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ABSTRACT Bacterial infection can trigger cellular stress programs, such as the unfolded protein response (UPR), which occurs
when misfolded proteins accumulate within the endoplasmic reticulum (ER). Here, we used the human pathogen methicillin-
resistant Staphylococcus aureus (MRSA) as an infection model to probe how ER stress promotes antimicrobial function. MRSA
infection activated the most highly conserved unfolded protein response sensor, inositol-requiring enzyme 1� (IRE1�), which
was necessary for robust bacterial killing in vitro and in vivo. The macrophage IRE1-dependent bactericidal activity required
reactive oxygen species (ROS). Viable MRSA cells excluded ROS from the nascent phagosome and strongly triggered IRE1 activa-
tion, leading to sustained generation of ROS that were largely Nox2 independent. In contrast, dead MRSA showed early colocal-
ization with ROS but was a poor activator of IRE1 and did not trigger sustained ROS generation. The global ROS stimulated by
IRE1 signaling was necessary, but not sufficient, for MRSA killing, which also required the ER resident SNARE Sec22B for accu-
mulation of ROS in the phagosomal compartment. Taken together, these results suggest that IRE1-mediated persistent ROS gen-
eration might act as a fail-safe mechanism to kill bacterial pathogens that evade the initial macrophage oxidative burst.

IMPORTANCE Cellular stress programs have been implicated as important components of the innate immune response to infec-
tion. The role of the IRE1 pathway of the ER stress response in immune secretory functions, such as antibody production, is well
established, but its contribution to innate immunity is less well defined. Here, we show that infection of macrophages with viable
MRSA induces IRE1 activation, leading to bacterial killing. IRE1-dependent bactericidal activity required generation of reactive
oxygen species in a sustained manner over hours of infection. The SNARE protein Sec22B, which was previously demonstrated
to control ER-phagosome trafficking, was dispensable for IRE1-driven global ROS production but necessary for late ROS accu-
mulation in bacteria-containing phagosomes. Our study highlights a key role for IRE1 in promoting macrophage bactericidal
capacity and reveals a fail-safe mechanism that leads to the concentration of antimicrobial effector molecules in the macrophage
phagosome.
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The endoplasmic reticulum (ER) exhibits stress in response to
many environmental insults, including infection by microbial

pathogens. Recent evidence supports a functional role for ER
stress in immunity, but the host defense mechanisms controlled
by this stress response are not fully understood. During ER stress,
cells induce an extensive adaptive program, termed the unfolded
protein response (UPR), to alleviate the stress. In mammalian
cells, the UPR is controlled by three resident ER sensors, of which
inositol-requiring enzyme 1� (IRE1�) is the most evolutionarily
conserved (1). Oligomerization of IRE1 triggers autophosphory-
lation and activation of the cytoplasmic endonuclease domain (2).
The endonuclease splices a specific target mRNA, removing a 26-
nucleotide intron, to produce an active transcription factor,
X-box binding protein-1 (XBP1) (3, 4). XBP1 is required for nor-
mal differentiation and functions of many immune cell types, in-
cluding plasma cells, dendritic cells, and CD8� T cells (5–7). Mice
deficient in the IRE1 arm of the UPR fail to control infection by

polyomavirus or the bacterial pathogen Francisella tularensis (6,
8), demonstrating the importance of this pathway in host defense.

More recently, IRE1 has been implicated in multiple signaling
pathways that lead to immune activation and inflammation. Bac-
terial ligands induce IRE1 activation in macrophages in a Toll-like
receptor (TLR)-dependent manner (8). In this case, IRE1 aug-
mented inflammatory cytokine output through splicing of Xbp1,
which led to XBP1-mediated increases in cytokine gene expres-
sion. Moreover, exogenous cholera toxin traffics to the ER and
activates IRE1 by directly binding to the sensor, stimulating decay
of endogenous mRNA (9). This process, termed regulated IRE1-
dependent decay (RIDD), engages cytosolic sensing machinery to
activate type I interferon and NF-�B-dependent cytokine tran-
scription. Last, IRE1 activation by metabolic stress led to
interleukin-1� (IL-1�) production by the inflammasome (10).
Thus, the evidence for involvement of IRE1 in modulating inflam-
matory cytokine production is compelling. However, the ER, as
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the largest intracellular organelle, also profoundly influences
other cellular functions relevant to infection, such as vesicle traf-
ficking and antigen presentation, although the role of IRE1 in
these processes has not been well studied.

Interaction of the ER with the phagosome is a critical aspect of
phagocyte function. The ER enables phagocytosis by fusing with
the nascent phagosome to provide a source of membrane (11). In
addition, ER resident proteins are delivered to phagosomes
through the activity of the SNARE Sec22B to promote antigen
cross-presentation (12). As the compartment for production and
sorting of vesicular proteins, the ER also plays a fundamental role
in populating phagolysosomes with enzymes that contribute to
antimicrobial function (13). Although the ER shapes phagosomal
function, the role of the IRE1 ER stress sensor in controlling bac-
terial killing has not been explored. Here, we show that macro-
phage IRE1 is strongly activated by live MRSA infection, inducing
sustained production of antimicrobial reactive oxygen species
within the bacteria-containing phagosome.

RESULTS
IRE1-dependent innate immune signaling augments bacterial
killing and resistance to MRSA subcutaneous infection. To elu-
cidate mechanisms of IRE1-driven antimicrobial immunity, we
used community-acquired methicillin-resistant Staphylococcus
aureus strain USA300, an important human pathogen that can be
taken up by macrophages but does not replicate robustly within
the cells (14). We first determined whether MRSA induces IRE1
activation in a TLR-dependent manner. Wild-type bone marrow-
derived macrophages (BMDM) or Tlr2/4/9�/� or Myd88�/�

BMDM were infected with MRSA, and IRE1 activation was as-
sessed by measuring the extent of Xbp1 splicing (Fig. 1A). MRSA
infection increased Xbp1 splicing in wild-type macrophages, but
not in macrophages lacking TLR2/4/9 or Myd88. However, treat-
ment by thapsigargin, a potent ER Ca2� ATPase inhibitor, in-
duced strong activation of IRE1 in both wild-type and knockout
macrophages, indicating that the TLR pathway is not required for
the general ER stress response. To investigate the functional con-
sequences of TLR-induced IRE1 activation in innate immune ef-
fector function, we assessed whether IRE1 contributes to macro-
phage killing of MRSA. Since IRE1-deficient mice exhibit
embryonic lethality (15), we knocked down IRE1 in the RAW
264.7 peritoneal macrophage cell line by stably expressing shRNA
specific for IRE1 or a nontargeted (NT) control shRNA (Fig. 1B).
These cells were infected with MRSA, CFU were enumerated, and
the percent intracellular bacterial killing was calculated as follows:
[(CFU2h pi � CFU4h pi)/CFU2h pi]. Bacterial killing was signifi-
cantly decreased at 4 and 8 h postinfection (h pi) in IRE1 knock-
down (KD) cells compared to NT controls (Fig. 1C). Since Xbp1
splicing is the most-well-characterized function of activated IRE1,
we asked whether XBP1 contributed to the macrophage antimi-
crobial phenotype we observed during MRSA infection. Knock-
down of XBP1 decreased the ability of macrophages to kill MRSA
(see Fig. S1A and B in the supplemental material). Together, these
data showed the requirement of TLR signaling in activating IRE1
during MRSA infection and established a role of this ER stress
sensor in promoting macrophage bactericidal function.

IRE1 deficiency decreased bacterial killing by macrophages in
vitro, but it might not have the same effect on innate immune
function in vivo. In order to investigate the role of IRE1 in innate
immunity to MRSA in vivo, we first tested the in vitro efficacy of

two commercially available IRE1 endonuclease inhibitors, 4�8C
and STF-083010, in macrophages (16, 17). When RAW 264.7 cells
were treated with either of the IRE1 inhibitors, we observed no
Xbp1 splicing (Fig. 2A), and the inhibitor-treated cells were less
capable of killing MRSA than were dimethyl sulfoxide (DMSO)-
treated cells (Fig. 2B). Similar results were observed in IRE1
inhibitor-treated human THP-1 monocytes (see Fig. S2 in the
supplemental material). If IRE1 contributes to antimicrobial
function in vivo, we predict that IRE1 inhibitors would exacerbate
MRSA infection. We used a skin abscess model of MRSA infection
in which innate immune function plays a major role in early host
defense and bacterial clearance (18, 19). The IRE1 inhibitors
4�8C and STF-083010 were administered intraperitoneally prior
to and during infection with MRSA, which was inoculated subcu-
taneously into the shaved flanks of animals. Inhibitor-treated
mice developed larger lesions and had higher bacterial burdens
than mice treated with vehicle controls (Fig. 2C and D). Taken
together, these data indicate that activation of the IRE1 ER stress
sensor enhances bacterial killing in vitro and contributes to the
innate immune defense against bacterial infection in vivo.

ROS-mediated intracellular killing of MRSA in macrophages
requires IRE1. Reactive oxygen species (ROS) can be a potent
chemical weapon against S. aureus (20). To determine if ER stress-
driven ROS production aids bacterial killing, we investigated
whether IRE1 and ROS function in the same pathway that leads to
MRSA killing. Macrophages treated with diphenyleneiodonium

FIG 1 IRE1 activated through TLR signaling enhances macrophage bacteri-
cidal activity. (A) RT-PCR analysis of Xbp1 mRNA splicing in BMDM when
left untreated (mock), treated with 5 �M thapsigargin (TG), or infected with
MRSA for 8 h at an MOI of 20. PCR products were digested with PstI endo-
nuclease. Because unspliced mRNA contains a PstI site within the 26 spliced
region, the digested PCR products yield two smaller fragments representing
unspliced (U) Xbp1 and one larger fragment representing spliced (S) Xbp1.
RT-PCR images are representative of �3 independent experiments, and the
percent spliced Xbp1 was calculated based on band densitometry as follows:
[Xbp1s/(Xbp1s � Xbp1u)]. (B) Immunoblots of cell lysate from RAW 264.7
macrophages stably transduced with lentivirus-encoded shRNA for nontarget
(NT-control) or IRE1 KD, probed with an anti-IRE1 antibody or anti-actin
antibody as a loading control. (C) NT-control and IRE1 KD macrophages were
infected with MRSA (MOI, 20). The percent killing was quantified by the
percent difference in CFU at the indicated time points relative to results at 2h
pi: [(CFU2h pi � CFU4h pi)/CFU2h pi]. Results presented are averages of �3
independent experiments � standard deviations. *, P � 0.05; **, P � 0.01.
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(DPI), which inhibits ROS production, or the ROS scavenger
N-acetyl cysteine (NAC) were significantly impaired in their abil-
ity to kill MRSA (Fig. 3A and B). Addition of the IRE1 inhibitor
4�8C to DPI- or NAC-treated macrophages did not further de-
crease MRSA killing. DPI or NAC might reduce IRE1-dependent
bactericidal activity by preventing IRE1 activation or by interfer-
ing directly in ROS-mediated killing. We therefore tested Xbp1

splicing in the presence of DPI or NAC (Fig. 3C). DPI treatment
eliminated infection-induced IRE1 activation, suggesting that in
this case DPI prevented MRSA killing by interfering with induc-
tion of IRE1. In contrast, NAC, a ROS scavenger, did not prevent
IRE1 activation but still decreased bactericidal activity. Therefore,
these data point to IRE1-induced ROS generation as a possible
mechanism for bacterial killing. We then investigated whether
IRE1-driven bactericidal activity was mediated via Nox2, the ma-
jor phagocyte NADPH oxidase responsible for the oxidative burst
(21, 22). Macrophages isolated from Nox2-deficient mice
(Cybb�/y) induced IRE1 activation similarly to wild-type macro-
phages upon MRSA infection (Fig. 3D). These results are in con-
trast to those from a previous study that showed that IRE1 was not
activated in Nox2-deficient macrophages upon addition of TLR
ligand (8). However, MRSA was not used in that study, so it may
be that MRSA infection stimulates additional signaling pathways
that impact the ER stress response. Nox2-deficient macrophages
showed a modest reduction in MRSA killing compared to wild-
type macrophages (Fig. 3E). Treatment of these macrophages with
DPI or 4�8C further suppressed their ability to kill MRSA. These
data suggest that Nox2 does not comprise the major ROS-
generating machinery required for IRE1-dependent antimicrobial
function in macrophages, but ROS production is essential for this
process.

IRE1 promotes sustained macrophage ROS production. Im-
mune cells can generate ROS in a rapid intensive burst or in a
sustained manner over many hours (23, 24). To elucidate the role
of IRE1 in enhancing macrophage ROS production, we measured
ROS at different times during MRSA infection by incubating
RAW 264.7 cells with the ROS fluorescent indicator chloromethyl
2=,7=-dichlorodihydrofluorescein diacetate (CM-H2DCFDA),
followed by flow cytometry analysis (Fig. 4A). At 1h pi, ROS was
produced by most macrophages. This early oxidative burst was
susceptible to DPI inhibition, but inhibition of IRE1 had little
effect on either the number of ROS� macrophages or the mean
fluorescence intensity at 1h pi. ROS production was sustained
through 8h pi, and late ROS generation was strongly susceptible to
IRE1 inhibition. Silencing of IRE1 showed a similar defect in late
ROS generation inhibition (see Fig. S3A in the supplemental ma-
terial). By immunofluorescence analysis, approximately 40% of
infected macrophages at 8h pi were observed to have at least one
ROS� MRSA-containing phagosome. We chose this method of
analysis because it afforded snapshot measurements of cells with
ROS-positive phagosomes at the indicated times during infection.
Thus, we could not discriminate between ROS-negative phago-
somes and ROS-detoxified phagosomes. IRE1 inhibition or si-
lencing not only reduced total ROS production but also accumu-
lation in MRSA-containing phagosomes (Fig. 4B; see also
Fig. S3B). Knockdown of XBP1 similarly decreased total ROS in
MRSA-infected cells (see Fig. S3C and D). These results point to a
role for IRE1 in stimulating sustained global ROS production in
association with elevated ROS in bacteria-containing phago-
somes.

The Sec22B SNARE enables IRE1-dependent MRSA killing.
Our observations revealed that IRE1, an ER-resident protein, con-
trols killing of MRSA within spatially distinct bacterial phago-
somes. We therefore hypothesized that ER-to-phagosome traf-
ficking of proteins that facilitate antimicrobial function might be
one possible mechanism by which IRE1 indirectly promotes
MRSA killing. Previous studies identified the SNARE protein

FIG 2 IRE1 endonuclease is required for macrophage bactericidal activity
and resistance to MRSA infection. (A) RT-PCR analysis results of Xbp1 mRNA
splicing in mock- or MRSA-infected RAW 264.7 cells treated with DMSO
control or small-molecule IRE1 inhibitors 4�8C (25 �M) or STF-083010
(60 �M). (B) The percent killing was quantified as described for Fig. 1C and is
presented as the average of �3 independent experiments � the standard de-
viation. RAW 264.7 macrophages were infected with MRSA (MOI, 20) in the
presence of the DMSO control or IRE1 inhibitor 4�8C (25 �M) or STF-
083010 (60 �M). (C) Skin abscess size (in square millimeters) from C57BL/6
mice infected subcutaneously with 108 CFU MRSA at 3 days pi. Mice were
injected intraperitoneally with DMSO control (5%), 4�8C (10 mg/kg), cre-
mophor EL control (15%), or STF-083010 (30 mg/kg) 1 day prior to and each
day during infection. (D) Bacterial burden in skin abscesses from mice infected
as described for panel C. Abscess size and bacterial load are shown for mice
infected in 2 independent experiments; horizontal lines represent the means. *,
P � 0.05; **, P � 0.01.
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Sec22B as a key player in antigen cross-presentation that mediates
trafficking of ER-resident proteins to phagosomes (12). To test
this hypothesis, we assessed the requirement for Sec22B in IRE1-
mediated bactericidal activity in macrophages. We stably knocked
down Sec22B protein in RAW 264.7 macrophages (Sec22B KD),
which was confirmed by immunoblot analysis (Fig. 5A). We first
tested whether NT-control and Sec22B KD cells could still trigger
IRE1 activation upon infection (Fig. 5B). Sec22B KD cells exhib-
ited similar levels of spliced Xbp1 as NT-control cells. Next, these
cells were infected with MRSA, and the percentage of MRSA kill-
ing was quantified. Silencing Sec22B impaired macrophage killing
of MRSA compared to NT-control cells (Fig. 5C). Inhibition of

IRE1 or ROS production in Sec22B KD cells did not further de-
crease bacterial killing, in contrast to NT-control macrophages
(Fig. 5D). These results suggest that IRE1, Sec22B, and ROS may
act through a common mechanism to enhance MRSA killing, ei-
ther in the same pathway or in parallel pathways that converge at
the phagosome. We would predict that Sec22B acts on the MRSA-
containing phagosome through a trafficking mechanism. To test
this possibility, we transiently knocked down putative Sec22B
partner t-SNAREs syntaxin 4A (STX4A) and syntaxin 5A
(STX5A) (12, 25) in RAW 264.7 macrophages and tested the abil-
ity of these macrophages to kill MRSA (Fig. 5E and F). Reducing
expression of either STX4A or STX5A compromised macrophage

FIG 3 IRE1-dependent killing of MRSA occurs through ROS production. (A) Percent MRSA killing by RAW 264.7 macrophages treated with DMSO, 5 �M
DPI, or 5 �M DPI plus 25 �M 4�8C. (B) The percent MRSA killing by RAW 264.7 macrophages treated with DMSO, 5 mM NAC, or 5 mM NAC plus 25 �M
4�8C. (C) RT-PCR analysis results for Xbp1 mRNA splicing in mock- or MRSA-infected RAW 264.7 macrophages treated with DMSO control, 5 �M DPI, or
5 mM NAC. TG was used as a positive control for IRE1 activation. (D) BMDM isolated from wild-type and Nox2-deficient mice (Cybb�/y) were infected with
MRSA (MOI, 20), and spliced Xbp1 was assessed at 8h pi by RT-PCR. TG was used as a positive control for IRE1 activation. (E) Percent MRSA killing by wild-type
or Nox2-deficient (Cybb�/y) macrophages in the presence of DMSO, 5 �M DPI, or 25 �M 4�8C. Graphs illustrate mean results from �3 independent
experiments with standard deviations. *, P � 0.05; **, P � 0.01.
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antimicrobial function. Taken together, our data implicate
Sec22B-dependent trafficking in IRE1-driven macrophage killing
of bacterial pathogens.

Sec22B is required for local accumulation of ROS in the bac-
terial phagosome. We envisioned at least two possibilities to ex-
plain how Sec22B might promote bacterial killing. First, Sec22B
could be required for global induction of ROS, perhaps via deliv-
ery of bacterial ligands from the phagosome to the ER (26). Sec-
ond, Sec22B could promote local production or accumulation of
ROS in the phagosome, perhaps by delivering the machinery of
ROS production from the ER to the phagosome or by altering
phagolysosome fusion (12). To test the first possibility, we as-
sessed whether Sec22B contributes to global ROS production.
NT-control and Sec22B KD cells were infected with MRSA, and
total ROS was measured by flow cytometry at 1 and 8h pi. There
was no decrease in the amount of global ROS produced upon
MRSA infection between NT-control and Sec22B KD macro-
phages (Fig. 6A). We therefore tested the second possibility by
determining whether Sec22B was required for IRE1-dependent
accumulation of phagosomal ROS, which we previously observed
(Fig. 6B). Sec22B KD and NT-control cells were infected with
MRSA, and the percentage of cells with ROS� MRSA-containing
phagosomes was measured. Similar to wild-type RAW 264.7 cells,
approximately 40% of NT-control macrophages contained at

least one ROS� MRSA-containing phagosome at 8h pi (Fig. 6C).
Silencing Sec22B reduced the number of cells with one or more
ROS� phagosome to approximately 10%, even though total ROS
production was not affected. Transient silencing of STX4A or
STX5A also decreased the number of macrophages with at least
one ROS� MRSA-containing phagosome at 8h pi (Fig. 6D). Our
data suggest the possibility that Sec22B, STX4A, and STX5A con-
tribute to IRE1-dependent killing by directly or indirectly en-
abling ROS accumulation in the bacterial phagosome.

Robust IRE1 activation driven by viable bacteria sustains
ROS production. MRSA stimulated a notable IRE1-independent
oxidative burst by 1h pi (Fig. 4A), and so we questioned why the
sustained ROS production driven by IRE1 would be necessary for
bacterial killing. We hypothesized that live MRSA can evade the
initial oxidative burst, and therefore sustained ROS generation
might be important for killing pathogens that overcome this ini-
tial barrier. We first tested whether live and dead MRSA could
stimulate IRE1 activation to the same degree by infecting RAW
264.7 macrophages and measuring Xbp1 splicing (Fig. 7A). Dead
MRSA, inactivated either by paraformaldehyde (PFA) or heat
treatment, induced significantly less Xbp1 splicing than live MRSA
but more than polystyrene latex beads. Consistent with these data,
dead MRSA did not stimulate sustained ROS production at 8h pi,
even though the early oxidative burst at 1h pi was comparable

FIG 4 IRE1 contributes to sustained ROS production by macrophages. (A) Global ROS production as assessed by flow cytometry using CM-H2DCFDA dye.
RAW 264.7 macrophages were infected with MRSA (MOI, 20) in the presence of DMSO, 5 �M DPI, or 25 �M 4�8C. Flow cytometry was performed on live cells
treated with CM-H2DCFDA for 45 min prior to analysis. (Left) The percentage of ROS� cells was determined by gating against stained mock-infected control
cells. Representative plots are shown with the mean percentages of ROS� cells from �3 independent experiments � the standard deviations. (Right) Quanti-
fication of mean fluorescence intensity under the indicated conditions was calculated as the geometric mean, using FlowJo software for results from �3
independent experiments � the standard deviation. (B) Cells with ROS� phagosomes were imaged with an Olympus IX70 inverted live-cell fluorescence
microscope. RAW 264.7 macrophages were infected with MRSA-mCherry (MOI, 20) in the presence of DMSO or 25 �M 4�8C. CM-H2DCFDA was added at
7h pi for 30 min, and cells were imaged at 8h pi. Cells with ROS� phagosomes were measured by counting cells with at least one ROS-enriched area colocalized
with MRSA from at least 100 ROS� infected cells. Representative images are shown with the mean percentage of cells with ROS� phagosomes from �3
independent experiments � the standard deviations. Cells are outlined with a white line in the low-magnification merged images for clarification. *, P � 0.05;
**, P � 0.01.
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between macrophages infected with live or dead MRSA (Fig. 7B).
To determine whether live MRSA could evade the early oxidative
burst, we infected macrophages with live or dead MRSA and eval-
uated localized ROS production in the phagosome at 1h pi
(Fig. 7C). Macrophages infected with dead MRSA showed a ro-
bust association of ROS with phagosomes, while live MRSA-
infected macrophages showed almost no ROS localized to the
phagosomes at 1h pi, despite similar levels of global ROS. These

results support the idea that live MRSA evades the initial oxidative
burst, perhaps through the expression of ROS-detoxifying en-
zymes (27). Thus, the persistent ROS production mediated by
IRE1 makes a key contribution to killing MRSA later in infection
(Fig. 4). Taken together, our data support a model where IRE1-
dependent sustained ROS production acts as a fail-safe mecha-
nism to kill vacuolar pathogens that escape the initial oxidative
burst.

FIG 5 Sec22B enhances MRSA killing by macrophages via an IRE1- and ROS-mediated mechanism. (A) Sec22B and actin immunoblots of cell lysates from
NT-control and Sec22B KD macrophages. (B) RT-PCR results from an Xbp1 splicing assay of mock-infected and infected NT-control or Sec22B KD macrophages
at 8h pi. (C) NT-control and Sec22B macrophages were infected with MRSA (MOI, 20), and the percent killing was quantified. (D) Percentage of MRSA killing
by NT-control and Sec22B KD macrophages in the presence of DMSO, 5 �M DPI, or 25 �M 4�8C. (E) RAW 264.7 cells were transiently transfected with
NT-control or Stx4a siRNA. STX4A, and actin immunoblot assays were performed on cell lysates from a representative experiment (top panel).The percent
MRSA killing by these transfected cells averaged over 3 independent experiments is shown in the bottom panel. (F) STX5A and actin immunoblotting results with
cell lysates (top) and the percent MRSA killing (bottom) from transiently transfected RAW 264.7 cells with NT-control or Stx5a siRNA. The graphs represent
mean results from �3 independent experiments � standard deviuations. *, P � 0.05; **, P � 0.01.
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DISCUSSION

Hallmarks of ER stress are found in many human diseases, espe-
cially those associated with cellular damage and inflammation
(28). IRE1, a gatekeeper of the ER stress program, has recently
emerged as a key regulator of inflammation and immunity. Com-
pelling evidence has revealed an important role for IRE1 in con-
trolling inflammatory cytokine output (8–10), but given the pro-
found effects of ER stress on cellular function, we hypothesized
that IRE1 also controlled other mechanisms of immunity. Here,
we demonstrated that IRE1 activation by MRSA infection en-
hances macrophage bacterial killing and promotes host immunity
in vivo. IRE1-dependent microbicidal activity required XBP1 and
ROS but did not impact the initial phagosomal oxidative burst.
Instead, IRE1 stimulated sustained production of ROS that could
be observed in the phagosome many hours postinfection. Sec22B,
a regulator of ER-phagosome trafficking, along with its t-SNARE
partners STX4A and STX5A, enabled ROS accumulation in
bacteria-containing phagosomes. Notably, robust IRE1 activation
and subsequent ROS production only occurred upon infection

with live MRSA that evaded the early oxidative burst. These results
led us to propose a model where IRE1 augments the host defense
by enhancing sustained ROS production to license bacterial kill-
ing in the phagosome.

ROS act as an essential component of host defense against bac-
terial infection by exerting antimicrobial effects or mediating im-
mune signaling. While Nox2 is a well-established NADPH oxidase
that can generate ROS in innate immune cells, ROS can also be
produced by other enzymatic machinery, such as mitochondria,
Nox1, and Nox4 (29–31). In fact, many pathogens, including Sal-
monella enterica serovar Typhimurium, Coxiella burnetti, and
Francisella tularensis, can evade Nox2-dependent oxidative killing
by preventing enzyme recruitment, inhibiting ROS production, or
promoting its detoxification (32–34). Therefore, immune cells
must utilize additional antimicrobial effector mechanisms to con-
trol these infections. Our data suggest that one such mechanism in
macrophages is IRE1-dependent sustained ROS production. In-
terestingly, a recent study showed that bacteria encounter differ-
ent levels of ROS in vivo, depending on the cell type (35). Salmo-

FIG 6 Sec 22B controls sustained ROS accumulation in phagosomes. (A) Flow cytometry analysis results for global ROS production in NT-control- and Sec22B
KD-infected macrophages. (Left) Representative histogram plots are shown, with the percentage of ROS� cells. (Right) Geometric mean fluorescence intensity
of ROS production. (B) Live cell fluorescent images of NT-control and Sec22B KD macrophages infected with MRSA-mCherry (MOI, 20) and stained with a ROS
fluorescence indicator at 8h pi. (C) The percentage of cells with ROS� phagosomes was quantified from NT-control and Sec22B KD macrophages. The
percentage of cells was determined from the number of cells with at least one enriched area of ROS colocalized with MRSA from at least 100 ROS� infected cells.
(D) The percentage of cells with ROS� phagosomes was quantified from NT-control, STX4A KD, or STX5A KD macrophages as described for panel C. Graphs
represent mean results from �3 independent experiments � standard deviations. *, P � 0.05; **, P � 0.01.
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nella encountered high levels of ROS in neutrophils and
inflammatory monocytes, where Nox2 is required for killing.
However, Salmonella found in splenic macrophages encountered
lower levels of ROS and Nox2-independent killing. Consistent
with these observations, we found that macrophages could kill
MRSA by a Nox2-independent mechanism that requires IRE1.
IRE1 was only strongly engaged by live MRSA, which evaded the
initial oxidative burst, suggesting that signals from surviving
MRSA in the phagosome trigger the fail-safe mechanism. Since
TLR2, -4, or -9 signaling is required for IRE1 activation in infected
cells, we speculate that live MRSA may present higher levels of
certain TLR ligands, such as secreted bacterial lipopeptides, that
are not provided by killed MRSA. ROS eventually accumulated in
MRSA-containing phagosomes and was important for killing.
Our data favor a model in which ROS control MRSA killing, but
whether they act directly to kill bacteria in phagosomes or facili-
tate other antimicrobial effector mechanisms remains to be eluci-
dated.

Nascent phagosomes acquire their antimicrobial capacity by
fusion with lysosomes, a degradative compartment loaded with

cargo produced and sorted through the ER/Golgi apparatus net-
work (13). We showed that IRE1, a resident of the ER, enhances
bacterial killing in the phagosome, even though these compart-
ments are spatially distinct. These results suggest that trafficking
between these compartments may be important for IRE1-
dependent bactericidal function. A recent study demonstrated
that the SNARE protein Sec22B, which resides in the ER and the
ER-Golgi appparatus intermediate compartment (ERGIC), con-
trols antigen cross-presentation by promoting protein trafficking
between the ER and the phagosome (12). Consistent with these
observations, our data showed that Sec22B is required for IRE1-
mediated antimicrobial function. Notably, Sec22B was required
for ROS accumulation in the phagosome. We envision several
mechanisms by which Sec22B could facilitate phagosomal ROS
accumulation and IRE1-dependent killing. Sec22B could deliver
cargo needed for ROS generation, such as Nox4 or protein disul-
fide isomerase (PDI), to phagosomes (36). Alternatively, Sec22B
could delay phagolysosome fusion, enhancing ROS generation in
the phagosome by preventing degradation of ROS-producing ma-
chinery. Indeed, Sec22B is known to delay phagolysosome fusion

FIG 7 Viable MRSA induces stronger IRE1 activation and is required for sustained ROS production. (A) Xbp1 splicing assay of RNA isolated from RAW 264.7
macrophages that were untreated (mock) or treated with TG and infected with live MRSA, stimulated with PFA-fixed MRSA, stimulated with heat-killed MRSA,
or stimulated with latex beads. A representative RT-PCR image (top) and the percentage of Xbp1 splicing (bottom) are shown. The graph represents mean results
from �3 independent experiments � standard deviations. (B) Flow cytometry histograms of global ROS production by RAW 264.7 macrophages infected with
live MRSA or stimulated with dead MRSA. The percentage of ROS� cells and the mean fluorescent intensity shown represent means of �3 independent
experiments � standard deviations. The mean fluorescent intensity is reported as the geometric mean. (C) ROS localization in RAW 264.7 macrophages infected
with live MRSA or stimulated with dead MRSA for 1 h. Representative fluorescence images and the percentages of cells with at least one ROS� phagosome are
shown from �3 independent experiments � standard deviations. *, P � 0.05; **, P � 0.01.
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in models of antigen presentation (12). Lastly, Sec22B-mediated
trafficking may simply deliver additional membrane to the phago-
some, protecting it from MRSA escape (37), thereby facilitating
ROS accumulation in this limiting compartment. Collectively,
these data emphasize the importance of Sec22B in macrophage
effector function and reveal UPR-mediated control of a novel
mechanism that enables ROS to be concentrated within the
bacteria-containing phagosome.

ROS production during ER stress is modulated by several
mechanisms (38). For example, when ER function is perturbed by
exposure to tunicamycin, ROS levels increase through activity of
ER oxidoreductin 1 (ERO1), a key enzyme in the oxidative
protein-folding pathway (39). Silencing Ero1 by RNA interference
(RNAi) induced ER stress but inhibited ROS production, suggest-
ing that ROS production occurs subsequent to ER stress. ER stress
triggered by oxidized low-density lipoprotein also induced ROS
production in a Nox4-dependent manner (29, 40). Notably, ex-
pression of ERO1 and NOX4 is induced by IRE1, and both of these
enzymes are localized primarily in the ER (29, 41–43). Activation
of a second ER stress sensor, PERK, by external oxidants opposed
cellular ROS production by increasing glutathione biosynthesis
(39). Thus, the selective activation of IRE1 by innate immune
signaling pathways could increase the generation of ROS while
preventing PERK-dependent antioxidant synthesis (8). IRE1 can
also increase expression of thioredoxin-interacting protein (TX-
NIP), a factor that binds to the catalytic center of thioredoxin and
inhibits its antioxidant activity (44). Thus, previous studies indi-
rectly suggested that IRE1 could influence ROS, but a direct dem-
onstration of ROS induction in response to IRE1 activation had
not been reported. Our data conclusively show that macrophage
IRE1 induces sustained ROS production during bacterial infec-
tion.

Mechanisms to balance ROS production by the immune sys-
tem are critical for long-term health. ROS generation can be a
potent antimicrobial mechanism, as patients with defects in the
Nox2 NADPH oxidase are susceptible to recurrent and severe bac-
terial infections (45). ROS can also promote wound healing by
serving as a chemoattractant to recruit leukocytes to the site of
injury (46). However, excess ROS production can cause tissue
injury by either direct oxidant damage or by increasing recruit-
ment of inflammatory cells to the damaged area (47). As a conse-
quence, ROS production paradoxically promotes both health and
disease in different contexts. In our MRSA infection model, IRE1
inhibition was deleterious early in infection, exacerbating abscess
size and bacterial burden. In contrast, a recent study revealed that
IRE1 inhibition protected mice from TLR-induced inflammatory
arthritis by suppressing cytokine production (48). Since our data
demonstrate a clear role for IRE1 in modulating ROS production,
defining the contribution of ER stress-induced ROS to disease
pathology in different infectious or inflammatory contexts is war-
ranted and may provide opportunities for therapeutic synergies
with other treatments for infection and inflammation.

MATERIALS AND METHODS
Mouse strains and cell cultures. Wild-type male C57BL/6 and Nox2-
deficient (Cybb�/y) mice were purchased from Jackson Laboratories.
MYD88-deficient and control macrophages were a gift from N. Lukacs
(University of Michigan Medical School) (49). The TLR2/4/9 knockout
femurs were a gift from T. Merkel (FDA), who bred the strain using
individual TLR knockout mouse strains on a C57BL/6 background (50,

51). BMDMs were prepared by flushing mouse femurs in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 100 units/ml of
penicillin-streptomycin (Pen/Strep; Invitrogen). Cells were differentiated
by incubation in BMDM medium (50% DMEM, 2 mM L-glutamine,
1 mM sodium pyruvate, 30% L929-conditioned medium, 20% heat-
inactivated fetal bovine serum [FBS; Invitrogen], 55 �M
2-mercaptoethanol, and Pen/Strep). RAW 264.7 and THP-1 cells were
cultured in RPMI 1640 containing 2 mM L-glutamine and 10% heat-
inactivated FBS. THP-1 cells were differentiated by stimulation with
100 nM of phorbol 12-myristate 13-acetate (Sigma-Aldrich) for 24 h.
Cells were incubated at 37°C in 5% CO2.

Macrophage infections. For the MRSA killing assay, macrophages
were seeded in a 24-well plate at a density of 1.5 � 105 cell/well. For the
Xbp1 splicing assay, cells were seeded in 60-mm tissue culture treated
dishes at 1 � 106 cell/dish. Strain USA300 LAC, a community-associated
MRSA strain, was cultured on tryptic soy agar (Becton, Dickinson), and
selected colonies were grown overnight at 37°C with shaking (200 rpm) in
liquid trypic soy broth (TSB) medium. For infections, bacteria were pel-
leted, washed, and resuspended in phosphate-buffered saline (PBS). The
bacterial inoculum was estimated based on the optical density at 600 nm
and verified by plating serial dilutions on TSB plates to determine CFU.
Macrophages were preincubated with the indicated inhibitors for 30 min,
and all inhibitors were maintained throughout the experiment at the fol-
lowing concentrations: 25 �M 4�8C, 60 �M STF-083010, 5 �M DPI, and
5 mM NAC. Macrophages were infected at a multiplicity of infection
(MOI) of 20 in culture medium without antibiotic for 1 h. Infected mac-
rophages were washed three times with PBS and incubated in medium
containing 100 �g/ml of gentamicin to kill extracellular bacteria. The
number of intracellular bacteria was determined by washing infected
macrophages once with PBS and lysing with 0.1% NP-40, and bacterial
CFU were enumerated. The percentage of killed MRSA was calculated
using the following formula [(CFU2h pi � CFUindicated time point)/
CFU2h pi], which represents the percent difference between CFU counts at
the indicated time points relative to results at 2h pi.

ROS measurements. Macrophages were plated in 60-mm nontreated
dishes for flow cytometry and 35-mm glass-bottom dishes (MatTek) for
immunofluorescence microscopy. Macrophages were treated for 30 min
with the indicated inhibitors or control solvent prior to infection with
fluorescent-tagged MRSA harboring pSarA-mCherry at an MOI of 20
(52). Infection was synchronized by centrifugation for 5 min at 1,500 rpm.
Infected macrophages were washed and incubated in medium containing
100 �g/ml gentamicin. Culture medium was removed, cells were washed
with PBS, and then incubated with CM-H2DCFDA (Invitrogen) at a final
concentration of 2.5 �M in Ringer buffer (155 mM NaCl, 5 mM KCl,
1 mM MgCl2 · 6H2O, 2 mM NaH2PO4 · H2O, 10 mM HEPES, and 10 mM
glucose). Cells were incubated for 30 min at 37°C, washed three times with
cold medium, and incubated for an additional 15 min at 37°C in warm
medium. Cells were washed with PBS and either imaged with an Olympus
IX70 inverted live-cell fluorescence microscope or removed from plates
with cold PBS and subjected to flow cytometry for total ROS analysis.
Fluorescence data were further analyzed by using MetaMorph (micros-
copy) or FlowJo (flow cytometry) software. For immunofluorescence
analysis, cells with at least one ROS� MRSA-containing phagosome were
counted as positive. MRSA-containing phagosomes were considered
ROS� when the fluorescence intensity of the phagosome was �1.5 rela-
tive to an area of the cell adjacent to the phagosome. For flow cytometry
analysis, the frequencies of ROS� cells were determined by gating against
stained mock-infected cells. The mean fluorescence intensity for each
condition was determined as the geometric mean.

Mouse infection. Subcutaneous MRSA infection was performed as
previously described (19). Male C57BL/6 mice were shaved on the right
flank. Four groups were used, with each group injected intraperitoneally
with 10 mg/kg of body weight 4�8C, 30 mg/kg STF-083010, control sol-
vent 1 (5% DMSO), or control solvent 2 (15% Cremophor EL). Inhibitors
and control solvents were administered 1 day prior to infection and each
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day throughout the experiment. On the second day, mice were inoculated
with 1 � 108 bacteria in 100 �l of PBS subcutaneously on the shaved area
of the skin via a 27-gauge needle. Mice were sacrificed on day 3 postinfec-
tion, and skin lesions were measured using a digital caliper (Fisher Scien-
tific). The skin lesion was excised and homogenized in PBS, and total CFU
per mouse lesion were enumerated by serial dilution and plating on TSB
agar.

RNAi knockdown and immunoblotting. XBP1, STX4A, and STX5A
were transiently knocked down by transfecting RAW 264.7 cells with spe-
cific siGENOME SMART pool small interfering RNA (siRNA) or nontar-
get siRNA by using DharmaFECT 4 transfection reagent (Dharmacon)
according to the manufacturer’s instructions. The generation of lentivirus
for shRNA knockdown was done by using HEK293T packaging cells,
which were grown in DMEM with 10% FBS. The virus particles were
produced by transfecting the cells with the TRC shRNA-harboring plas-
mid pLKO.1, along with the packaging plasmids (pHCMV-G and
pHCMV-HIV-1) (53), by using FuGene-HD transfection reagent (Pro-
mega). Medium was changed after 24 h, and virus particles were collected
after 72 h posttransfection. A total of 2 ml of medium containing virus was
concentrated 10-fold by ultracentrifugation at 24,000 rpm for 2 h at 4°C
and used to transduce RAW 264.7 cells. Transduced cells were selected
with puromycin (4 �g/ml). The mouse Ire1-�- and Sec22b-specific
shRNA plasmids with the corresponding antisense sequences (TTTCTC
TATCAATTCACGAGC and AAACTCGATGAAGGAATAGGG, respec-
tively) were purchased from Open Biosystems. The nontarget control
shRNA plasmid was purchased from Sigma-Aldrich. The efficiency of
knockdown was monitored by immunoblot analysis using anti-IRE1 an-
tibody (clone 14C10; Cell Signaling), anti-Sec22B (clone 29-F7; Santa
Cruz Biotechnology), anti-XBP1 antibody (clone ab37152; Abcam), anti-
STX4A antibody (clone H-16; Santa Cruz Biotechnology), or anti-STX5A
antibody (clone FL-301; Santa Cruz Biotechnology), and anti-actin anti-
body was used as a loading control (Fisher Scientific).

Xbp1 splicing. Total RNA was prepared from cultured cells using the
RNeasy kit (Qiagen) and was treated with RNase-free DNase (Qiagen).
cDNA synthesis was performed using 2 �g of total RNA, murine leukemia
virus reverse transcriptase (RT; Invitrogen), and random hexamers (Ap-
plied Biosystems). Spliced and unspliced Xbp1 transcripts were amplified
by semiquantitative RT-PCR using the pair primers forward, 5=-GAACC
AGGAGTTAAGAACACG-3=, and reverse, 5=-AGGCAACAGTGTCAGA
GTCC-3=. PCR conditions were as follows: 95°C for 5 min, and 30 ampli-
fication cycles of 95°C for 30 s, 50°C for 45 s, and 72°C for 1 min. The PCR
product was purified and digested with PstI restriction endonuclease to
discriminate between unspliced and spliced Xbp1 (54). Spliced and un-
spliced DNA fragments were resolved by electrophoresis on a 2.5% aga-
rose gel. Band intensities were measured using ImageJ software, and the
percent spliced was calculated using the following formula: [Xbp1s/(Xbp1s

� Xbp1u)], i.e., the Xbp1 spliced band density (Xbp1s) relative to total
spliced and unspliced (Xbp1u) band densities.

Statistical analysis. Student’s paired two-tailed t test was used to an-
alyze the data. The means of at least three independent experiments are
reported, with error bars showing standard deviations (SD). P values of
less than 0.05 were considered significant (*, P � 0.05; **, P � 0.01). All
statistically significant comparisons within experimental groups are indi-
cated in the figures. Statistically significant differences between experi-
mental groups are only marked in specific graphs as indicated in the figure
legends.
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