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FIGURE 3. SpA induces the expansion of IgM* PBs. (A) Schematic diagram of inoculation and challenge course. (A—-F) Mice were inoculated (s.c.) with
S. aureus RN4220 WT or Aspa. On day 35, primed and naive mice were challenged (i.v.) with S. aureus RN4220 WT or Aspa. Spleens were harvested for
analysis 5 d later (day 40). (B) Representative flow cytometry plots of ASC analysis in (C). (C) Compilation of the frequency of ASCs from (B). Data
represent seven experiments with 2—13 mice per group. (D) Anti-IsdB IgG-producing ASCs quantitated by ELISPOT. n = 4 experiments with four to nine
mice per group. Frequency of surface IgM* (E) and IgG* (F) ASCs measured by flow cytometry. n = 4 experiments with three to nine mice per group. Error

bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, using one-way

GC B cells at higher frequencies than did those challenged with
Aspa, and both groups displayed similar GC kinetics as the sec-
ondary response resolved (Supplemental Fig. 4A). By microscopy,
we observed that GC structures of similar sizes were formed after
Aspa and WT challenge at similar frequencies (Supplemental Fig.
4B, data not shown). Thus, the diminished number of BM ASCs
following WT challenge was not caused by a GC defect.

Protein A diminishes proliferation and CD138 expression of
BM ASCs

The inability of ASCs to accumulate in the BM following WT
challenge (Fig. 1B) could be due to defective migration, the death of
ASCs in the BM, or a lack of ASC proliferation in the BM. ASCs
arrive in the BM at similar frequencies between days 40 and 45,
regardless of whether SpA is expressed during challenge (Fig. 1B),
and migration toward CXCL12 and expression of CXCR4 were not
affected by SpA (Supplemental Fig. 1E, 1F). Thus, the inability of
WT-challenged mice to accumulate BM ASCs could be due to an
inhospitable BM niche. Systemic inflammation depletes BM niche
factors like eosinophils and APRIL that are required for LLPC
survival (29, 57, 63), so we assessed whether ASCs with specificity
other than S. aureus could populate the BM during WT or Aspa
S. aureus inoculation. We immunized mice with NP-KLH and 35 d
later boosted with NP-KLLH alone or boosted and coinfected (i.v.)
with S. aureus RN4220 WT or Aspa. We detected similar numbers
of NP-specific IgG ASCs in the BM on day 49 (day 14 postboost),
regardless of whether mice were coinfected with S. aureus WT
or Aspa (Fig. 5A). This suggests that i.v. inoculation with WT
S. aureus does not disrupt the competence of the BM to support ASCs.
In support of this, we found that the frequencies of eosinophils and

ANOVA. n.s., not significant.

APRIL* BM cells were similar between WT- and Aspa-challenged
mice (Fig. 5B, 5C). These data suggest that the defect in ASC
accumulation after WT S. aureus challenge was not caused by a
disruption in the BM niche environment, but by an alteration in-
trinsic to the ASC population.

To determine which cell-intrinsic characteristics were respon-
sible for the lack of accumulation of ASCs in the BM, we measured
cell surface expression of the receptors on ASCs that detect BM
niche factors: TACI, BCMA, and CD138 (28, 64, 65). Although
ASCs from Aspa- and WT-challenged mice displayed similar
levels of TACI and BCMA between days 10 and 12 post-
challenge (days 45 and 47) (Supplemental Fig. 4C, 4D), ASCs
from Aspa-challenged mice expressed significantly higher levels
of CD138, a maturation marker and receptor for APRIL (Fig.
5D). Although APRIL levels in BM cells were unaffected by
SpA (Fig. 5C), the diminished expression of CD138 might limit
the ability of ASCs (formed after WT challenge) to detect
APRIL, a niche factor that provides proliferation and survival
signals in the BM niche.

ASCs that migrate to the BM must proliferate to fill the BM niche
and compete for survival factors necessary to become LLPCs (27).
To determine whether these requirements were defective in ASCs
from WT-challenged mice, we measured the frequencies of di-
viding and apoptotic ASCs in the BM between days 10 and 12
postchallenge. Similar frequencies of ASCs from WT- and Aspa-
challenged mice expressed the apoptotic marker annexin V
(Supplemental Fig. 4E), suggesting that cell death is not respon-
sible for the inability of ASCs to become LLPCs in the BM of
WT-challenged mice. To assess proliferation of BM ASCs, we
injected mice i.p. with BrdU on day 10 postchallenge (day 45).
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FIGURE 4. SpA drives an expanded extrafollicular response. (A and B)
Mice were inoculated (s.c.) with S. aureus RN4220 Aspa and challenged
(i.v.) 35 d later with S. aureus RN4220 Aspa or WT. (A) Day-40 spleen
sections labeled with B220 (blue) and IgM (green) to image extrafollicular
foci. n = 3 experiments with five or six mice per group. Arrows indicate
foci; asterisk (*) indicates bridging channels. Scale bar, 300 wm (upper
panels). (B) Frequencies of splenic GC B cells measured on day 40 (day 5
postchallenge). n = 2 experiments with two to five mice per group. Error

bars represent SEM. Mann—Whitney U test. *p < 0.05.

After 2 h, we examined BM ASCs and found that more ASCs
from Aspa-challenged mice had incorporated BrdU compared
with ASCs from WT-challenged mice, indicating that more cells
had undergone DNA synthesis (Fig. SE). Thus, after their arrival
in the BM, ASCs that formed in the presence of SpA are defective
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FIGURE 5. The presence of SpA during challenge E) _ 5000
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cells (C) in BM on day 40 (day 5 postchallenge). n =3
experiments with three to six mice per group. (D) MFI
and representative flow cytometry graphs of CD138 on
BM ASCs on days 45 and 47 (days 10 and 12 post-
challenge). n = 3 experiments with 6-10 mice per
group. (E) Frequency of BrdU" BM ASCs on day 10
postchallenge (day 45). n = 2 experiments with six
mice per group. Error bars represent SEM. *p < 0.05,
one-way ANOVA (A), Mann—Whitney U test (B) and
(C), unpaired 7 test (D) and (E). n.s., not significant.
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in their ability to proliferate, which may prevent them from oc-
cupying the BM niche.

Secretion of Ag-specific 1gG by LLPCs is disrupted following
challenge with WT S. aureus

To test the long-term impact of diminished proliferation after WT
challenge and to confirm that ASCs were not simply delayed in
arriving in the BM, we measured IsdB-specific ASCs 8 wk after
challenge (day 91). BM ASCs induced by Aspa challenge were
maintained for 8 wk, indicating that they had established a pool of
LLPCs; however, the low numbers of ASCs present 2 wk after WT
challenge (day 49) remained unchanged at 8 wk postchallenge
(Fig. 6A). Although BM is the main site of LLPC survival, the
spleen also harbors PCs for a significant period of time (66). We
examined whether expanded ASCs induced by WT challenge
could persist in the spleen over time. The numbers of ASCs pre-
sent in the spleen declined in both WT- and Aspa-challenged mice
by week 8 postchallenge to levels that were not different from
those in naive mice (Fig. 6B). This indicates that WT challenge
did not establish LLPCs in the spleen.

The function of LLPCs is to maintain Ag-specific Abs for long
periods of time as an early defense during re-exposure to pathogens
(31, 32). We observed that, in the short-term, the S. aureus—specific
IgG responses in the first 2 wk after challenge with WT or
Aspa were similar (Fig. 2). Because we could not detect signifi-
cant numbers of Ag-specific BM ASCs in WT-challenged mice,
we hypothesized that this Ab response would not be maintained
beyond 2 wk. To test this, we measured serum IgG in groups of
WT- or Aspa-challenged mice biweekly for 12 wk after challenge.
We found that, by 4 wk postchallenge, the levels of IsdB-specific
IgG diverged; mice challenged with Aspa S. aureus maintained
relatively high serum Ab for the 12-wk period, whereas the serum
AD levels in mice challenged with WT S. aureus dropped to levels
detected in uninfected mice (Fig. 6C). We observed a similar di-
vergence in the Ab response to a different S. aureus protein, CIfA,
at 12 wk postchallenge (Fig. 6D), as well as in mice infected and
challenged with Newman strains (Fig. 6E). This drop in Ag-
specific Ab is consistent with the decreased frequency of Ag-
specific ASCs in the BM (Fig. 1B). Importantly, the differences
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FIGURE 6. SpA prevents long-term maintenance of BM LLPCs and
serum Ab. (A-D) Mice were inoculated (s.c.) with S. aureus RN4220 Aspa
and challenged 35 d later with S. aureus RN4220 Aspa or WT. Anti-IsdB
IgG-producing ASCs quantitated by ELISPOT from the BM (A) and
spleens (B) of challenged mice on days 49 and 91 (day 14 and 56 post-
challenge). n = 3 experiments with three to six mice per group. (C) IsdB-
specific IgG measured by ELISA from sera collected at the indicated time
points after challenge. n = 5 experiments with 4-10 mice per group. (D)
CIfA-specific IgG measured by ELISA from sera collected 12 wk post-
challenge (day 119). n = 4 experiments with five or six mice per group. (E)
Mice were inoculated (s.c.) with S. aureus Newman Aspa and challenged
35 d later with S. aureus Newman WT or Aspa. IsdB-specific IgG was
measured by ELISA from sera collected 14 wk postchallenge (day 133).
n = 3 experiments with four to eight mice per group. Error bars represent
SEM. *p < 0.05, Mann—Whitney U test. Time points in (C) were compared
independently. n.s., not significant. **p < 0.01.

in Ab production that we observed between WT- and Aspa-challenged
mice at 10 and 12 wk postchallenge were not due to differences
present early in the secondary response. Therefore, although the
presence of SpA during a challenge inoculation does not disrupt
the formation of memory B cells and secondary ASC responses,
it impairs the accumulation of BM ASCs coincident with de-
creasing proliferation and expression of CD138 and prevented
long-term maintenance of Ag-specific serum IgG.

Discussion

S. aureus infections commonly recur without inducing protective
immunity. Whether this relates to an inability to form or activate
memory B cells or to defects in establishing LLPCs in the BM has
remained unclear. In this study, we show that SpA caused short-
lived extrafollicular PBs to expand and dominate the secondary

humoral response within the spleen. In addition, the expression of
SpA during challenge infection diminishes the proliferation of
ASCs that enter the BM, thereby decreasing the LLPC pool and,
consequently, long-term Ab production. These findings identify a
previously unappreciated mechanism by which SpA disrupts the
formation of LLPCs, a critical event in sustaining Ab titers.

Our findings demonstrate a reciprocal relationship between
short-lived ASCs and LLPCs. In cases of infection, chronic Ag
exposure promotes splenic short-lived ASC proliferation over BM
PCs by altering chemokine production and responsiveness (57).
Similarly, in a model of systemic lupus erythematosus, chronic
availability of autoantigen disrupts the responsiveness of splenic
ASCs to CXCL12, coincident with an inability of diseased mice to
generate BM PCs (66). Our study shows that migration and
homing of ASCs to the BM were normal following S. aureus in-
fection, suggesting that the mechanism that links splenic ASC
expansion to reduced LLPC numbers in S. aureus infection is
unique.

Expanded numbers of splenic ASCs and reduced numbers of BM
PCs are also evident in immunized FC'y_/_ mice (60). This phe-
notype is accompanied by an increase in the numbers of IL-12*
DCs. IL-12 was demonstrated to enhance T-independent B cell
responses (59). Because the frequency of IL-12—producing DCs is
increased after WT challenge, but not Aspa challenge, it is pos-
sible that SpA-induced IL-12 may enhance T-independent B cell
responses during S. aureus infection. For example, during chal-
lenge infection with WT S. aureus, the ability of SpA to bind Fc
regions of IgG might impede immune complex—FcyR interactions.
The absence of FcyR activation would result in a net increase in
DCs producing IL-12 in response to TLR ligands on S. aureus (60,
67, 68). In turn, this would induce a preference toward short-lived
extrafollicular ASCs over LLPCs.

The altered fate of LLPCs after challenge with SpA™ S. aureus
may also be controlled at the level of transcription. Previous work
showed that lowering the threshold of B cell activation through
loss of the transcription factor Aiolos increases proliferation of
short-lived splenic ASCs and diminishes the number of LLPCs in
the BM, without affecting GCs, BM niche factors, or chemokine
homing (69). This is much like the phenotype that we observed in
mice challenged with SpA™ S. aureus. This raises the possibility
that SpA ligation of the BCR might alter transcription factors
involved in LLPC proliferation or survival.

The ASCs formed after challenge with SpA-deficient S. aureus
were more likely to proliferate upon reaching the BM (Fig. 5E).
This phenotype was coincident with an increase in the levels of
CD138, a marker of maturity and a receptor for the ASC survival
factor APRIL (65, 70). Together, these data are consistent with a
model of imprinted LLPC fate, in which some ASCs differenti-
ating in the spleen receive BCR- or T cell-derived signals that
induce a pattern of gene expression required to become a LLPC in
the BM (71, 72). In this model, ASCs expanded by SpA in
extrafollicular spaces (Fig. 4A) would be at a disadvantage be-
cause they may be less likely to receive T cell help. Alternatively,
they may lack the appropriate BCR signals required to upregulate
CD138 or other undefined receptors necessary for BM niche
survival. This scenario would be similar to infection with Plas-
modium chabaudi, which drives an expanded T-independent
ASC response while inhibiting long-term maintenance of the
T-dependent Ab response (53). The fact that most of the expanded
ASCs induced by SpA were surface IgM* may also be important if
the genes expressed during formation of LLPCs are downstream
of BCR signaling through IgG but not IgM (73). Another possi-
bility is that the expanded short-lived ASCs induced by SpA oc-
cupied vital BM niches long enough that properly imprinted ASCs
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missed a window of opportunity to become established in the long-
lived pool. There is evidence that such a window is controlled by
transient expansion and activation of chemokine-producing BM
niche cells (74). This may explain why the numbers of LLPCs in WT
S. aureus—challenged mice failed to catch up to those observed in
Aspa-challenged mice several weeks after the splenic ASC response
resolved (Fig. 6A).

Our finding that challenge with SpA™ S. aureus promotes an
expansion of [gM* PBs has two important implications. First, the
expansion is not accompanied by an increase in total serum IgM
or in IgM-producing IsdB-specific ASCs, consistent with previous
studies showing that SpA promotes nonspecific PB proliferation
without inducing Ab secretion (51). This ability of SpA to regulate
IgM* ASCs might have implications during the LLPC response
because IgM-FcpR interactions are required for PC trafficking to
the BM after T-dependent immunization (75). FcuR negatively
regulates T cell-independent B cell responses in the spleen (75,
76). Therefore, the ability of SpA to increase IgM* ASC numbers
without an accompanying increase in secreted IgM could indi-
rectly interfere with the establishment of the LLPC compartment.
Second, the expansion of IgM* PBs after challenge with SpA*
S. aureus suggests a significant contribution of IgM memory B cells
in addition to activation of naive cells. Changes in gene expression
allow memory B cells to divide more rapidly compared with naive
B cells (47). Memory B cells also express higher levels of co-
stimulatory molecules and TLRs (77). Thus, the effects of SpA
may preferentially target the memory population because SpA-—
BCR binding increases TLR2 sensitivity, resulting in ASC pro-
liferation without Ab production (51). In addition, SpA mediates
BCR-mediated uptake of S. aureus, leading to the activation of
intracellular TLRs (78). Further, IgM memory B cells are more
often positioned within the marginal zone compared with IgG
memory cells. Their preferred presence in the marginal zone,
where exposure to soluble SpA may be enhanced, may also favor
short-lived extrafollicular responses (47, 61, 79). Flow-based
methods to detect S. aureus—specific memory B cells will allow
future studies to discern the respective roles of memory B cell
subsets in infection (80).

Secondary B cell responses to SpA™ S. aureus are unable to
contribute to pathogen clearance (41, 81-83). The underlying
mechanisms have remained unclear; however, it was found that
abscess formation is decreased when SpA is neutralized (39, 84)
or when mice are first vaccinated with a mutant form of SpA that
cannot bind the Fab or Fc portions of Ab (SpAxkaa) (48). These
studies implicate SpA in failed protective immunity. Our study
provides mechanistic evidence that SpA disrupts sustained pro-
duction of Ab by preventing the accumulation of LLPCs. Al-
though we could achieve sustained convalescent Ab levels through
vaccination with SpA-deficient S. aureus, this strategy does not
confer protection upon challenge with SpA-expressing S. aureus,
because SpA manipulates memory responses by altering BCR-
mediated responses and sequestering IgG that might otherwise
participate in preventing or clearing the infection. We confirmed
this by challenging previously infected mice and then rechal-
lenging (third infection) with WT Newman S. aureus (10° CFU)
14 wk later. We found that, despite the sustained production of Ab
after a second infection with SpA-deficient S. aureus, the third
infection with SpA™ S. aureus resulted in bacterial organ burdens
similar to those sustained by mice with no convalescent Ab (mice
who received a second infection with WT S. aureus) (data not
shown). This occurred despite the Ab being functional in vitro
(Fig. 2H). This suggests that the convalescent levels of protec-
tive Ab are not adequate to prevent abscess formation in this
model. It is important to point out that murine protection studies
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with S. aureus are complicated by the need to use a burden of
bacteria that greatly exceeds levels found in human sepsis (typi-
cally 10*-10° bacteria per milliliter of blood). Thus, it is possible
that convalescent Ab in mice might be sufficient if a more phys-
iologic bacterial burden could be used in assessing protection.
Regardless of this limitation in S. aureus challenge models, our
study shows that SpA impedes the continued production of Ab by
preventing the accumulation of LLPCs, in addition to its earlier
role in sequestering existing Ab.

Thus, our data show that S. aureus infection can generate B cell
memory. Despite this, the presence of SpA during a subsequent
infection drives an excess of short-lived PBs that do not enhance
the S. aureus—specific Ab levels but rather hinder LLPC produc-
tion. These data may have implications for vaccines because they
suggest that infection with SpA-expressing S. aureus can manip-
ulate the B cell response and hinder long-lived humoral immunity,
even if memory has been successfully established. It would be
interesting to test the effect of the SpAyk.. vaccine on the accu-
mulation of LLPCs and long-term Ab levels. This could provide
insight into whether Abs against SpA are sufficient to attenuate the
negative effects of SpA on the LLPC population during challenge
infection.
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