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ABSTRACT Staphylococcus aureus is the leading cause of skin and skin structure in-
fections (SSSI). The high frequency of recurring SSSI due to S. aureus, including
methicillin-resistant S. aureus (MRSA) strains, despite high titers of specific antibodies
and circulating T cells, implies that traditional adaptive immunity imparts incomplete
protection. We hypothesized that innate immune memory contributes to the protec-
tive host defense against recurring MRSA infection. To test this hypothesis, SSSI was
induced in wild-type and rag1�/� mice in the BALB/c and C57BL/6 backgrounds.
Prior infection (priming) of wild-type and rag1�/� mice of either background af-
forded protection against repeat infection, as evidenced by reduced abscess severi-
ties and decreased CFU densities compared to those in naive controls. Interestingly,
protection was greater on the previously infected flank than on the naive flank for
wild-type and rag1�/� mice. For wild-type mice, protective efficacy corresponded to
increased infiltration of neutrophils (polymorphonuclear leukocytes [PMN]), macro-
phages (M�), Langerin� dendritic cells (LDC), and natural killer (NK) cells. Protection
was associated with the induction of interleukin-17A (IL-17A), IL-22, and gamma in-
terferon (IFN-�) as well as the antimicrobial peptides CRAMP and m�D-3. Priming
also protected rag1�/� mice against recurring SSSI, with increased M� and LDC in-
filtration and induction of IL-22, CRAMP, and m�D-3. These findings suggest that in-
nate immune memory, mediated by specific cellular and molecular programs, likely
contributes to the localized host defense in recurrent MRSA SSSI. These insights sup-
port the development of targeted immunotherapeutic strategies to address the chal-
lenge of MRSA infection.
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Staphylococcus aureus is the most common cause of skin and skin structure infections
(SSSI), including cellulitis, folliculitis, and furunculosis (1–4). Regardless of prior

exposure or antibody status, patients with SSSI due to methicillin-resistant S. aureus
(MRSA) exhibit 1-year recurrence rates as high as 27 to 45% (5–7), and these infections
often require surgical debridement (8). Skin infection serves as a primary portal of entry
for invasion and subsequent hematogenous dissemination. For example, SSSI is a
frequent prelude to bacteremia, endocarditis, and osteomyelitis (9, 10). At present, S.
aureus is the second most common bloodstream isolate in health care settings, and it
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is the leading cause of infective endocarditis in developed countries (11–14). MRSA
strains now predominate in health care- and community-acquired staphylococcal
infections (15). Despite reports of modest declines in rates of MRSA infection in some
populations (10), as many as one-third of S. aureus bacteremia patients succumb to this
infection, even with gold-standard therapy. As a result, infections due to MRSA repre-
sent a leading cause of infection-induced mortality in the United States, resulting in
11,000 to 18,650 deaths per year (16–18). Compounding the above concerns, the
increasing use of antibiotics has accelerated the emergence of multidrug-resistant S.
aureus strains (19–22). Consequently, resistance to even the most modern antistaphy-
lococcal agents is rising at an alarming rate (23, 24). The public health impact of this
trend is of urgent concern, especially given the 15 to 40% mortality rate associated with
invasive MRSA infection (25, 26).

A key concern is the observed high rate of recurring S. aureus infection among
otherwise healthy individuals who have no known immune deficiencies or risk factors
(27–31). In addition, S. aureus is a principal cause of recurring infection in patients with
specific immune dysfunctions in the innate and/or adaptive immune response (32). For
example, patients with chronic granulomatous disease (CGD) are at increased risk of
disseminated staphylococcal infection because their phagocytes have deficient traffick-
ing and oxidative burst responses (33). In comparison, because they have a defective
Th17 response, patients with Job’s syndrome (hyper-IgE syndrome) and atopic derma-
titis are at increased risk of SSSI, but typically less so for systemic S. aureus infection
(34–36). Further, patients with acne inversa exhibit staphylococcal persistence in skin
abscesses due to deficiencies in the cutaneous interleukin-22 (IL-22) response (37, 38).
Thus, different aspects of the host immune system are required to defend cutaneous
versus hematogenous compartments against S. aureus infection.

The relative contributions of innate and adaptive immune responses to the defense
against recurrent SSSI and ensuing invasive S. aureus infections remain poorly under-
stood. In humans, antibodies generated against many S. aureus antigens are prevalent
and long-lasting (39). However, considerable discordance exists between the humoral
response and protective immunity to S. aureus. For example, persistent carriers have
significantly higher IgG levels for staphylococcal exotoxins than those of noncarriers
(40, 41). However, epidemiological studies have demonstrated that persistent carriers
are at increased risk for recurrent MRSA infections (42, 43), suggesting that antibodies
directed against S. aureus virulence factors are not sufficient for protection (44).
Consistent with this view, individuals with defects in humoral immunity are not
necessarily at increased risk for S. aureus infections (45). Furthermore, the lack of
efficacy of vaccines targeting the humoral response suggests that antibody may not be
sufficient for protection against recurrent MRSA SSSI (reviewed in reference 46). More-
over, approximately 5.7% of circulating memory T cells in both carriers and noncarriers
are reactive to S. aureus, suggesting that these cells are not sufficient to mediate
immune protection against MRSA infection by themselves (47). Taken together, these
data suggest that classical adaptive immunity alone is insufficient for optimal host
defense against recurrent MRSA infections.

Based on these insights, it is apparent that innate immunity plays a role in protec-
tion against recurring S. aureus SSSI. The findings of Montgomery et al. (48) suggested
that immune mechanisms relying on antibody and IL-17A are important for protection
against recurring skin infection in a mouse model. We previously described the
importance of adaptive immune responses, including IL-17A, IL-22, and gamma inter-
feron (IFN-�), in promoting innate immune effectors of the host defense against SSSI
due to MRSA (49, 50). In this respect, we posited in the current studies that innate
immune mechanisms are enhanced by prior exposure to S. aureus and contribute to
protective efficacy in recurring infection. To test this hypothesis, we used our estab-
lished mouse model of SSSI to compare immune responses during primary and
recurrent S. aureus infections. The extent of infection and the associated immune
responses were studied at the site of infection as well as at organs that are targets of
hematogenous seeding. The impacts of innate versus adaptive immune mechanisms on
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protective efficacy were compared in distinct mouse backgrounds with neutral (BALB/c)
and proinflammatory (C57BL/6) biases by using wild-type versus rag1�/� mice, the
latter of which lack both T cell and B cell functions.

RESULTS
Infection model and natural history. With our established mouse model of SSSI

(49, 50), recurring infection caused by MRSA was studied in wild-type and rag1�/� mice
in the BALB/c and C57BL/6 backgrounds. Following initial priming infection in the right
flank with MRSA strain USA300, lesions were allowed to resolve fully over a 6-week
period until the overlying skin appeared normal. Next, the same organism was inocu-
lated subcutaneously into both the left and right flanks (at 6 weeks post-priming
infection), and lesion development was monitored over 7 days. At the study endpoint,
the CFU burdens in comparative tissues were quantified, immune cell profiles in
secondary lymphoid organs were characterized, and molecular and cellular immune
mediators at sites of infection were analyzed by immunohistochemistry. This strategy
enabled quantitative and qualitative comparisons of immune responses relative to
protective efficacy in primary versus recurring SSSI and in the presence versus absence
of adaptive immunity.

Localized infection and immune response. (i) Innate immune memory contrib-
utes to host protection against cutaneous abscesses during recurrent MRSA SSSI.
Skin abscesses in naive and infection-primed mice were monitored for lesion severity
at days 1, 3, 5, and 7 postinfection. Consistent with our previous reports (49, 50), skin
lesions developed rapidly and reached a maximal size at �4 days in naive wild-type and
rag1�/� mice in the BALB/c and C57BL/6 backgrounds (Fig. 1A to D). Interestingly,
lesions were not significantly more severe in rag1�/� mice than in wild-type mice,
indicating that classical adaptive responses were not required for clearance of the
primary infection. Importantly, priming of the immune system by primary infection
resulted in smaller abscesses at all time points and significantly reduced the MRSA CFU
density at day 7 postinfection for both wild-type and rag1�/� mice compared to that
for the respective naive mice (Fig. 1E to L). However, priming of wild-type mice resulted
in a greater decrease in MRSA CFU in skin abscesses than that seen in primed rag1�/�

mice (see Fig. S1 in the supplemental material). These findings support the concept that
innate and adaptive immune memory responses synergize in defense against recurring
SSSI due to MRSA. Interestingly, on comparing the naive and reinfected flanks of
individual mice, a highly localized protective response was observed for wild-type
C57BL/6 mice and BALB/c and C57BL/6 rag1�/� mice. These mice had smaller lesions
on the previously infected (right) flank than on the naive (left) flank (Fig. 1M and N). For
example, for wild-type C57BL/6 mice, but not BALB/c mice, smaller lesions were
observed on the primed flank than on the naive flank (P � 0.049) (Fig. 1M). For the
rag1�/� mice, the same finding was observed for BALB/c mice (P � 0.049), and there
was a trend toward smaller lesions on the primed flank for C57BL/6 mice (P � 0.07) (Fig.
1N). Histochemical analysis of the infected tissues demonstrated that S. aureus macro-
abscesses formed in the subcutaneous tissues of naive mice and that these abscesses
were smaller in the primed BALB/c (Fig. 2A, panels i to x) and C57BL/6 (Fig. 2B, panels
i to x) mice.

(ii) Immune cell subsets in draining inguinal lymph nodes are influenced by
MRSA infection. At day 7 postinfection, the lymphocyte populations from draining
inguinal lymph nodes of wild-type and rag1�/� mice were characterized by flow
cytometry. In wild-type naive and primed BALB/c mice, MRSA skin infection resulted in
equivalent increases in T and B lymphocyte populations (Fig. 3A). In these mice, there
was a similar increase in CD4� T lymphocyte populations, but no increase in CD8� T
lymphocytes, compared to those in the uninfected control mice (Fig. 3B). Infection did
not result in a significant increase in dendritic cells, macrophages (M�), or NK cells (Fig.
3C). As expected, for rag1�/� mice, the populations of detectable T and B cells in lymph
nodes were negligible, and no increase was found in either naive or primed groups
compared to uninfected controls (Fig. 3D). Due to the low frequency of T lymphocytes
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FIG 1 Priming provides protection from dermonecrosis severity and MRSA burden in abscesses of BALB/c and C57BL/6 mice. Mice were preinfected (primed)
with USA300 in the right flank, followed by resolution of infection over 6 weeks. Both naive and primed groups then received USA300 in both flanks, and the
abscesses were monitored for 7 days. The mean dermonecrosis area (square millimeters) was measured at selected time points over 7 days postinfection.

(Continued on next page)
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detected, CD4� and CD8� subset populations could not be analyzed (data not shown).
Interestingly, for naive and primed rag1�/� mice, significantly fewer M� and NK cells
were detected in the lymph nodes than those for uninfected controls in the BALB/c
background (Fig. 3E). These results indicate that the protection afforded through
priming of BALB/c mice was not due to changes in lymphoid cell populations.

Results for lymph node populations in the C57BL/6 wild-type background were
similar to those for the BALB/c mice. Priming did not result in increased T cell
populations in the draining inguinal lymph nodes of wild-type C57BL/6 mice. Interest-
ingly, priming actually led to a slight decrease in B cells compared to the levels in naive
mice (Fig. 3F and G). No differences in dendritic cell, M�, or NK cell populations were
found in naive versus primed infections (Fig. 3H). For C57BL/6 rag1�/� mice, T and B
cells were barely detectable, similar to those of BALB/c rag1�/� mice (Fig. 3I). Interest-

FIG 1 Legend (Continued)
Visualization of skin abscesses on days 3, 5, and 7 in wild-type (WT) (A and C) and rag1�/� (B and D) mice showed smaller lesions in primed mice than in naive
mice for both the BALB/c (A and B) and C57BL/6 (C and D) backgrounds. The dermonecrosis area was significantly reduced in primed mice compared to naive
infected mice for both wild-type (E and I) and rag1�/� (G and K) mice. The number of MRSA CFU was significantly reduced in both wild-type (F and J) and
rag1�/� (H and L) primed mice compared to naive mice. Left and right abscess areas were compared at day 5 postinfection (day of greatest abscess severity)
for both wild-type (M) and rag1�/� (N) mice of both backgrounds. The lower limit of detection for bacterial densities was approximately 20 CFU/abscess. The
statistical significance of differences was determined by comparison to naive infected mice (for wild-type mice, n � 16; for rag1�/� mice, n � 8), using Student’s
t test and one-way ANOVA (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Data presented are means � SD.

FIG 2 Histopathology profiles of skin lesions were used to show macroabscesses and infiltrating immune
cells. Tissue staining of the epidermal surface (top) and the deeper tissue parenchyma is shown for
uninfected control and infected mice for both the BALB/c (A) and C57BL/6 (B) backgrounds. Gram
staining (i to v) and hematoxylin and eosin (H&E) staining (vi to x) show the locations of macroabscesses
and bacteria (S. aureus cells are seen as cocci stained violet in Gram-stained sections).
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ingly, priming resulted in increased NK cell percentages in the lymph nodes compared
to those for naive mice, but there was no change in dendritic cells and M� (Fig. 3J).
Taken together, these results suggest that NK cells in the lymph nodes may play a role
in protection during recurrent MRSA SSSI in the C57BL/6 background.

(iii) Priming increases infiltration of innate effector cells into skin abscesses in
recurrent MRSA SSSI. To determine changes in infiltrating cell populations at the site
of infection, immunohistochemical analysis and quantification were performed on skin

FIG 3 Priming does not influence cell population changes in the draining inguinal lymph nodes. On day 7 postinfection, the
draining inguinal lymph nodes were analyzed for cell population changes. Draining inguinal lymph nodes of BALB/c wild-type
(A to C) and rag1�/� (D and E) mice as well as C57BL/6 wild-type (F to H) and rag1�/� (I and J) mice were analyzed for adaptive
(A, D, F, and I) and innate (C, E, H, and J) immune cell profiles. Specific T cell subset profiles for wild-type mice were also assessed
(B and G). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (versus uninfected mice); �, P � 0.05; ��, P � 0.01 (versus naive mice) (Student’s
t test; for wild-type mice, n � 16; for rag1�/� mice, n � 8). Data presented are means and SD. ns, not significant.
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sections as detailed in Materials and Methods. Skin infection of primed wild-type
BALB/c mice induced significantly increased polymorphonuclear leukocyte (PMN), M�,
Langerin� dendritic cell (LDC), and NK cell infiltration at the abscess site compared to
that in naive mice (Fig. 4A and B). However, in BALB/c rag1�/� mice, priming resulted
in increased infiltration of M� and LDC, but not PMN or NK cells, compared to that in
naive mice (Fig. 4C). Importantly, however, priming resulted in a substantially greater
intensification of PMN targeting to the immediate proximity of S. aureus abscesses in
rag1�/� mice than in naive controls (Fig. 4A, panels iv and v).

FIG 4 Increased immune cells infiltrate into skin abscesses of primed and naive wild-type and rag1�/� mice. At day
7 postinfection, abscesses were dissected, fixed in zinc formalin, and embedded in paraffin. Skin sections from
BALB/c (A) and C57BL/6 (D) mice were stained with antibodies against Ly6G for neutrophils (PMN) (i to v), F4/80
for macrophages (M�) (vi to x), CD207 for Langerin� dendritic cells (LDC) (xi to xv), and CD49b for NK cells (NK)
(xvi to xx). ImageJ software was used to quantify immune cell infiltration at abscess sites of wild-type (B and E) and
rag1�/� (C and F) mice. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (versus naive mice via Student’s t test; n � 10 images
per sample). The infiltration index was calculated by determining the expression levels of samples (% of uninfected
control levels), normalized to 106 CFU MRSA in abscesses of corresponding samples as previously described (53).
Data presented are mean infiltration indices and SD.
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For C57BL/6 mice, priming resulted in outcomes similar to those for BALB/c mice.
MRSA skin infection in primed wild-type C57BL/6 mice led to significantly increased
PMN, M�, LDC, and NK cell infiltration proximate to macroabscesses compared to that
in naive mice (Fig. 4D and E). In the rag1�/� C57BL/6 background, priming resulted in
significantly increased PMN, M�, and LDC infiltration versus that in naive mice (Fig. 4D
and F). These results suggest that M� and LDC may play a key role in protection against
reinfection independently of adaptive immunity. Also, in wild-type mice, NK cells may
coordinate with T and/or B cells to provide protection from recurrent MRSA SSSI.
Further, PMN also likely play a role in the enhanced host defense of primed mice.

(iv) Priming influences IL-17A, IL-22, and IFN-� expression in MRSA skin
abscesses. At the experimental endpoint, cytokines involved in protection against
MRSA SSSI were measured in proximity to the abscesses (49, 50). In the BALB/c
background, priming of wild-type mice resulted in significantly increased IL-17A, IL-22,
and IFN-� levels in skin abscesses compared to those of naive mice (Fig. 5A and B). It
is of great interest that priming in rag1�/� mice resulted in increased IL-22 levels in skin
abscesses compared to those of naive mice during MRSA skin infection (Fig. 5A and C).
No significant differences in IL-17A or IFN-� levels were observed in primed versus
naive mice in the rag1�/� background.

Cytokine responses of C57BL/6 mice were similar to those of BALB/c mice. Priming
in wild-type mice resulted in significantly increased IL-17A, IL-22, and IFN-� levels
compared to those of naive mice (Fig. 5D and E). In rag1�/� mice, skin abscesses had
significantly increased IL-22 or IFN-� levels compared to those in naive mice (Fig. 5D
and F). Taken together, these data suggest that IL-17A, IL-22, and IFN-� play significant
roles in the enhanced protection against SSSI in wild-type mice. In contrast, in rag1�/�

mice lacking adaptive immunity, IL-22 and IFN-� appear to mediate protective efficacy
during reinfection.

(v) Priming induces local HDP elaboration. On day 7 postinfection, host defense
peptides (HDPs) with efficacy against MRSA were measured in skin abscesses (51). In
both the BALB/c and C57BL/6 backgrounds, priming of wild-type mice resulted in
significantly increased m�D-3 and CRAMP expression compared to that in naive mice
during MRSA SSSI (Fig. 6). Similarly, in the rag1�/� background, priming also increased
m�D-3 and CRAMP levels compared to those of naive mice, but to a lesser extent than
that for wild-type mice. These results suggest that cutaneous HDPs contribute to
protection during recurrent MRSA SSSI. Importantly, this response can occur in the
absence of adaptive immunity, although it is enhanced in the context of functional T/B
lymphocytes.

Disseminated infection and splenic response. (i) Priming is minimally protec-
tive against hematogenously disseminated MRSA infection. After 7 days of SSSI due
to MRSA, quantitative culture of kidney, liver, and spleen homogenates indicated that
hematogenous dissemination had occurred, albeit at a low level (Fig. 7). In wild-type
BALB/c mice, the bacterial burdens of the kidneys, liver, and spleen in primed and naive
mice were similar, indicating that priming did not have an impact on disseminated
infection (Fig. 7A to C). Likewise, priming did not protect rag1�/� mice from dissem-
inated infection. Surprisingly, priming appeared to increase the S. aureus burden in the
kidneys, but not the liver and spleen, compared to that for naive infection in this
background (Fig. 7F).

Different results were observed for C57BL/6 mice. In wild-type mice, priming pro-
vided protection from disseminated infection of the spleen (P � 0.029) but not the
kidney or liver (Fig. 7G to I). In contrast, priming of rag1�/� mice did not protect from
disseminated infection in any organ (Fig. 7J to L). Therefore, priming afforded protec-
tion against hematogenous infection in only the spleens of C57BL/6 mice.

(ii) Splenic immune cell profiles do not differ in primary versus recurrent MRSA
SSSI. To further characterize the immune response to hematogenous infection, im-
mune cell populations from the spleen were analyzed by flow cytometry. In wild-type
BALB/c mice, SSSI resulted in splenic T cell expansion, especially that of CD4� T cells,
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in both naive and primed mice versus uninfected controls (Fig. 8A and B). No significant
differences in dendritic cell, M�, or NK cell populations were observed (Fig. 8C). As
expected, no expansion of T or B lymphocytes was observed in spleens of naive or
primed rag1�/� mice (Fig. 8D). Similar to the results for the lymph nodes, M�

abundance in the spleen was decreased to equivalent degrees in naive and primed
rag1�/� mice compared to that in uninfected controls. Also similar to the findings

FIG 5 Priming induces greater cytokine expression in skin proximal to macroabscesses in primed wild-type and rag1�/� mice.
Paraffin-embedded skin sections from BALB/c (A) and C57BL/6 (D) mice were immunohistochemically stained with antibodies
targeting IL-17A (i to v), IL-22 (vi to x), and IFN-� (xi to xv). Quantification for immunohistochemically stained skin sections
compared the expression of cytokines in the wild-type (B and E) and rag1�/� (C and F) backgrounds. *, P � 0.05; **, P � 0.01;
***, P � 0.001 (versus naive infected mice via Student’s t test; n � 10 images per sample). The cytokine index was calculated
by determining the expression levels of samples (% of uninfected control levels), normalized to 106 CFU MRSA in abscesses
of corresponding samples as previously described (53). Data presented are mean cytokine indices and SD.

Innate Immune Memory against MRSA Infection and Immunity

February 2017 Volume 85 Issue 2 e00876-16 iai.asm.org 9

http://iai.asm.org


observed for the lymph nodes, no differences in cell populations were observed in
primed versus naive rag1�/� BALB/c mice (Fig. 8D and E).

In C57BL/6 mice, changes in splenic cell populations were similar to those observed
in the draining lymph nodes. For wild-type mice, equivalent expansions of CD4� T cell
populations were observed in the spleens of both naive and primed mice compared to
those of uninfected controls. However, no changes in cell populations were observed
in primed versus naive C57BL/6 wild-type mice (Fig. 8F to H). As expected, for rag1�/�

FIG 6 Priming induces greater antimicrobial peptide expression in skin abscesses of primed wild-type and rag1�/� mice. Skin
sections from BALB/c (A) and C57BL/6 (D) mice were stained with antibodies against CRAMP (i to v) and m�D-3 (vi to x). ImageJ
quantification showed antimicrobial peptide expression at abscess sites of wild-type (B and E) and rag1�/� (C and F) mice. *,
P � 0.05; **, P � 0.01; ***, P � 0.001 (versus naive infected mice via Student’s t test; n � 10 images per sample). The host
defense peptide (HDP) index was calculated by determining the expression levels of samples (% of uninfected control levels),
normalized to 106 CFU MRSA in abscesses of corresponding samples as previously described (53). Data presented are mean
antimicrobial peptide indices and SD.
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mice, no expansion of T and B lymphocyte populations was observed during MRSA
infection (Fig. 8I). Also, priming of rag1�/� mice resulted in increased NK cell popula-
tions in the spleen compared to those of naive mice. Although M� infiltration was
decreased in the spleens of both naive and primed mice compared to those of
uninfected controls, no differences in dendritic cell or M� populations were detected

FIG 7 Comparative impacts of priming on hematogenous dissemination in wild-type or rag1�/� mice during MRSA SSSI. On
day 7 postinfection, CFU densities in kidneys, livers, and spleens from BALB/c wild-type (A to C) and rag1�/� (D to F) mice as
well as C57BL/6 wild-type (G to I) and rag1�/� (J to L) mice were assessed for disseminated infection. *, P � 0.05 versus naive
mice (for wild-type kidneys, n � 16; for rag1�/� kidneys, n � 8; for wild-type spleens and livers, n � 8; for rag1�/� spleens
and livers, n � 4). Data presented are means and SD.
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in primed versus naive rag1�/� mice (Fig. 8J). Collectively, these data suggest that
although SSSI induces a systemic T and B cell response, this response does not protect
mice against hematogenous seeding of the target organs.

Impact of mouse strain background on immune memory. To compare the
specific contributions of priming to immune memory in distinct mouse strains, differ-
ences in immune responses relative to bacterial burdens were analyzed in primed and
naive BALB/c versus C57BL/6 mice. Two interesting outcomes were observed in these
studies. First, priming of BALB/c mice showed a trend toward greater reductions in
MRSA CFU upon recurrent infection than those with priming of C57BL/6 mice for both
the wild-type and rag1�/� genotypes (Fig. 9A and B). This reduction was associated
with significantly greater increases in immune cell infiltration, cytokine responses, and

FIG 8 Priming does not influence cell population changes in the spleen. On day 7 postinfection, mouse spleens
were analyzed for cell population changes. Spleens of BALB/c wild-type (A to C) and rag1�/� (D and E) mice as well
as C57BL/6 wild-type (F to H) and rag1�/� (I and J) mice were assessed for adaptive (A, D, F, and I) and innate (C,
E, H, and J) immune cell profiles. (B and G) Specific T cell subset profiles for wild-type mice were also assessed.
**, P � 0.01; ***, P � 0.001 (versus uninfected mice); ���, P � 0.001 (versus naive mice) (Student’s t test; for
wild-type mice, n � 8; for rag1�/� mice, n � 4). Data presented are means and SD.
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HDP induction (Fig. 9C, E, and G) during primed infection of wild-type BALB/c mice than
those for C57BL/6 mice. With the rag1�/� genotype, primed BALB/c mice showed a
trend toward greater increases in infiltrating M�, LDC, and NK cells, as well as the
induction of IL-17A, IL-22, and CRAMP, than those for primed C57BL/6 mice (Fig. 9D, F,
and H).

Second, different molecular programs appear to predominate in innate memory
against recurring SSSI in distinct mouse strains. For example, priming of C57BL/6
rag1�/� mice resulted in a greater induction of IFN-� than that seen with priming of
BALB/c mice (Fig. 9F). While they had different magnitudes and effector profiles, the

FIG 9 Priming in different mouse genetic backgrounds yields differential proinflammatory responses. Differences
in MRSA burdens and proinflammatory responses in the skin are shown for naive versus primed mice. Differences
in mean log10 CFU between primed and naive mice were calculated for the wild-type (A) and rag1�/� (B) genotypes
for both the BALB/c and C57BL/6 mouse backgrounds. The changes in indices of immune cell infiltration (C and
D), cytokine expression (E and F), and host defense peptide (HDP) induction (G and H) between naive and primed
mice were calculated for the wild-type (C, E, and G) and rag1�/� (D, F, and H) genotypes for both the BALB/c and
C57BL/6 backgrounds. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (versus C57BL/6 mice via Student’s t test). Data
presented are means and SD for index differences between the naive and primed groups.
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observed immune responses in the rag1�/� background for either mouse strain
indicate that the outcomes were not entirely dependent on adaptive memory.

DISCUSSION

The role of immune memory in protection against primary or recurrent S. aureus
infection has not been fully understood. The present study assessed four key aspects of
protective immunity to recurrent MRSA infection in an SSSI mouse model (49, 50): (i) the
impact of immune memory, (ii) the contributions of innate versus adaptive mechanisms
to immune memory, (iii) cutaneous versus hematogenous targeting of protective
immune memory in relation to adaptive versus innate mechanisms, and (iv) innate
memory responses relative to immune-skewing paradigms in distinct mouse strains.
Unique to this study was a comparison of immune mechanisms during recurrent
infection in wild-type versus rag1�/� mice. The current data indicate that primary SSSI
due to MRSA primes the immune system and significantly attenuates the severity of
recurrent infection. This efficacy is manifested by a reduced abscess MRSA burden and
dermonecrosis area. Importantly, protective immune memory was observed in rag1�/�

mice. Because the rag1�/� background is null for recombinase activating gene 1,
required for the generation of mature T/B lymphocytes, our findings indicate that
innate immune memory is integral to the host defense against recurrent SSSI due to
MRSA.

In wild-type mice, innate immune effector cells were intensified at the site of
infection in the skin and are likely contributors of protective host memory. For example,
priming caused greater PMN, M�, LDC, and NK cell infiltration in the skin of wild-type
BALB/c and C57BL/6 mice. Importantly, priming of rag1�/� BALB/c and C57BL/6 mice
also led to increased M� and LDC, but not NK cell, accumulation in skin abscesses.
Moreover, cell populations in the draining inguinal lymph nodes were not different
between naive and primed mice, suggesting that innate memory targets sites of
infection. This pattern of results suggests that M� and LDC play important roles in
protective innate memory at sites of SSSI due to MRSA.

These findings support our hypothesis that protective memory in skin involves
specific innate effector cells and requires durable changes in innate immune signaling.
Such concepts are consistent with recent studies of innate memory (51–56). For
example, dermal M� are known to play key roles in innate memory (54). These cells
enhance recruitment of PMN in response to staphylococci, and abscess resolution relies
on CCR2-mediated monocyte/M� infiltration (55, 56). In our studies, PMN migrated to
MRSA abscesses in primed rag1�/� mice (Fig. 3A, panels iv and v). Thus, M� can
respond to MRSA infection in the absence of adaptive immunity and likely potentiate
the recruitment and/or functions of PMN, thereby enhancing antistaphylococcal effi-
cacy. Together, these data suggest that M� and PMN cooperate in innate memory
targeting MRSA SSSI. The present results also indicate that LDC are integral to innate
memory in the defense against MRSA. These cells accumulated in skin abscesses of
primed rag1�/� mice, demonstrating that their recruitment is independent of adaptive
immunity. Although dendritic cells typically have poor direct microbicidal activity (57),
the current data suggest that LDC contribute to protective immunity via innate
mechanisms. For example, LDC activated by bacterial antigens can produce proinflam-
matory cytokines that enhance effector functions of phagocytes (e.g., M� and PMN) to
potentiate clearance of S. aureus (58–60).

Our studies also point to a role for molecular effectors in innate memory against SSSI
due to MRSA. We analyzed the responses of cytokines and HDPs known to be
protective against S. aureus skin infection (49–51). As anticipated, priming of wild-type
BALB/c and C57BL/6 mice induced greater IL-17A, IL-22, and IFN-� expression as well as
CRAMP and m�D-3 elaboration. Priming of rag1�/� mice of both the BALB/c and
C57/BL6 backgrounds led to increased expression of IL-22 but not IL-17A. Furthermore,
unique to the C57BL/6 background, priming of rag1�/� mice also induced greater IFN-�
expression in skin. Thus, our current results imply that IL-22 and IFN-� are more
associated with innate immune memory in this model, whereas IL-17A expression is T
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cell dependent. These cytokine responses correlated with increased expression of the
HDPs CRAMP and m�D-3 in abscesses. However, HDP induction in rag1�/� mice was
much lower than that in wild-type backgrounds, suggesting that adaptive immunity
also contributes to their expression. Collectively, this pattern of results suggests that T
cell-independent pathways of IL-22 and IFN-� production can induce protective HDPs,
consistent with the results of prior studies (51). For example, keratinocytes, epithelial
cells, adipocytes, and other cutaneous tissues produce HDPs directly in response to
infectious stimuli (51, 61, 62). In support of this concept, our prior studies demonstrated
that induction of HDPs in relation to IL-17A and IL-22 in MRSA SSSI contributes to the
host defense in primary and vaccine-induced immunity against MRSA SSSI (50). These
findings are concordant with known roles for HDPs in protection against cutaneous S.
aureus infection (61, 63, 64).

Another important finding was that of differential immune memory responses in
mouse strains known to have distinct immune-skewing paradigms. In this respect, the
observed differences in efficacy and immune responses due to priming of rag1�/� and
wild-type BALB/c versus C57BL/6 mice provided two important new insights. First,
innate memory significantly contributes to protective efficacy in both mouse strains.
This observation is supported by the fact that certain immune determinants associated
with protective efficacy were identified in both BALB/c and C57BL/6 rag1�/� mice.
Second, the effectors of such innate memory appear to differ in magnitude and profile
in BALB/c versus C57BL/6 mice. For example, while responses were seen in both
backgrounds, M� and LDC predominated as cellular effectors of innate memory, and
IL-17A, IL-22, and CRAMP predominated as molecular effectors, in rag1�/� BALB/c mice.
In comparison, IFN-� responses were of a higher magnitude than those in BALB/c mice
during recurrent infection (Fig. 9), and the cellular response was of a lesser magnitude,
in C57BL/6 rag1�/� mice. Notably, for primary infection, C57BL/6 mice had significantly
lower MRSA burdens in skin than those of BALB/c mice, corresponding to a proinflam-
matory bias in this strain (see Fig. S2 in the supplemental material). While Th1 versus
Th2 immune skewing during primary infection is recognized in these mouse strains
(65), the current data provide new insights into programs of innate immunity during
recurrent S. aureus infection.

Finally, two outcomes in the current model support the concept of localized
targeting in protective immune memory. First, priming of wild-type or rag1�/� mice
provided minimal protection from disseminated infection. Second, priming yielded
greater protection in the previously infected flank than in the contralateral naive flank
of the same mouse in either mouse background. This observation further suggests that
immune memory in skin is spatially defined. These results support the concept that
mechanisms of innate memory are functional in the cutaneous barrier and preferen-
tially target sites that have previously been infected by the challenge organism.

In summary, the understanding and application of protective immune mechanisms
hold great promise for improved prevention and treatment of infections caused by S.
aureus and other pathogens. Immune memory has traditionally been attributable
exclusively to adaptive immunity as mediated by memory subsets of T/B lymphocytes.
Innate memory (“trained immunity”) is a relatively new concept focused on mecha-
nisms of host memory distinct from traditional adaptive immunity. In our current
studies, we observed the following characteristics of trained immunity in response to
recurrent S. aureus SSSI, as reviewed in reference 66: (i) protective immune memory
independent of T/B cell responses, (ii) localized protection, and (iii) molecular and
cellular effector contributions to protective efficacy. Although beyond the scope of this
paper, ongoing studies in our laboratory aim to specify these determinants of innate
immune memory and how they may function in consort with classical adaptive
immunity. For example, specific immune effector cells implicated as being integral to
innate memory in the current studies might be examined using innovative adoptive
transfer studies in genetically defined mouse strains. In addition, ongoing studies are
examining the determinants of protective immunity in response to other S. aureus
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strains and microbial pathogens to assess the degree to which the current findings may
be generalizable.

MATERIALS AND METHODS
MRSA strain. This study utilized MRSA strain LAC, a USA300 strain isolated from an outbreak at the

Los Angeles County Jail. USA300 strains represent the most prevalent community-associated MRSA
etiologies of SSSI and account for up to 80% of MRSA infections (4, 67, 68). The phenotypic and genotypic
profiles of this strain have previously been characterized thoroughly (69). Bacteria were cultured from
virulence-validated master cell banks and grown to log phase in brain heart infusion (BHI) medium at
37°C. Resulting cells were harvested, washed, suspended in phosphate-buffered saline (PBS), sonicated,
quantified by spectrophotometry, and diluted to the desired CFU inoculum in PBS.

Mouse model of recurrent SSSI. Animal studies were performed in accordance with approved
animal use policies of the Los Angeles Biomedical Research Institute at Harbor-UCLA following NIH
guidelines. Male wild-type and rag1�/� [C.129S7(B6)-Rag1tm1Mom/J; B6.129S7-Rag1tm1Mom/J] BALB/c
and C57BL/6 mice (20 to 25 g; Jackson Laboratory, Sacramento, CA) were studied using a subcutaneous
SSSI model as we previously detailed (49, 50). Despite the presence of CD3� precursors, rag1�/� mice do
not produce functionally mature T or B cells (70, 71). In brief, mice were randomized and anesthetized,
and their flanks were shaved and disinfected with 70% ethanol. For primary infection, SSSI was
established via inoculation with 1 	 107 CFU MRSA in 100 �l PBS by subcutaneous injection into the right
flank. Control animals received an identical volume of PBS alone. In infected animals, abscesses formed
along with corresponding dermonecrosis, as anticipated, and they were permitted to resolve completely
over 5 weeks. To study immune responses in recurring SSSI, the same previously infected (primed) mice
were then reinfected in both the right and left flanks, using an identical regimen. To minimize any chance
of residual organisms at previously infected sites, lesions from primary infection were allowed to resolve
fully for 6 weeks prior to subsequent reinfection. At that point, lesions had complete skin healing and fur
regrowth. This recovery period from priming infection compared favorably to or extended beyond those
used in prior studies of recurring S. aureus skin infection (48, 72). Additionally, our prior studies
established the loss of detectable MRSA bioluminescence by 14 days postinfection in the same model as
that used for the present study (unpublished data). Lesions were then studied over the ensuing 7 days
postinfection, at which time the mice were humanely euthanized for tissue analysis.

Skin lesion severity. Dermonecrosis areas of each flank were measured for every mouse over the
postchallenge study periods. Mice were anesthetized and the dermonecrosis area (in square millimeters,
determined using the lesion length [l] and width [w]) quantified for each lesion as previously reported
(49, 50).

MRSA tissue burden. At the 7-day study endpoint, mice were humanely euthanized and their tissues
processed for quantitative culture. Both flanks were aseptically dissected, and abscesses were removed
and separated into two equivalent sections. One-half of each section was homogenized in 1 ml sterile
PBS and quantitatively cultured (the other half was reserved for immunohistochemistry as detailed
below). Resultant colonies were enumerated, and the data were expressed as the number of CFU per
abscess. To assess hematogenous dissemination, the kidneys and spleen from each mouse were
processed in a manner similar to that for quantitative culture. Likewise, a representative lateral lobe from
the liver of each mouse was dissected, weighed, and processed for quantitative culture. All cultures were
incubated at 37°C for 24 h on sheep blood agar (Hardy Diagnostics, Santa Maria, CA), and resulting
colonies were enumerated as log10 CFU per abscess, kidney, or spleen or log10 CFU per milligram of liver.
The lower limit of detection for quantitative cultures was considered to be 20 CFU per sample.

Immune cell subset profiles. At time of sacrifice, the inguinal lymph nodes and one-half of the
spleen of each mouse were aseptically dissected and placed into 5 ml RPMI with 5% fetal bovine serum
(FBS). The tissue preparations were mechanically dissociated through a 70-�m cell strainer to isolate cells.
The resulting cell suspension was treated with red blood cell lysis buffer (Thermo Fisher, Grand Island,
NY), washed, and counted. One hundred thousand (1 	 105) cells per tissue sample were stained with
fluorochrome-conjugated antibodies directed against CD3 (pan-T lymphocytes), CD4 (CD4� T lympho-
cytes), CD8 (CD8� T lymphocytes), Nk1.1 (natural killer [NK] cells), CD45 (lymphocyte common antigen),
CD11c (dendritic cells), F4/80 (macrophages), major histocompatibility complex class II (MHCII) (antigen-
presenting cell activation marker), or CD19 (B lymphocytes). Specific antibodies used in the immuno-
phenotyping experiments are detailed in Table S1 in the supplemental material. Cell subsets were
analyzed by multicolor flow cytometric analysis, and results are presented as percentages of positively
stained cells relative to the total cell population.

Immunohistochemistry. Immunological determinants associated with the host defense against
MRSA were assessed in skin abscesses at the study endpoint as we previously described (49, 50, 52). In
brief, samples were aseptically dissected from animals, fixed in 10% zinc formalin, and embedded in
paraffin. Next, 3-�m sections were cut, dewaxed, and rehydrated, followed by heat-induced antigen
retrieval (Dako, Carpinteria, CA). Samples were blocked with dual endogenous enzyme block (Dako) and
2 to 10% normal serum corresponding to the secondary antibody. Sections were then incubated with a
primary antibody targeting a specific molecule or cell of interest, followed by staining with a secondary
antibody conjugated to horseradish peroxidase or biotin (Santa Cruz Biotechnology, Santa Cruz, CA).
Colorimetric development was achieved by reaction with streptavidin-horseradish peroxidase (Dako) and
3,3=-diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA), and the samples were counterstained
with hematoxylin. Primary antibodies targeting immune cells, cytokines, and antimicrobial peptides
used for immunohistochemistry are detailed in Table S1 in the supplemental material. Images were
visualized using a Zeiss BX43 microscope with a DP21 digital camera and quantitatively analyzed using
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ImageJ software (http://imagej.nih.gov/ij/) as previously described (50). Outcomes were enumerated as
an integral of staining in a given tissue sample compared to that for its respective comparators (control
or primed group). A minimum of 10 (range, 10 to 30) images with identical total areas were quantified
for each study group; areas containing no tissue were subtracted as background to afford internal
control. Cellular infiltration, cytokine, and host defense peptide expression indices were calculated by
comparison to uninfected control values, normalized to 106 CFU MRSA in abscesses of corresponding
samples (53). Data are presented as mean infiltration indices � standard deviations (SD).

Statistical analyses. Differences in experimental results were compared by Student’s t test and
analysis of variance (ANOVA), where appropriate. Data are presented as means � standard deviations. P
values of �0.05 were considered statistically significant. Graphs were generated using GraphPad Prism
software.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
IAI.00876-16.

TEXT S1, PDF file, 0.07 MB.
TEXT S2, PDF file, 0.07 MB.
TEXT S3, PDF file, 0.3 MB.
TEXT S4, PDF file, 0.06 MB.
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