








The RKIP2/2 SIRS splenocytes did not make increased IFN-g
levels over their naive counterparts in this overnight culture.
To investigate the reason for reduced IFN-g production seen in

Fig. 1C and 1D, we phenotyped primary and secondary lymphoid
organs from naive RKIP2/2 mice and determined that there were
no underlying deficits in T cell, B cell, NK cell, or CD11b+ APC
populations (Supplemental Fig. 1A), as well as important thymic
subsets (Supplemental Fig. 2A). Also, we found that there were no
deficiencies in baseline cytokine production potential of IFN-g in
a multitude of lymphoid organs (Supplemental Fig. 1B). Next, we
hypothesized that the reduced IFN-g production could be due to
a reduction in the expansion of SEA-specific (Vb3+) T cells. No
difference in either SEA-specific CD8+ or CD4+ splenic T cells by
percentage or total number after SIRS induction was detected
(Fig. 2). Based on these results, we hypothesized that reduction in
IFN-g production might be T cell intrinsic.

SEA-specific CD8+ T cells are responsible for suboptimal
IFN-g production in RKIP2/2 mice

To test our hypothesis suggesting that if the lower levels of IFN-g
were due to a defect in a specific cell type or if it was generalized
among all splenocytes, we harvested splenocytes from naive and
SIRS-induced RKIP2/2 and wild-type mice and examined IFN-g
production in specific cell populations by flow cytometry after a
short-term (4 h) in vitro restimulation with SEA (Fig. 3A). After
SIRS induction, there was a marked decrease in the percentage of
IFN-g–producing CD8+ Vb3+ T cells from RKIP2/2 mice com-
pared with wild type (Fig. 3B). Furthermore, of the CD8+ Vb3+

T cells producing IFN-g, RKIP2/2 cells produced lower amounts
compared with wild-type cells when using mean fluorescence
intensity as a measurement (Fig. 3C). This defect in IFN-g pro-
duction was not observed in SEA-specific CD4+ T cells (Fig. 3B,
3C), bystander T cells, or splenic non-T cell populations (data not

shown). Importantly, naive T cells did not produce IFN-g in these
short-term cultures, as opposed to the overnight stimulation in
Fig. 1. Perhaps this is due to the IFN-g gene locus not having
sufficient time to open and translate IFN-g mRNA into protein in
4 h. These data suggest that the suboptimal IFN-g production seen
in RKIP2/2 SIRS splenocytes is due to a cell-intrinsic defect
specifically in CD8+ Vb3+ T cells.
Because of the reduced IFN-g production by CD8+ Vb3+

T cells, we tested whether higher levels of the anti-inflammatory
cytokine IL-10 could explain this result, because there is a known
reciprocity between these cytokines (40). IL-10 can be induced by
S. aureus enterotoxins (41), and T regulatory cells (Tregs) profi-
ciently synthesize this suppressive cytokine (42); thus, they were
examined during SIRS in our model. Tregs from SIRS-induced
RKIP2/2 mice had a decreased propensity to synthesize IL-10

FIGURE 2. Reduced IFN-g production in RKIP2/2 mice during SIRS is

not due to reduced expansion of SEA-specific Vb3+ T cells. (A) Spleno-

cytes from C57BL/6J and RKIP2/2 mice were harvested 72 h after 2˚

SEA, as depicted in Fig. 1A, and stained directly ex vivo with Abs against

CD3, CD4, CD8, and Vb3; and CD3+CD8+ or CD3+CD4+ T cells were

gated to determine the percentage of Vb3+ T cells in spleen. (B) Total cell

numbers of Vb3+ T cells from spleen. Data in (A) and (B) are from five

independent experiments, n = 15–16/group. Error bars represent SEM, and

p values were determined by unpaired t test between groups.

FIGURE 3. SEA-specific CD8+ effector T cells are responsible for

suboptimal IFN-g production in RKIP2/2 mice. (A) Gating strategy for

flow cytometric analysis used in (B) and (C). (B) Splenocytes were har-

vested, as described in Fig. 1A, and restimulated in vitro with 0.1 mg SEA/

well plus brefeldin A for 4 h. After restimulation, cells were analyzed by

intracellular cytokine staining for IFN-g production. Data are plots from

a representative experiment displaying median values. (C) The left panels

show the mean 6 SEM of IFN-g–producing T cells, and right panels

display mean fluorescence intensity of IFN-g+ T cells. Data are from three

independent experiments, n = 8 mice/group. Error bars represent SEM, and

p values were determined by unpaired t test between groups, *p , 0.05.
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during stimulation with PMA plus ionomycin when compared
with wild-type controls (Fig. 4A, left panel). This was not due to
a difference in the percentage of Tregs between groups (Fig. 4A,
right panel) or a baseline alteration in IL-10 production potential
from naive Tregs (Fig. 4B). Interestingly, when whole splenocytes
from RKIP2/2 and wild-type mice were restimulated with SEA
and compared for IL-10 induction, a slight, but not statistically
significant, reduction was seen in the RKIP2/2 group (Fig. 4C).
This implies that other cell types within the spleen have the ability
to compensate, to a degree, for the loss of IL-10 production in
Tregs during SIRS-associated inflammation.

SIRS CD8+ RKIP2/2 T cells have an intrinsic signaling defect
that lies downstream of the TCR

To better localize the lesion that was responsible for suboptimal
IFN-g production from RKIP2/2 CD8+ Vb3+ T cells after TCR
triggering, we wanted to determine whether these cells ever had
the potential to make IFN-g or not. Therefore, we tested RKIP2/2

and wild-type splenocytes after initiation of SIRS with PMA plus
ionomycin restimulation as opposed to SEA. The defect in IFN-g
production by RKIP2/2 SIRS CD8+ Vb3+ T cells was no longer

apparent (Fig. 5A, upper panel). Furthermore, there was also no
longer a difference in the release or secretion of IFN-g between
RKIP2/2 and wild-type splenocytes after PMA plus ionomycin
stimulation (Fig. 5B). Hence, the signaling defect seen in RKIP2/2

SIRS CD8+, but not SIRS CD4+, T cells most likely lies down-
stream of TCR engagement, but upstream of the factors induced
by Ca2+ influx and phorbol esters.

Blockade of RKIP using the small molecule inhibitor locostatin
greatly diminishes IFN-g production from wild-type
CD8+ T cells in SIRS

To test the therapeutic potential of RKIP blockade in SIRS, we
restimulated 48 h post-SIRS induction splenocytes from wild-type
mice overnight with SEA or PMA plus ionomycin in the presence
of locostatin or vehicle control. The optimal effective dose of
locostatin was chosen based on titration studies that elicited a dose
that showed a biological effect while leaving the vast majority of
T cells viable, even after overnight stimulation (Supplemental
Fig. 3A, 3B). As in RKIP2/2 SIRS splenocytes, inhibition of RKIP
function with locostatin significantly decreased IFN-g production
after TCR retriggering with SEA, but not after PMA plus ion-
omycin restimulation, suggesting once again that RKIP is playing
a role downstream of the TCR (Fig. 5C).
Because SEA cross-links T cells with APCs, we investigated

whether the loss of IFN-g production was due to poor APC pre-
sentation. First, we assessed expression of MHC II and the co-
stimulatory molecules CD80/CD86 on splenic APC populations
and found no difference between RKIP2/2 and wild-type litter-
mate controls (Supplemental Fig. 4A, 4B). Additionally, we iso-
lated APCs and CD8+ T cells from the spleens of RKIP2/2 and
wild-type littermate mice 48 h after SIRS induction. We then re-
stimulated cultures of RKIP2/2 APCs and wild-type (or RKIP2/2)
CD8+ T cells overnight with SEA, and, unlike stimulation of the
intact splenocyte population (Fig. 1), we observed no difference in
IFN-g production (data not shown). Thus, to rule out any unap-
preciated developmental defect that may have confounded these
results, we isolated APCs and CD8+ T cells from spleens of
C57BL/6 mice 48 h after SIRS induction and treated them sepa-
rately with either locostatin or vehicle in vitro for 1 h. Cells were
washed twice to remove residual locostatin or vehicle, and un-
treated APCs or CD8+ T cells were added and restimulated over-
night with SEA. We observed that by pretreating wild-type CD8+

SIRS T cells with locostatin, IFN-g production was diminished to
30% of untreated or vehicle-treated controls (Fig. 5D). However,
blocking RKIP in APCs before restimulation had little effect of
IFN-g output, once again suggesting that RKIP is playing a role at
the level of the T cell and can be therapeutically targeted to di-
minish IFN-g responses from CD8+ T cells during SIRS.

RKIP2/2 T cells retain the ability to mount an effective
response to PAMP-TLR–mediated stimuli

Because RKIP2/2 SIRS CD8+ T cells have an intrinsic defect
downstream of TCR triggering, we hypothesized that RKIP2/2

cells may also have difficulty with proliferation, survival, and
cytokine production during a vaccination response. To address
this question, we replaced the second in vivo administration of
SEA in our SIRS induction model with the vaccine adjuvant LPS
(Fig. 6A). This model mimics a standard vaccination protocol that
results in the expansion and survival of SEA-specific T cells,
which become Th1-like cells (33). We found no difference in the
survival of CD4+ Vb3+ or CD8+ Vb3+ T cells between RKIP2/2

and wild type in terms of percentage or total number at day 12
after SEA-LPS immunization. This was seen in both spleen (Fig.
6B, Table I) and liver (Fig. 6D, Table I), as well as in pooled

FIGURE 4. Tregs from RKIP2/2 mice during SIRS show reduced IL-10

production. (A) Splenocytes were harvested, as outlined in Fig. 1A, and

restimulated in vitro with PMA plus ionomycin, including brefeldin A, for

4 h. After restimulation, cells were surfaced phenotyped with Abs against

CD3, CD4, and Foxp3, and stained intracellularly for IL-10 production;

cells were then analyzed by flow cytometry. Data are from two independent

experiments, n = 5–6/group. (B) Splenocytes were harvested from 4- and

11-wk-old naive RKIP2/2 mice or wild-type littermates (see Supplemental

Fig. 1). A total of 5 3 105 cells/well was stimulated in vitro with PMA plus

ionomycin, including brefeldin A, for 4 h; then surface phenotyped with

Abs specific to CD3, CD4, and Foxp3; and stained intracellularly for IL-10

production. Data are from three independent experiments, n = 10/group. (C)

Supernatants from Fig. 1 were analyzed for IL-10 production by ELISA.

Data are expressed as a percentage change from naive splenocytes cultured

and stimulated similarly. As in Fig. 1, data are from five independent

experiments, n = 10–13/group. Error bars represent SEM, and p values

determined by unpaired t test between groups, *p , 0.05.
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peripheral lymph nodes (Table I). Also, there were no observable
differences in contraction of SEA-specific cells after SEA im-
munization alone (Table I). These data are consistent with the lack
of changes in clonal expansion during the SIRS model seen in
Fig. 2. Unexpectedly, when cells were harvested from the spleen
and liver at day 12 postimmunization and restimulated in vitro
with SEA overnight, RKIP2/2 cells now made equal or greater
amounts of IFN-g (Fig. 6C, 6E). These results were also reca-
pitulated when cells were restimulated with plate-bound anti-CD3
acting as the TCR trigger instead of SEA, although a slight re-
duction in IL-2 production was seen in this instance (Supple-
mental Fig. 2B). Importantly, these data suggest that, although
RKIP2/2 CD8+ T cells have a defect in effector cytokine pro-
duction during SIRS-mediated inflammation, they can still ex-
pand, survive, and contribute to effector cytokine production in
response to PAMP-TLR–mediated reactions.

Discussion
SIRS is an extensive and profound burden on the United States
healthcare system (4). One well-known cause of SIRS induction
is exposure to superantigens, most famously TSST-1 enterotoxin
from S. aureus, which was directly responsible for many cases of
toxic shock syndrome in the 1980s. TSST-1 and SEA bypass
canonical Ag processing and activate a large percentage of the
T cell repertoire by cross-linking b-chain V regions, specifically
Vb3, of the TCR to constant domains of the MHC on APCs (43).
T cells are critically important for mediating SIRS because they
can directly release proinflammatory factors themselves and po-
tentiate the inflammatory and destructive effects of innate immune
cells (13). In fact, IFN-g, an important T cell effector cytokine, has
been shown to be necessary for certain clinical sequelae of SIRS,
including acute lung injury (16). By utilizing a T cell–dependent
model of SIRS, we sought to identify proteins that could alter

FIGURE 5. SEA-specific CD8+ effector T cells lacking RKIP have an intrinsic signaling defect that lies downstream of the TCR. (A) Splenocytes from

Fig. 3 were restimulated in vitro for 4 h with PMA plus ionomycin, including brefeldin A, and then stained with Abs against CD3, CD4, CD8, Vb3, and

IFN-g, followed by flow cytometric analysis. Data are from three independent experiments, n = 8/group. (B) Splenocytes were harvested as in (A) and

cultured overnight (5 3 105/well) with PMA + ionomycin. Subsequently, supernatants were collected and analyzed for IFN-g production by ELISA. Data

are from two independent experiments, n = 6/group. (C) Forty-eight hours post-SIRS induction, splenocytes from C57BL/6J mice were isolated and

restimulated overnight with SEA or PMA plus ionomycin in the presence of media alone, vehicle alone (DMSO), or 5 mM locostatin. The supernatants

from these cultures were then analyzed for IFN-g production by ELISA. The gray dotted line represents SEA (or PMA + ionomycin) restimulation without

locostatin or vehicle. Data are from three independent experiments, n = 9/group. (D) Isolated and magnetic bead–purified APC and CD8+ T cell populations

from C57BL/6J mice 48 h after SIRS induction were treated separately with either 5 mM locostatin or vehicle for 1 h. Subsequently, cells were washed

twice with media to remove any residual locostatin or vehicle present, and then untreated APCs or CD8+ T cells (in a 1:1 ratio) were added to these cultures

and restimulated overnight with 0.1 mg SEA. As controls, cultures of untreated APCs and CD8+ T cells containing locostatin or vehicle for the entire

duration were stimulated in parallel. The supernatants of these overnight cultures were then assessed for IFN-g production by ELISA. The gray dotted line

represents untreated APCs and CD8+ T cells stimulated with SEA alone. Data are from three independent experiments, n = 10–11/group. Error bars

represent SEM, and p values determined by unpaired t test between groups.
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cytokine production in T cells, thus lessening the inflammatory re-
sponse at several different levels. We show that RKIP represents
a new, and potentially valuable, therapeutic target because its in-
hibition curbs IFN-g synthesis without shutting down responses to
PAMPs. From a mechanistic perspective, we demonstrate that CD8+

T cells may be a spring for cytokine production during a SIRS
response, and have demonstrated that RKIP is coupled to continued
IFN-g potential in anergic or immunosuppressed CD8+ T cells.

However, like all animal models, SEA exposure does not re-
capitulate all aspects of human SIRS perfectly. As with many
inflammatory mouse models, especially ones on the C57BL/6
genetic background, most are resistant to the typical symptomol-
ogy seen in human SIRS patients (i.e., fever, lethargy, malaise,
hypovolemia, organ dysfunction, death). This may be due to in-
flammatory reactions in humans andmice eliciting different genetic
responses to burns, trauma, or endotoxemia, all of which trigger

FIGURE 6. RKIP2/2 T cells can ex-

pand, survive, and contribute to cytokine

production in response to PAMP-TLR–

mediated stimuli. (A) Schematic repre-

sentation of immunization protocol. (B)

Splenocytes were harvested at 12 d post-

immunization with LPS, as outlined in

(A), and stained directly ex vivo for SEA-

specific (Vb3+) T cells, as outlined in

Fig. 3A. Data are from three independent

experiments, n = 11–14/group. (C) Spleno-

cytes were harvested as in (A) and cul-

tured (5 3 105/well) overnight with

0.1 mg SEA. The next day, IFN-g and IL-

2 levels in supernatants were measured

by ELISA. Data are from three indepen-

dent experiments, n = 11–14/group. (D)

Liver leukocytes were harvested, treated,

and analyzed as in (B). (E) Liver leuko-

cytes were harvested, treated, and ana-

lyzed as in (C). Error bars represent SEM,

and p values determined by unpaired

t test between groups.

Table I. Normal clonal expansion, contraction, and survival in RKIP2/2 mice after SEA-LPS immunization

pLN Spleen Liver

CD8a CD4a CD8 CD4 CD8 CD4

Naive Wild type 2.61 6 0.20 4.30 6 0.31 2.99 6 0.46 4.07 6 0.18 2.44 6 0.44 1.76 6 0.57
RKIP2/2 2.32 6 0.13 4.26 6 0.12 2.80 6 0.27 5.69 6 0.93 2.38 6 1.19 1.69 6 0.46

LPS Wild type 2.70 6 0.20 4.25 6 0.13 3.20 6 0.82 4.98 6 0.72 2.17 6 0.28 1.90 6 0.88
RKIP2/2 2.29 6 0.09 3.98 6 0.60 3.27 6 0.61 5.48 6 0.52 2.25 6 0.94 1.53 6 0.13

SEA Wild type 1.14 6 0.19 2.03 6 0.13 2.78 6 0.92 3.43 6 0.25 1.59 6 0.27 0.96 6 0.15
RKIP2/2 1.44 6 0.19 2.20 6 0.17 2.03 6 0.15 3.61 6 0.31 1.75 6 0.26 1.67 6 0.29

SEA + LPS Wild type 5.36 6 1.02 7.57 6 1.04 9.00 6 1.57 13.04 6 1.86 14.18 6 2.31 7.95 6 1.55
RKIP2/2 5.87 6 0.68 8.73 6 0.78 9.13 6 1.31 14.96 6 1.23 12.37 6 1.49 10.82 6 1.55

Data are a pooled analysis of all experiments in Fig. 6. Three independent experiments, n = 11–14/group.
aPercentage of Vb3+ T cells in various tissues on day 12 after no treatment, LPS, SEA, or both.
pLN, Peripheral lymph node.
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SIRS (44). Nevertheless, we feel that this model provides at least
a reasonable starting point to analyze potential molecular targets
that can modify systemic inflammatory responses.
The NF-kB and MAPK pathways are both critical for the

production of proinflammatory cytokines (21, 22), and RKIP has
been previously shown to be a negative regulator of these path-
ways. RKIP imparts control by interfering with the kinase activ-
ities of several signaling factors in these cascades. Little is known
regarding the in vivo effects of RKIP, especially within the im-
mune system. Based on the findings of these previous studies, we
anticipated that mice lacking RKIP would be more prone to exag-
gerated cytokine production during T cell activation, but, contrary
to our hypothesis, we found that RKIP was actually important for
enhancing IFN-g production in CD8+ SIRS T cells after serial
triggering of the TCR with SEA (Figs. 1, 3). This is critical because
SEA induces a SIRS response in mice that results in T cells that are
anergic [characterized by their failure to produce IL-2 (45)], but can
continue to perpetuate inflammation due to their ability to make
IFN-g in large quantities. On a molecular level, we showed that
RKIP is playing a role in the signaling machinery downstream of
the TCR, as evidenced by the fact that the diminished IFN-g pro-
duction from CD8+ T cells lacking RKIP was rescued if the TCR
is bypassed using PMA and ionomycin (Fig. 5). Interestingly, ex-
pansion of these T cells, which is another critical process mediated
by MAPK signaling, was unaltered in our model of SIRS (Fig. 2).
This implies that RKIP’s role within effector T cells may be more
critical for cytokine output rather than proliferation.
Currently, no choice drug exists for the treatment of SIRS.

Therapy focuses on treating specific infections, if one is present, in
combination with therapies that stabilize the respiratory and car-
diovascular systems if a patient has signs of shock (10). Clinical
trials centered on antagonizing the function of TNF-a and IL-1b
failed to show efficacy (46); however, our data suggest that per-
haps inhibiting the effects of IFN-g may be a better therapeutic
strategy. The only treatment to target the robust inflammation
of SIRS that has shown marginally better outcomes is the usage
of low-dose steroids like hydrocortisone (47). This therapeutic
approach is broadly immunosuppressive, thereby minimizing in-
flammatory reactions that are advantageous to the host, such as
productive responses to vaccines or pathogens. This is critical for
a patient pool that might be afflicted with established bacterial,
viral, or fungal infections. Nevertheless, this is in contrast to patients
suffering from autoimmunity in which steroid-mediated suppres-
sion of the immune system would provide beneficial effects with
a diminished risk of infection compared with SIRS. However, an
ideal therapeutic for either scenario would be one that dampens
the inflammatory effects of T cells that are being chronically stim-
ulated through the TCR (e.g., enterotoxins in SIRS or self-Ag in
autoimmunity), while leaving advantageous immune responses,
such as to a vaccine or new infection, largely intact.
RKIP may be one potential molecule that, if targeted, could

possibly achieve these optimal therapeutic goals. For example,
when RKIP is absent from the immune system, or when therapeu-
tically targeted, effector T cells, serially triggered through their
TCR, produce significantly less IFN-g than wild type, while im-
pinging only marginally on overall IL-10 production (Fig. 4). In
addition, when the TCR is engaged only once in vivo and adju-
vanted with TLR stimulation from LPS, splenocytes synthesize
normal levels of IFN-g (Fig. 6). Thus, it is possible that blockade
of RKIP could diminish IFN-g production from effector T cells
during SIRS, while permitting a relatively unabated response to
PAMPs. However, it remains to be determined what would occur
in a complex response in which both serial TCR triggering and
PAMP-TLR–mediated stimuli both exist simultaneously or what

the exact role, if any, that RKIP plays in these responses. Finally,
therapeutically targeting RKIP may provide a substantial benefit
over direct inhibition of IFN-g because it allows for the alleviation
of IFN-g effects at the level of synthesis rather than receptor
binding. This may be especially important in acute SIRS in which
it could be too late to impact disease outcomes once IFN-g has
been produced.
Although our data suggest that a loss of RKIP leads to a T cell–

intrinsic defect in optimal IFN-g production, it still does not ex-
clude the possibility of potential T cell–extrinsic effects as well.
In fact, in 2006, Schuierer et al. (48) showed that RKIP expres-
sion may play a role in appropriate macrophage and dendritic cell
differentiation. Because APCs are critical for the activation of
T cells in response to classically presented Ags, as well as super-
antigens, any deficit in APC function could also impart effects onto
cytokine production from T cells. We show that RKIP is playing
a role at the level of the CD8+ T cell in responses to superantigens
because inhibition of RKIP in APCs specifically had no effect on
IFN-g production, but inhibition in CD8+ T cells did (Fig. 5D).
Also, if T cell–extrinsic effects such as this were playing a large
role in our model systems, we would have expected to see little
or no response in our SEA-LPS studies, which was not the case.
However, this does not explicitly rule out a potential extrinsic
defect in response to MHC-restricted peptide Ags that must un-
dergo canonical processing and presentation within APCs.
Another facet that makes RKIP a unique therapeutic target is

that it is a druggable protein. A small molecule inhibitor of RKIP,
locostatin, is available (49). Locostatin exerts its inhibitory effects
on RKIP by alkylating a conserved histidine residue (His86)
within its ligand-binding pocket (29). Modification of this residue
prevents RKIP from binding to its aforementioned ligands, thus
preventing their inhibition. In addition to abating IFN-g produc-
tion from wild-type cells during SIRS (Fig. 5C), locostatin also
potently blocks IFN-g and TNF-a production upon triggering
mouse OT-I or human Ag-specific T cells against influenza with
cognate peptide and human PBMCs treated with LPS (50).
However, the specificity of this inhibitor is still being investigated
as it has several potential off-target effects (49). Furthermore, the
target analyses for locostatin have largely been conducted in im-
mortalized cell lines (51), and thus, the exact mechanism of how it
mediates its inhibitory effects within an in vivo immunological
system remains unclear. This allows significant room for im-
provement in developing better target-specific inhibitors of RKIP
before use in a clinical setting. Nevertheless, our new data pin-
point a locostatin effect on CD8+ T cells, but not APCs, in re-
sponse to the pathogenic enterotoxin SEA (Fig. 5D). In sum, our
data suggest that RKIP represents a potentially new therapeutic
target for reducing the effects of IFN-g from CD8+ effector
T cells during the serial TCR-triggering events in SIRS.
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