mutant-infected
mice. The paradoxical findings of decreased Hla in vitro but increased necrosis in
vivo led us to investigate the role of the proteases regulated by FakA. Utilizing Δaur
and ΔsspAB mutants in both the WT and fakA mutant backgrounds, we found that
the absence of these proteases in a fakA mutant reduced dermonecrosis to levels
similar to those of the WT strain. These studies suggest that the overproduction of
proteases is one factor contributing to the enhanced pathogenesis of the ΔfakA mu-
tant during skin infection.
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From 1999 to 2009, the incidence of Staphylococcus aureus infections increased, as
did the percentage of hospitalizations resulting from skin and soft-tissue infections

(SSTIs) (1, 2). More recently, a report analyzing S. aureus bloodstream infections from
2012 to 2017 revealed that while progress has been made toward decreasing these
infections, progress toward reducing community-associated (CA) methicillin-resistant
Staphylococcus aureus (CA-MRSA) cases has slowed but CA methicillin-susceptible S.
aureus (CA-MSSA) infections have increased (3). Considering these trends and the rise
in antibiotic-resistant strains, S. aureus remains a global health threat, and it is now
more important than ever to understand the underlying mechanisms of S. aureus
infections. Our goal through these studies is to better understand how the host and S.
aureus interact to cause disease.

Staphylococcus aureus is the most common cause of SSTIs (4), which are also the
most common type of S. aureus infection (5). During an SSTI, there is a complex
interplay between the host and S. aureus. The bacterium secretes virulence factors to
establish infection, and the host immune system responds with a combination of innate
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and adaptive immune factors. One key component for combating S. aureus skin
infections is the production of interleukin-17A/F (IL-17A/F) by subsets of T cells,
including �� T cells (6, 7). Pattern recognition receptors (PRRs), such as TLR2 (8–10),
TLR9 (11), and NOD2 (9, 12), recognize S. aureus and promote an effective immune
response by stimulating the release of several cytokines and chemokines. Cytokines
such as IL-17 (6), IL-1�, and IL-1� (13) have been shown to be important players in the
clearance of S. aureus skin infections due to their ability to recruit neutrophils, which are
necessary for eradicating S. aureus (14). To combat the potent defense of the immune
system, S. aureus produces a myriad of virulence factors, including a variety of lytic
toxins, such as the leukocidins, hemolysins, and phenol-soluble modulins (PSMs). In
particular, �-hemolysin (Hla) is a crucial toxin for the generation of surface-exposed
necrotic lesions and enhanced bacterial titers in the skin (15–17). This pathogenesis
revolves around the concentration-dependent ability of Hla to activate the proteinase
ADAM10 and the NLRP3 inflammasome and to lyse a multitude of cell types, culmi-
nating in tissue destruction and dermonecrosis (18–21). Additionally, S. aureus pro-
duces several proteases that can degrade host proteins, such as complement protein
C3 (22), proteins contributing to epidermal cell junctions (23), and all classes of human
immunoglobulins (24), as well as modulate levels of members of the S. aureus extra-
cellular proteome (25). Importantly, these proteases, like Hla, also play a role in S. aureus
SSTI (25).

In a previous report, we identified the S. aureus fatty acid kinase A (FakA; formerly
known as VfrB) as a contributor to virulence factor regulation. FakA, along with FakB1
and FakB2, compose a system that activates exogenous fatty acids (exoFAs) so that they
can be used for lipid generation. In the absence of FakA, S. aureus cannot utilize exoFAs
and has increased resistance to unsaturated fatty acids (26, 27) and an altered metab-
olism (28). In the initial report of FakA, we identified the altered regulation of key
virulence factors in the ΔfakA mutant and demonstrated that the ΔfakA mutant is more
virulent than wild-type (WT) S. aureus in a mouse model of SSTI (29). The mechanism
by which FakA alters virulence factor production was later clarified by identifying that
FakA positively regulates the activity of the SaeRS two-component system (30, 31).
Specifically, the kinetic expression of Hla is altered in the ΔfakA mutant (30), and there
is increased production of the staphylococcal serine protease A (SspA or V8), SspB, and
aureolysin (Aur) proteases (29). While Hla is known to lyse cells and disrupt barriers by
facilitating the cleavage of cell junction proteins, both SspA and SspB proteases have
also been shown in vitro to degrade cell junctions between keratinocytes without
causing keratinocyte cell damage (32, 33). Additionally, SspA and SspB can degrade
other components of the host’s extracellular matrix, which may contribute to invasive
S. aureus infections (34, 35). Furthermore, others have shown that skin infections
formed by ΔsspA and ΔsspB mutants have decreased numbers of CFU compared to
those of skin abscesses formed by WT S. aureus (36), suggesting the importance of SspA
and SspB in limiting bacterial clearance. However, whether the dysregulation of Hla or
proteases contributes to the enhanced virulence of the ΔfakA mutant in vivo remains
unknown.

We hypothesized that in the absence of FakA, the expression and/or function of
several S. aureus virulence factors would be altered, leading to the increased virulence
displayed by the ΔfakA mutant in vivo. In this study, we found that Hla, as expected, is
necessary for both the S. aureus WT and ΔfakA mutant to form necrotic surface lesions
in a mouse model of SSTI. Compared to SSTI caused by WT S. aureus, infection with the
ΔfakA mutant causes decreased local levels of IL-17A and IL-1� at day 4 postinoculation
(p.i.) but an increased abundance of other proinflammatory cytokines at day 7 p.i.
Importantly, our in vivo studies suggest that S. aureus proteases are involved in
promoting the hypervirulent nature of the ΔfakA mutant. Therefore, we postulate that
enhanced protease production is a contributing factor that allows the ΔfakA mutant to
cause increased pathogenesis in a murine model of S. aureus SSTI.
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RESULTS
�fakA mutant is hypervirulent through resolution of infection. Previously, we

showed that the ΔfakA mutant causes larger and more necrotic skin infections than WT
S. aureus for up to 3 days postinfection (p.i.), despite a similar bacterial burden (29). To
expand our studies, we tested whether this phenotype persists throughout the course
of infection. We infected outbred SKH1 mice with either WT or ΔfakA mutant S. aureus
and monitored the infection for fourteen days. As expected, the WT S. aureus-infected
mice developed a blanched lesion (total lesion area) on day 1 p.i. that became necrotic
(ulcer area) and reached maximal size by day 4 p.i. (Fig. 1); we deem this the peak of
infection. As is typical of these infections, the ulcer dominated the lesion area between
days 2 and 4 p.i. Mice infected with the ΔfakA mutant maintained larger total lesion and
ulcer areas, which did not resolve to WT levels until day 12 (Fig. 1). Despite similar time
to lesion resolution, mice infected with the ΔfakA mutant had higher local bacterial
titers at day 14 p.i. (Fig. 1C). These data demonstrate that SSTIs caused by the S. aureus
ΔfakA mutant show increased virulence compared to that of WT infection, observed as
significantly larger necrotic lesions 2 to 10 days p.i. with increased bacterial burden at
the time of lesion resolution (day 14 p.i.), suggesting that FakA plays a role in mitigating
WT infections. We hypothesize that this is due to altered regulation of virulence factors,
such as Hla and proteases in ΔfakA mutant infection.

�fakA mutant infections maintain higher bacterial titers at resolution initia-
tion. Because we observed that necrosis peaked at �4 days p.i. in both WT S. aureus-
and ΔfakA mutant-infected mice with the initiation of resolution at day 7 p.i., we
selected these two time points for more detailed analysis. As expected, the ΔfakA
mutant-infected mice had larger total lesions (Fig. 2A and D) and ulcers (Fig. 2B and E)
than those infected with WT S. aureus. Consistent with our previous study (29), at 3 days
p.i., there was no statistical difference between WT and ΔfakA mutant bacterial titers at
4 days p.i. (Fig. 2C), again demonstrating that the increase in ulcer area during ΔfakA
mutant infections is not due to increased bacterial numbers. In contrast, at 7 days p.i.,
the ΔfakA mutant-infected mice still had bacterial burdens similar to day 4 levels, while
the WT had a 4-log variance in numbers of CFU, indicating varied clearance in each
animal (Fig. 2F). This suggests that in contrast to the ΔfakA mutant, by day 7 p.i., WT S.
aureus infections are beginning to be cleared. The finding that these relative differences

FIG 1 ΔfakA mutant maintains enhanced virulence throughout infection. Mice were infected with
2 � 107 CFU of WT or ΔfakA mutant S. aureus. Total lesion (A) and ulcer (B) areas were measured every
other day. (C) On day 14 postinfection (p.i.), mice were euthanized and local bacterial titers (CFU) were
determined. (D) Representative images of WT or ΔfakA mutant infection sites on days 2, 4, 8, and 14 p.i.
Scale bars, 5 mm. *, P � 0.05; **, P � 0.01 by Mann-Whitney test. Data shown are means � standard errors
of the means (SEM) (n � 5) for panels A and B. The bars in panel C represents the medians.
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between the WT and ΔfakA mutant in bacterial burden are also seen at day 14 p.i. (Fig.
1C) suggests a decreased ability of the host to clear the ΔfakA mutant infection.

To visualize total lesion architecture, beyond the two-dimensional surface area, we
performed hematoxylin and eosin (H&E) staining of day 4 p.i. skin sections. As shown
in Fig. 2G, the WT-infected mouse lesion (left) is beginning to contract, a sign of healing
initiation (37), as seen by the concave shape of the lesion. In contrast, the ΔfakA
mutant-infected lesion (right) remains elongated with no sign of contraction. Addition-
ally, compared to the well-defined neutrophilic abscess boundary (indicated by arrow-
heads) of the lesion formed by WT S. aureus, the neutrophilic boundary formed by the
ΔfakA mutant is less well-defined. Taken together, these data demonstrate that mice
infected with the ΔfakA mutant have increased tissue damage despite similar numbers
of bacteria through peak infection. Moreover, bacterial clearance and wound resolution
are delayed in ΔfakA mutant-infected mice. These results suggest that the enhanced
pathogenicity of the ΔfakA mutant over WT S. aureus, despite similar bacterial burdens,
results from altered virulence factor expression and/or an altered host immune re-
sponse.

Infection by the �fakA mutant causes altered cytokine expression in the host.
In our initial infections using the ΔfakA mutant, we identified locally increased skin
levels of the proinflammatory cytokines IL-1�, IL-6, and tumor necrosis factor alpha
(TNF-�) compared to those of WT infections at day 3 p.i. (29). To build upon these
studies, we expanded our cytokine analysis with the quantification of key chemokines
and cytokines at both 4 and 7 days p.i., time points of peak infection (peak ulcer size)

FIG 2 ΔfakA mutant infections maintain higher bacterial titers at point of resolution initiation. Mice were infected
with 1 � 107 to 3 � 107 CFU of WT or ΔfakA mutant S. aureus. Total lesion and ulcer areas were measured through
day 4 (A and B) or day 7 (D and E) p.i. The numbers of CFU were determined on day 4 (C) or day 7 (F) p.i. (G) H&E
staining of infection site skin on day 4 p.i. (scale bar, 0.5 mm; arrowheads indicate the neutrophilic boundary). *, P �
0.05; **, P � 0.01; #, P � 0.06; ns, not significant; all by Mann-Whitney test. Data shown are means � SEM (n � 6)
for panels A, B, D, and E. The bars in panels C and F represent the medians.
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and initiation of the resolution of the lesion, respectively. IL-1� and IL-1�, which are
recognized by IL-1R (38), have been shown to play a role in mitigating S. aureus skin
infections (13). IL-1� is mainly produced by keratinocytes in the uppermost layer of the
skin, whereas IL-1� is made by keratinocytes as well as various leukocytes located
deeper within the skin (13, 39). IL-1� is key to combatting S. aureus during a subdermal
infection, as performed here (13). While IL-6 has not been studied extensively in the
context of S. aureus skin infections, it is important in the defense against other
Gram-positive bacteria, such as Streptococcus pneumoniae (40) and Streptococcus pyo-
genes (41). The level of IL-6 also is elevated in the serum of patients presenting with S.
aureus USA300 SSTIs (42). IL-17 is a key cytokine in the clearance of S. aureus during an
SSTI (6, 13). IL-17 is produced by several T cell types in the skin and is important for
neutrophil recruitment (43). Neutrophils play a vital/critical role in S. aureus clearance.
Keratinocytes also produce TNF-� (44), to prime neutrophils to kill the bacteria (45), as
well as keratinocyte chemoattractant (KC; also known as CXCL1), to further recruit
neutrophils (46). Macrophage inflammatory proteins 1� (MIP-1�) and MIP-1� are
chemokines produced by macrophages upon stimulation with several bacterial mole-
cules, including Gram-positive lipoteichoic acid as well as IL-1� (47, 48). These chemo-
kines are important in recruiting other leukocytes and lymphocytes to the site of
infection. Additionally, we measured the production of the anti-inflammatory cytokine
IL-10.

At peak infection (day 4), the ΔfakA mutant caused significantly increased levels of
TNF-� compared to those of WT infection (Fig. 3, top). Additionally, while not statisti-
cally significant, the proinflammatory cytokines MIP-1� and MIP-1� trended toward
increased abundance in mice infected with the ΔfakA mutant compared to those
infected with WT S. aureus. At this same time point, ΔfakA mutant infections had
decreased levels of IL-1� and IL-17A (Fig. 3, top), which is significant considering IL-1�

leads to the production of IL-17, an important cytokine for clearing S. aureus infections
(6). The mechanism behind the decreased production of IL-17A in infections caused by
the ΔfakA mutant is unknown and will be a subject of further investigations.

During resolution (day 7), we observed increased levels of several cytokines, includ-
ing IL-1�, IL-6, TNF-�, KC (CXCL1), MIP-1�, and MIP-1�, in ΔfakA mutant-infected mice
(Fig. 3, bottom), with no difference in IL-1� or IL-10 levels (Fig. 3, bottom; see also Fig.
S1 in the supplemental material). There was also a trend toward increased LIX (CXCL5)
and IL-17A, a reversal of our day 4 p.i. findings (Fig. 3, bottom, and Fig. S1). Together,

FIG 3 ΔfakA mutant causes altered cytokine expression in the host. Mice were subcutaneously infected with 1 � 107 to 3 � 107 CFU of
WT or ΔfakA mutant S. aureus. Mice were sacrificed 4 or 7 days p.i. Infection site skin was collected and cytokine levels measured in
homogenate. Dots indicate an individual mouse (n � 6), whereas bars indicate the median. *, P � 0.05; **, P � 0.01 by Mann-Whitney test.
KC, keratinocyte chemoattractant. MIP, macrophage inflammatory protein.

Staphylococcus aureus FakA Modulates Skin Pathogenesis Infection and Immunity

August 2020 Volume 88 Issue 8 e00163-20 iai.asm.org 5

https://iai.asm.org


our data demonstrate that infection by the ΔfakA mutant leads to decreased local levels
of IL-17A around the peak of the infection (day 4 p.i.) but an increase of proinflamma-
tory cytokines and chemokines when the infection begins to resolve (day 7 p.i.).

Enhanced lesion formation by the �fakA mutant is Hla dependent. Previous
studies have shown that Hla is an important virulence factor in SSTI because it leads to
the formation of necrotic tissue in murine models (15, 17, 49). In addition, we have
previously reported that the ΔfakA mutant has altered Hla expression in vitro (29, 30).
Therefore, given the increased lesion size caused by ΔfakA mutant SSTI in mice, we
asked whether Hla contributed to the pathogenesis of the ΔfakA mutant. We infected
mice with WT, ΔfakA, hla, or hla ΔfakA mutant strains. As expected, mice inoculated
with either strain lacking Hla failed to exhibit skin ulceration (Fig. 4A, B, and D). In
agreement with our other data, there was no difference in bacterial burden present
at the site of infection between wild-type- and ΔfakA mutant-infected mice (Fig. 4C).
However, infection with strains lacking Hla (hla and hla ΔfakA mutant strains) resulted
in significantly lower (�1-log) bacterial burdens than those of their respective parent
strains. Clearly, the production of Hla is necessary for surface lesion formation and
bacterial survival in infections by both WT S. aureus and the ΔfakA mutant.

Proteases contribute to increased �fakA mutant-mediated skin lesion forma-
tion. We have previously shown that the ΔfakA mutant has increased protease expres-
sion and activity in vitro (29). Specifically, increased transcription of aur and sspABC by
the ΔfakA mutant corresponds to increased protease activity, as measured by �-casein
zymography. Aureolysin (Aur) is at the top of the S. aureus extracellular protease
cascade (50). Pro-aureolysin self-cleaves to produce active aureolysin, which in turn
cleaves pro-SspA, creating the serine protease SspA (50, 51). SspA will then go on to
cleave pro-SspB, forming the cysteine protease SspB (33). It was previously shown that
a 7-day skin infection with a mutant lacking SspA and SspB resulted in reduced
bacterial burden compared to that of WT infection, and the mutant lacking Aur also had
decreased virulence compared to that of the WT (although the difference was not
significant) (36). Therefore, it was possible that the overproduction of proteases Aur,
SspA, and SspB could enhance the virulence of the ΔfakA mutant. To elucidate the role
proteases play during a subcutaneous infection, we infected mice with single protease
mutants or those mutations in combination with fakA. While measures of infection with
the Δaur mutant did not differ from WT infection, infection with the Δaur fakA mutant
resulted in significantly reduced lesion size and necrosis compared to that of ΔfakA

FIG 4 Enhanced lesion formation by ΔfakA mutant is dependent on Hla. Mice were subcutaneously infected with
1 � 107 to 3 � 107 CFU of WT, ΔfakA, hla, or hla ΔfakA mutant S. aureus. Total lesion (A) and ulcer (B) areas were
measured daily. (C) Numbers of CFU were measured on day 4 p.i. (D) Representative infection site images taken on
day 4 p.i. *, P � 0.05; **, P � 0.01 by Mann-Whitney test. Data shown in panels A and B are means � SEM (n � 6).
Bars in panel C indicate the medians.
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mutant infection (Fig. 5A and B). These findings demonstrate that Aur is necessary for
the full virulence potential of the ΔfakA mutant. A slight but nonsignificant decrease in
bacterial titer was observed in mice infected with the Δaur fakA mutant compared to
that of its ΔfakA mutant parent strain (Fig. 5C). Because Aur is important for the
activation of SspA and SspB, the phenotype we observe in the Δaur fakA mutant could
be due to inactive SspA and SspB. Therefore, to discern the roles of Aur and SspAB
during infection, we infected mice with the ΔsspAB mutant. Again, infection with the
ΔsspAB mutant had little impact on total lesion size, ulcer area, or local bacterial burden
compared to those of WT S. aureus-infected mice (Fig. 5D to F). However, consistent
with S. aureus Δaur fakA mutant infection, mice infected with the ΔsspAB fakA mutant
showed reduced overall lesion size and ulcer area compared to that of ΔfakA mutant
infection. Consistent with the surface measurements, H&E staining of individual pro-
tease mutants did not demonstrate altered lesion formation compared to that of the
WT. However, the ΔfakA and protease combination mutants largely resembled the
ΔfakA mutant. Thus, while the absence of a specific protease decreases the surface area
of lesions, we did not see a marked difference in the subsurface tissue architecture
(data not shown). Together, these data demonstrate that the Aur and SspAB proteases
all are necessary for increased pathogenesis in the absence of FakA.

DISCUSSION

With S. aureus being the leading cause of SSTIs, it is imperative that we understand
the underlying mechanisms of this host-pathogen interaction. We have shown previ-
ously that the absence of the fatty acid kinase A (FakA) protein leads to a more virulent
infection in a murine SSTI model, although the mechanism has not been elucidated. In
this work, we hypothesized that the altered virulence factor expression by the ΔfakA
mutant causes differences in tissue destruction and the immune system response to
infection compared to that of WT S. aureus. From these experiments, we have discov-
ered that the virulence phenotype of the ΔfakA mutant is observable to 10 days p.i. (Fig.
1), bacterial burden is increased at late time points (Fig. 1C and 2F), host cytokine
profiles are altered (Fig. 3), Hla is required (Fig. 4), and proteases play an important role
in the formation of lesions in the absence of FakA and contribute to the hypervirulence
of the ΔfakA mutant (Fig. 5). These studies have provided new insight into how the
ΔfakA mutant causes enhanced tissue damage in the skin (summarized in Fig. 6).

FIG 5 Proteases contribute to increased ΔfakA mutant lesion formation. Mice were subcutaneously infected with
1 � 107 to 3 � 107 CFU of WT, ΔfakA, Δaur, ΔsspAB, fakA Δaur, or fakA ΔsspAB mutant S. aureus. (A to F) Total lesion
(A and D) and ulcer (B and E) areas were measured daily. (C and F) Numbers of CFU were measured on day 4 p.i.
*, P � 0.05 between fakA and corresponding protease mutant after calculating the area under the curve. Data
shown for panels A, B, D, and E are means � SEM of n � 16 for WT and ΔfakA mutant infections and n � 11 for
Δaur, ΔsspAB, fakA Δaur, and fakA ΔsspAB mutant infections. Bars in panels C and F indicate the medians.
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As mentioned above, the absence of FakA during S. aureus SSTI results in an altered
inflammatory cytokine response prior to differences in bacterial burden, suggesting an
impact on the host innate response. At the peak of infection, 4 days p.i., we saw
increased lesion size and ulcer formation in mice infected with the ΔfakA mutant
compared to those of WT S. aureus. This increased pathology was not due to fitness
differences, since bacterial titers were equivalent in mice infected with either strain (Fig.
2C). It is known that IL-1 signaling leads to the production of IL-17, a key cytokine for
neutrophil recruitment and bacterial clearance during S. aureus SSTIs (6). Correlating
with enhanced pathology, during the initial stage of infection, we observed a decrease
in abundance of local IL-1� and IL-17A in mice infected with the ΔfakA mutant versus
the WT. This suggests that the increased pathology at this early time point is due to
bacterial components rather than immune factors, a possibility that will have to be
further explored. At day 4 p.i., the primary cells producing cytokines in the abscesses
would likely include innate immune cells, such as neutrophils, macrophages, and
Langerhans cells. Keratinocytes could also be producing cytokines, such as IL-1�, that
would lead to immune cell recruitment (13, 52). The production of cytokines by
keratinocytes could result from cell layer disruption induced by several S. aureus-
secreted factors, including Hla and SspAB (32–35, 53). Thus, reduced levels of IL-1� and
IL-17A may cause a decrease in neutrophil recruitment, which would reduce the
immune response to infection with the ΔfakA mutant. Future studies will determine the
mechanism driving altered immune signaling during ΔfakA mutant skin infection.

As the immune response changes over the course of infection, we predicted that
tissue damage would correlate with the cytokine response. On day 7 p.i., the beginning
of resolution, we observed the continuation of the increased overall and necrotic lesion
sizes caused by the ΔfakA mutant (Fig. 2). However, at this time point, we began to see
the clearance of the wild-type bacteria but not the ΔfakA mutant. Consistent with the

FIG 6 Model of WT and ΔfakA mutant infections at days 4 and 7. During WT infection, proteases and Hla induce
host tissue damage. Several S. aureus factors induce production of IL-1� and IL-17, leading to the recruitment of
neutrophils, which, over time, leads to an effective clearance of bacteria and an effective immune response. During
the ΔfakA mutant infection, the increase in protease production potentially leads to an increase in host tissue
damage along with damage caused by Hla. Through an unknown mechanism, the ΔfakA mutant does not induce
the production of IL-1� and IL-17, which then does not allow for the recruitment of neutrophils and leads to an
altered immune response and decreased ability for the host to effectively clear the bacteria (as seen at days 7 and
14 p.i.). The increased tissue damage would likely also cause an increase in damage-associated molecular patterns
(DAMPs), which would then cause an increased immune response (as seen in the increase in proinflammatory
cytokines produced at day 7).
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observed enhanced damage in ΔfakA mutant infection at day 7 p.i., there is a significant
increase in proinflammatory cytokines IL-1�, IL-6, TNF-�, KC (CXCL1), MIP-1�, and
MIP-1� and a trending increase in LIX (CXCL5) and IL-17A (Fig. 3; see also Fig. S1 in the
supplemental material). SKH1 mice are immunocompetent but are outbred, and this
may account for some of the variability in the results; however, such outbred mouse
strains may better represent the human population than inbred mouse strains. We
speculate that the early increase (day 4) of IL-17A and IL-1� production in the wild
type-infected mice aids in controlling the infection early, leading to more rapid
resolution and bacterial clearance. In contrast, ΔfakA mutant-infected mice are delayed
in the production of these key cytokines; thus, the infections are less controlled, and
this delays resolution and clearance. While it is tempting to speculate which cells are
responsible for altered cytokine abundance in response to ΔfakA mutant infections, we
plan on investigating this directly in future studies.

Previous studies have confirmed that Hla is required for S. aureus to produce a
necrotic lesion in a murine SSTI model (17, 49). Therefore, it was not surprising that we
found that Hla is required for the ΔfakA mutant to cause enhanced necrosis during SSTI.
We first identified FakA (previously called VfrB) due to reduced hemolytic activity on
blood agar and from bacterial supernatant (29). Later, we and others went on to show
that FakA is a key contributor to the activation of the SaeRS two-component system,
leading to altered kinetic expression of hla at the transcriptional level (30, 31). The
results from this study further demonstrate that the production of Hla is essential for
skin necrosis and suggest that the requirement for FakA to fully induce Hla production
is not as simple as that seen in vitro. This can be explained by two important previous
results. First, unlike other Sae-dependent promoters, like Pcoa, in broth culture the
ΔfakA mutant produces Hla during the transition from exponential to stationary phase
(30). Second, the need for FakA to induce hla expression can be bypassed by high SaeS
activity (30). Together, these results suggest that in vivo, Sae activity is adequate for Hla
production independent of the need for FakA.

The role proteases play during an S. aureus SSTI is largely unknown. Two groups
have identified a slight decrease in bacterial burden during S. aureus SSTI in the
absence of protease expression (25, 36). However, one study used a total protease
knockout strain (25), and the other study utilized a high-dose, low-virulence strain (36),
which could explain our observed lack of bacterial burden reduction. Here, we add to
this knowledge by reporting the effect of specific proteases in a clinically relevant strain
on skin pathology and extend this to the context of ΔfakA mutant infection. In this
study, we show that without the protease Aur or SspAB, the enhanced ΔfakA mutant
phenotype is reversed (Fig. 5). The exact reason for this is not clear and is likely
multifactorial. Considering these proteases are upregulated in the ΔfakA mutant in
vitro, one possibility is that enhanced protease production in vivo affects the levels of
Hla. However, at least in vitro, the absence of proteases leads to the increased
abundance of secreted virulence factors (25). We have previously shown that the fakA
mutant has decreased hemolysis of rabbit red blood cells. However, at least on blood
agar plates, this was not due to proteases (29). Therefore, if in vitro conditions translate
to in vivo conditions, one can hypothesize that the ΔfakA mutant overproducing
proteases would consequently lead to reduced abundance of other virulence proteins
during infection, causing less host tissue damage. However, our data are not consistent
with a model where the overproduction of proteases in the ΔfakA mutant leads to
decreased levels of virulence factors because we see increased virulence, unless the
tissue-damaging virulence factors are indeed the proteases themselves. An additional
biological function for S. aureus proteases is to degrade host factors, such as comple-
ment and immune cell receptors. Aur has been shown to cleave several different
immunological proteins, such as complement protein C3 (22) and LL-37 peptide (54).
The serine protease SspA can cleave junctions between keratinocytes (32) and all
classes of human immunoglobulins (24). The staphopain protease SspB can also
degrade junctions between keratinocytes (33) and can cleave CD31, a repulsion signal,
on the surface of neutrophils (55). Because SspA and SspB proteases can disrupt the
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integrity of the epithelial layer, this could allow for greater infiltration of S. aureus into
the skin and may be the reason the ΔfakA mutant causes more necrotic lesions with less
defined boundaries (Fig. 2). Lastly, Aur and SspB have recently been shown to play a
role in nutrient acquisition during skin infection, allowing S. aureus to acquire peptides
(56). This is also unlikely to be the mechanism by which the ΔfakA mutant causes
enhanced disease, since we do not see a fitness advantage (i.e., higher bacterial
numbers) at either 3 or 4 days p.i. (Fig. 5) (29). Thus, identifying a role for proteases in
enhanced tissue damage during ΔfakA mutant infection sheds new light on the factors
contributing to enhanced virulence. However, given the multifactorial roles of pro-
teases, further studies will be necessary to elucidate the mechanistic details. It is
interesting that the need for Hla is dominant over other potential factors, such as the
overproduction of proteases in the ΔfakA mutant. This could be due to the absolute
need of Hla to lyse cells or stimulate the immune response. It is also possible that Hla’s
role in tight-junction degradation is key for the penetration of cells or other virulence
factors into tissues.

Taking these findings together, we show that the ΔfakA mutant is hypervirulent
during skin infection and that the hypervirulence is dependent on Hla. In addition,
proteases are contributing factors, although the exact mechanism for this is uncertain.
Building on our previous study (29), we have now observed that the inability of S.
aureus to use fatty acids leads to enhanced pathogenesis, alterations in the host
immune response, and a less controlled infection in the skin. To cause disease, S. aureus
possesses a multitude of virulence factors that must be tightly regulated for optimal
expression. In the fakA mutant, based on our data, these systems become dysregulated,
leading to changes in virulence factor production. The consequence of this during
infection is a decrease of key cytokines early during infection that are needed to resolve
infection appropriately. As a result, the ΔfakA mutant causes larger necrotic lesions with
higher bacterial titers in later stages of infection. Whether this is due to direct tissue
damage by the toxins and proteases themselves or dysfunction of the immune re-
sponse is unclear. However, it is clear that a combination of Hla and proteases are key
players in the pathogenesis of the ΔfakA mutant. Together, the results of these studies
shed new light on the hypervirulence of the ΔfakA mutant as well as the contribution
of proteases during skin infection.

MATERIALS AND METHODS
Generating strains. The stains used in the study are shown in Table 1. AH1824 (ΔsspAB mutant) and

AH1358 (Δaur mutant) were provided by Alex Horswill at the University of Colorado Anschutz Medical
Campus. To construct the fakA mutant version of these strains, the fakA::�N� mutation from NE229 was
transferred by phi11-based transduction (57).

Bacterial growth conditions for inocula. For all mouse experiments, bacteria were cultured from
	80°C freezer stocks and grown overnight with shaking at 250 rpm at 37°C in tryptic soy broth (TSB).
Overnight cultures were then diluted 1:100 into 10 ml TSB in a 50-ml conical tube and grown for 3 to 5
h at 37°C with shaking at 250 rpm. Bacteria were pelleted by centrifugation at 3,000 � g for 5 min,
washed with phosphate-buffered saline (PBS) or Dulbecco’s PBS, and resuspended to yield 1 � 107 to
3 � 107 CFU per 50-�l injection, which was confirmed by dilution plating.

TABLE 1 Strains used in this study

Strain name Descriptiona Reference or source

AH1263 USA300 CA-MRSA strain LAC lacking
LAC-p03, wild-type strain

58

AH1358 AH1263 Δaur A. Horswill
AH1824 AH1263 ΔsspAB 59
JLB2 AH1263 ΔfakA 29
JLB11 AH1263 ΔsspAB fakA::�N� This study
JLB12 AH1263 Δaur fakA::�N� This study
JLB24 AH1263 hla::�
� 29
JLB25 AH1263 hla::�
� ΔfakA 29
NE229 Source of fakA::�N� 60
aStrains with �N� contain the bursa aurealis transposon and encode erythromycin resistance.
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Subcutaneous infections. All studies were conducted in strict accordance with approved protocols
at The University of New Mexico and The University of Kansas Medical Center. Female SKH1 mice (Charles
River, Wilmington, MA) between 8 and 12 weeks of age were used for all experiments. Infections were
carried out as previously described (29). Briefly, mice were anesthetized using isoflurane gas and were
inoculated subcutaneously with 50 �l of bacteria diluted in PBS into the flank of mice using a 27-gauge
needle. Mice were weighed, and the site of inoculation was photographed either daily or every other day.
On the final day of the experiment, mice were euthanized using CO2 inhalation per the institutional
protocol. We then excised 2.25 cm2 of skin around the inoculation site and homogenized the samples
in Hank’s balanced salt solution (HBSS; no cations) plus 0.2% (wt/vol) human serum albumin (A5843;
Sigma Aldrich, St. Louis, MO) plus 10 mM HEPES using 2.3 mm zirconia/silica beads (BioSpec, Bartlesville,
OK) in a Mini-Beadbeater-16 (BioSpec) or with lysing matrix H and a Fastprep-24 5G (MP Biomedicals),
according to the manufacturers’ protocols for skin. Homogenized skin samples were diluted 1:10 in
PBS plus 0.1% (vol/vol) Triton X-100 and further diluted in PBS for plating and CFU enumeration on 5%
(vol/vol) sheep blood agar (BD and Co., Franklin Lakes, NJ) or TSB. Remaining homogenate was clarified
by centrifugation at 16,000 � g for 10 min and stored at 	80°C for future cytokine analysis.

Cytokine analysis. Cytokine levels in clarified homogenates were measured using a custom MIL-
LIPLEX kit (Millipore, Burlington, MA) according to the manufacturer’s recommendations. Clarified
homogenates were thawed and diluted 1:5 in assay buffer. Samples were tested in triplicate for the
following cytokines: IL-1�, IL-6, IL-10, IL-17A, TNF-�, KC (CXCL1), MIP-1�, MIP-2, IL-1�, MIP-1�, and LIX
(CXCL5).

Histology. Mice were infected with WT and ΔfakA mutant S. aureus as previously described, and after
a 4-day infection, a 2.25-cm2 area of skin surrounding the inoculation site was excised and placed onto
filter paper in a sectioning cassette. Each cassette was incubated separately in 30 ml of 10% (wt/vol)
formalin for 24 h and then transferred to a single container of 70% (vol/vol) ethanol. Tissues were paraffin
embedded, sectioned (4 �m), hematoxylin and eosin stained, and imaged by the Human Tissue Repos-
itory and Tissue Analysis Shared Resource at the University of New Mexico.

Statistical analysis. All statistical analyses were performed using GraphPad Prism, version 8. See
individual figure legends for details.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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