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Abstract

Immune responses occur in the midst of a variety of cellular stresses that
can severely perturb endoplasmic reticulum (ER) function. The unfolded
protein response is a three-pronged signaling axis dedicated to preserving
ER homeostasis. In this review, we highlight many important and emerging
functional roles for ER stress in immunity, focusing on how the bidirec-
tional cross talk between immunological processes and basic cell biology
leads to pleiotropic signaling outcomes and enhanced sensitivity to inflam-
matory stimuli. We also discuss how dysregulated ER stress responses can
provoke many diseases, including autoimmunity, firmly positioning the un-
folded protein response as a major therapeutic target in human disease.
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INTRODUCTION

Maintaining the fidelity of the host cell proteome is of the utmost importance for preserving cel-
lular homeostasis, unequivocally illustrated by the ever-increasing number of diseases provoked
by aberrant handling of misfolded proteins. An extensive network of over 1,000 components pre-
serves basal protein homeostasis (also known as proteostasis; 1) by controlling protein synthesis
and degradation rates, acting as folding chaperones, depositing stabilizing posttranslational modi-
fications, identifying incorrectly folded proteins, and coordinating proper subcellular localization
(1). Though multiple levels of surveillance and regulation have evolved to maintain the steady-
state proteome, cells additionally require robust stress response networks in case the supply of
nascent proteins exceeds the capacity of steady-state proteostasis networks.

These stress responses can be triggered exogenously, by microenvironmental cues such as
hypoxia, nutrient deprivation, low pH, and exposure to oxidized lipids, as well as endogenously,
via cellular differentiation or significant deviation from metabolic set points. Aggregation and
misfolding of cytosolic proteins are detected via the heat shock protein system, a coordinated group
of chaperones charged with facilitating substrate stabilization and/or proteasomal degradation.
Transmembrane and secreted proteins, which make up a full third of the total cellular proteome,
are cotranslationally translocated into the rough endoplasmic reticulum (ER) and therefore escape
surveillance by the heat shock protein network. Instead, a comprehensive, three-pronged system
known as the unfolded protein response (UPR) corrects pathological protein misfolding and
aggregation within the ER.

We discuss in the following sections how individual UPR-signaling pathways are compre-
hensively integrated within the immune response at multiple levels. Though initial studies were
centered on UPR roles in plasma cell differentiation, recent studies have found greatly extended
functions of ER stress mediators in immunity, now known to encompass direct defense from
microbial pathogens, proinflammatory cytokine production, antigen presentation to T cells, im-
munogenic cell death, metabolic homeostasis, and maintenance of immunological tolerance. Many
of these recently discovered functions have sparked thoughtful reconsideration of the role of pro-
tein unfolding stress in the activation of canonical UPR mediators. The combined insights from
recent studies highlight the close interplay between basic cell biological processes and inflamma-
tory signaling and suggest potential strategies for therapeutically titrating the balance between
tolerance and inflammation.

UPR SIGNAL TRANSDUCTION: THREE MAIN PATHWAYS

The ER requires a unique subcellular environment to simultaneously enable intra- and inter-
molecular disulfide bond formation, protein N-linked glycosylation, calcium storage, and lipid
biosynthesis. These ER functions are highly interconnected, and perturbations in one directly
affect the others. For instance, calcium is required for chaperone activity of many ER-resident
proteins, and thus calcium store depletion induces ER stress by reducing the ER proteostasis net-
work capacity. Similarly, genetic or chemical inhibition of either N-linked glycosylation or lipid
biosynthesis activates ER-stress-response modules, and the UPR correspondingly upregulates
genes required for protein folding, protein degradation, lipid production, and glycosylation.

To combat excessive accumulation of malfolded proteins, multicellular organisms mount a
coordinated response driven primarily by three ER-localized transmembrane proteins—the dual
kinase/endoribonuclease inositol-requiring enzyme 1α (IRE1α/Ern1), the kinase PKR-like ER-
resident kinase (PERK/Eif2ak3), and activating transcription factor 6α (ATF6α/Atf6) (Figure 1).
Under homeostatic conditions the luminal domains of each of these proteins are physically bound
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Figure 1
(a) During steady state, secretory and transmembrane proteins are translated directly into the ER via the
SEC61 translocon, while the three main unfolded protein response (UPR) mediators are held inactive by the
chaperone protein BiP. (b) Upon ER stress, BiP dissociates from all three UPR mediators, leading to their
activation. Inositol-requiring enzyme 1α (IRE1α) splices the Xbp1 mRNA and can also degrade
ER-localized mRNAs via the regulated IRE1α-dependent decay (RIDD) pathway. PKR-like ER-resident
kinase (PERK) phosphorylates eIF2α, which shuts down cap-dependent translation and facilitates the
production of activating transcription factor 4 (ATF4) and CHOP. ATF6α translocates to the Golgi
apparatus, where membrane proteases liberate the N-terminal transcription factor. All three branches work
cohesively to correct the stress but can also drive apoptosis under unresolvable ER stress. Abbreviation:
ERAD, ER-associated degradation.
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and held inactive by the HSP70-type chaperone BiP/Hspa5 (2, 3). However, BiP has higher affinity
for misfolded proteins than for UPR mediators, and thus the accumulation of misfolded substrates
titrates away this steady-state inhibition. Release from BiP leads to the activation of all three UPR
branches, coupling PERK-mediated global translational suppression with robust transcriptional
induction of proteostasis modulators.

IRE1α

The IRE1α-signaling axis is the most highly conserved of the three major UPR branches, present
across species from yeasts to humans. BiP dissociation from the luminal domain of IRE1α facilitates
its homodimerization and autophosphorylation, a process that, at least in Saccharomyces cerevisiae,
may be additionally aided by direct detection of misfolded proteins (3a). IRE1α activation is
also carefully tuned by a number of interacting proteins, such as BAK, BAX, BI-1, and AIP-1
(reviewed in 4). IRE1α phosphorylation then triggers a conformational shift that activates its
C-terminal endoribonuclease activity. In an unconventional cytoplasmic-splicing reaction, the
endoribonuclease then excises 26 base pairs from the Xbp1 mRNA, and subsequent mRNA re-
ligation causes a translational reading frame shift yielding the highly active transcription factor
known as XBP1S (5, 6). The translated product of unspliced Xbp1 is apparently highly labile and
is difficult to detect without the use of proteasome inhibitors, corroborating the importance of the
IRE1α/XBP1-signaling chain (7). This unique isoform-switch mechanism enables rapid, finely
tuned responses to perturbations in ER homeostasis.

XBP1 is a member of the CREB/ATF basic leucine zipper family of transcription factors
and was originally identified over 20 years ago in our laboratory as a regulator of MHC-II ex-
pression (8). Since then, over two decades of work has clearly demonstrated that the canonical
XBP1 transcriptional targets include protein chaperones, disulfide isomerases, ER translocases,
glycosylases, members of the ER-associated degradation (ERAD) system, and components of the
COP-II endomembrane transport system (9). Cumulatively, XBP1 promotes physical ER expan-
sion and elaboration of the secretory protein apparatus (10, 11). The more recent application
of global mRNA profiling techniques has greatly expanded the universe of known XBP1 direct
transcriptional targets, which now encompasses lipid metabolism (12), proinflammatory cytokines
(13), the HIF-1α hypoxia response pathway (14), cellular differentiation (15), and the hexosamine
biosynthetic pathway (16). The IRE1α/XBP1-signaling axis therefore influences many signaling
pathways previously thought to lie outside the scope of the traditional UPR program.

Under conditions of profound ER stress, the IRE1α RNAse domain robustly degrades non-
Xbp1 mRNA substrates, a phenomenon known as regulated IRE1α-dependent decay (RIDD)
(17). Though Xbp1 is the preferred IRE1α substrate, RIDD can be driven by the formation of
higher-order IRE1α oligomers, possibly owing to enhanced avidity for mRNA substrates (18).
ER localization is another major factor regulating sensitivity to this “promiscuous” RNAse be-
havior (19), suggesting that IRE1α hyperactivation acts as an adaptive mechanism to limit the
influx of nascent proteins until extreme ER stress is mitigated. Intriguingly, the fission yeast
Schizosaccharomyces pombe relies solely on this mechanism for maintaining ER homeostasis, as it
lacks any identifiable homologues for XBP1 and a UPR transcriptional program (20). Despite
its ability to reduce ER stress, RIDD initiation in mammalian cells is also costly, tipping cell fate
toward apoptosis rather than survival (18). Furthermore, for reasons that have yet to be elucidated,
tissue-specific genetic ablation of Xbp1 can lead to constitutive IRE1α phosphorylation and RIDD
activation (21), severely complicating interpretations of the in vivo function of XBP1. Indeed, the
severity of some seemingly XBP1-dependent phenotypes has turned out to be partially driven
by RIDD (21–23). Thus, future studies on the in vivo roles of XBP1 should be matched with
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similar IRE1α genetic models for more accurate mechanistic insight, especially because evidence
for physiologically relevant RIDD induction remains scarce.

PERK

PERK is an ER-resident type I transmembrane protein, and one of four known eIF2α protein ki-
nases. Like IRE1α, BiP dissociation from PERK promotes autophosphorylation and dimerization.
After PERK is phosphorylated, it directly phosphorylates the translation initiation factor eIF2α,
greatly inhibiting general translation by interfering with 5′-cap assembly (24, 25). This transla-
tional inhibition is critical for maintaining pancreatic β cell survival and metabolic homeostasis, as
Eif2ak3−/− mice progressively develop insulin resistance due to insufficient insulin production (26).
General translational inhibition results in an increase in cap-independent translation, facilitating
the accumulation of the transcription factor ATF4 through an alternative translation initiation site
(27). ATF4 then transcriptionally upregulates the transcription factor Ddit3/CHOP (28), which
has been shown to regulate apoptosis in a variety of cellular stress conditions. CHOP and ATF4
upregulate antioxidant defenses in parallel but are also responsible for translation reinitiation
during the late-stage UPR through the induction of Ppp1r15a/GADD34 (29).

ATF6α

ATF6α is an ER-resident type II transmembrane protein featuring a cytoplasmic N-terminal bZIP
transcription factor. Unlike PERK and IRE1α, BiP disengagement drives ATF6α mobilization
to the Golgi apparatus, where it subsequently undergoes intramembrane proteolysis by site 1
and site 2 proteases to yield the active transcription factor (30, 31). Multiple members of the
CREB3 family of transcription factors, including LUMAN and OASIS, are similarly activated
by proteolytic cleavage and perform auxiliary functions in preserving secretory pathway health
(32). ATF6α controls a limited set of ER quality control proteins, many of which are coregulated
by XBP1 (33). Consistent with the more minor role of ATF6α in maintaining ER homeostasis,
Atf6−/− mice are viable and have no apparent phenotype at baseline. This is in stark contrast with
Ern1−/− and Xbp1−/− mice, both of which are embryonic lethal (34, 35). However, Atf6 deficiency
compromises cell survival during chemically induced ER stress both in vitro and in vivo, indicating
that this factor optimizes the UPR along with IRE1α and PERK.

Coordinating a UPR

Under conditions of acute, pharmacological ER stress, all three UPR branches are carefully chore-
ographed to maximize cellular adaptation. Finely coordinated regulation is critical, as decontex-
tualizing individual UPR signaling pathways leads to fundamentally different proteostasis envi-
ronments (36). XBP1 and ATF6α bolster the ER protein folding capacity by upregulating chap-
erones, glycosylases, ERAD components, intracellular transport machinery, and protein disulfide
isomerases. In addition to splicing Xbp1, IRE1α may restrict protein influx into the ER by de-
grading ER-localized mRNAs. In parallel, PERK shuts down protein synthesis to allow time for
the ER to correct existing misfolded proteins, while its downstream target genes induce a potent
antioxidant response to counter the production of reactive oxygen species (ROS) generated during
iterative protein folding cycles. Under lethal ER stress prosurvival IRE1α is gradually shut off
while PERK remains activated, demonstrating that temporal and branch-specific UPR control
is also critical for determining adaptation versus survival (37). Successful neutralization of the
instigating stress results in cell survival, whereas the outcome for failure is cell death.
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CONSTRUCTING AN IMMUNE SYSTEM: ER STRESS
IN DIFFERENTIATION

Cellular differentiation is one of the most well established in vivo functions for the UPR. Indeed,
the embryonic lethality of Xbp1−/− mice derives from failed liver development, whereas mice res-
cued by liver-specific Xbp1 transgene expression die postpartum from defective development of
the exocrine pancreas. Similarly, loss of Ern1, Xbp1, or Eif2ak3 in the adult animal leads to sig-
nificant histological aberrations, hypomorphic and disorganized subcellular secretory structures,
secretory failure, and/or increased cell death in pancreatic β cells.

Plasma Cells

Plasma cells are terminally differentiated B cells specialized for secreting large amounts of im-
munoglobulin, and consequently they require an extensive, highly elaborated ER network. Rag1−/−

blastocysts reconstituted with Xbp1−/− fetal liver cells failed to yield mature plasma cells and ex-
hibited a drastic reduction in serum antibody levels (38), a finding replicated via selective deletion
of Xbp1 in the B cell compartment (39). However, XBP1 had no effect on B cell commitment or
maturation, isotype switching, or memory cell development (39), thereby establishing XBP1 as an
indispensable transcription factor for plasma cell development. After XBP1 was linked with the
UPR, its function in plasma cells was further refined, placing it downstream of the plasma cell
transcription factor BLIMP-1 and cementing the connection between protein folding, ER expan-
sion, and plasma cell homeostasis (10, 40). More recent studies utilizing conditional Ern1−/− mice
demonstrated that RIDD only partially accounts for the observed defects in antibody production
(22, 41), confirming the importance of XBP1 in supporting optimal plasma cell function. These
findings likely explain why proteasome inhibitors, which interfere with XBP1 activation through
multiple mechanisms (42), exhibit high clinical efficacy against the plasma cell malignancy multiple
myeloma.

Though it is generally assumed that UPR induction during plasma cell differentiation is caused
by the differentiation-induced increase in immunoglobulin protein synthesis, genetic abrogation
of IgM secretion has no effect on Xbp1 splicing (43). Therefore, increased protein synthesis and
misfolding per se are unlikely to directly trigger the UPR, though the responsible signaling cascade
remains poorly understood. Furthermore, plasma cell differentiation triggered by LPS and IL-
4 treatment selectively activates IRE1α and ATF6α, but not PERK, demonstrating that UPR
branches can be individually modulated instead of simply activated or suppressed en masse (44).
However, IRE1α is the only UPR branch required for robust antibody secretory production
(45). Appreciating these intricacies of plasma cell differentiation will require a more nuanced
understanding of the mechanisms regulating utilization of specific UPR branches, as well as a
careful reconsideration of the relevance of unfolded protein accumulation to the activation of
UPR mediators.

Paneth Cells

Paneth cells are specialized intestinal epithelial cells found at the base of intestinal crypts,
histologically identifiable by prominent eosinophilic secretory granules. Paneth cells synthesize
a wide array of antimicrobial proteins to control inflammatory responses in the gastrointestinal
host-microbiota interface. The first indication that the UPR might help maintain intestinal
homeostasis came from studies on Ern2−/− mice, which lack the protein IRE1β. Whereas IRE1α

is expressed ubiquitously, expression of the closely related isoform IRE1β is restricted to the
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intestinal and lung epithelia. Ern2−/− mice were hypersensitive to dextran sodium sulfate–induced
colitis, and Bertolotti et al. (46) posited that UPR-associated pathways likely help maintain
tolerance in the face of frequent environmental microbial and chemical challenges.

Several years later, the specific role of the UPR in Paneth cell homeostasis and survival and
intestinal inflammation was directly addressed with mice lacking Xbp1 specifically in the intestinal
epithelium. Paneth cells were almost completely absent in these mice, with the few surviving cells
demonstrating dramatic disorganization of subcellular secretory architecture and hypomorphic
granule formation. Xbp1 deficiency also reduced the number of secretory goblet cells to half.
Interestingly, the combined defects in the intestinal epithelium led to spontaneous, microbiota-
dependent enteritis and hyperreactivity to colitogenic stimuli, demonstrating that severe UPR
dysfunction can directly contribute to breakdown in immunological tolerance by crippling Paneth
cell development (47). Though later studies showing that mice conditionally deficient in Ern1 lack
intestinal inflammation, the combined deletion of Xbp1 and Ern1 resulted in an intermediate in-
flammatory phenotype, validating the importance of fine UPR control in Paneth cell differentiation
and gastrointestinal homeostasis (48).

Dendritic Cells

It is generally believed that the UPR is only involved in the development and differentiation of
professional secretory cells, where the persistent demand for robust protein synthesis may over-
whelm a frequently strained proteostasis network. However, XBP1-deficient bone marrow cells
also exhibit impaired dendritic cell (DC) viability. Freshly isolated splenic DCs constitutively
splice Xbp1 at steady state, and multiple DC subsets were reduced in Xbp1−/− lymphoid chimeras.
Xbp1 splicing was most dramatic in CD8α+ DCs and plasmacytoid DCs (pDCs), and PERK was
activated in both CD8α+ DCs and CD11b+ DCs (23). pDCs, which produce tremendous amounts
of type I interferons in response to TLR activation, were most severely affected, being reduced
to 25% of wild-type levels (49). More recent studies utilizing conditional knockout mice revealed
that Xbp1−/− CD8α+ DCs also have a defect in antigen cross presentation, though this appears
to be driven entirely by RIDD and its physiological relevance remains unclear (23). Direct viral
infection of DCs (50) may induce the necessary RIDD to deactivate cross presentation, but the
in vivo consequences of such a selective antigen-presentation defect have yet to be determined.
Identifying the mechanism(s) responsible for XBP1-dependent DC survival, as well as physio-
logically relevant microenvironmental RIDD inducers, is of critical importance. Furthermore,
determining the signals responsible for such steady-state, physiological Xbp1 splicing, as well as
thorough documentation of the activation state of each UPR branch in DCs, will likely provide a
more nuanced understanding of UPR compartmentalization and contextual specificity.

Hematopoietic Stem Cells

Long-term maintenance of a functioning hematopoietic system relies on dormant, long-term
hematopoietic stem cells (HSCs) with robust self-renewal capabilities. Various stimuli such as
DNA damage and oxidative injury induce cell death or entry into the cell cycle and progressive
loss of self-renewal capacity, ostensibly to guard against loss of function or leukemogenesis (51).
Recent reports indicate that various stem cell populations are similarly hypersensitive to ER stress
and alterations in proteostasis. Intestinal epithelial stem cells undergo a PERK-dependent pro-
tective differentiation response to ER stress (52). Microarray analyses comparing human HSCs
with more differentiated progeny revealed an HSC-selective upregulation of PERK target genes.

www.annualreviews.org • ER Stress in Immunity 113



IY33CH05-Glimcher ARI 20 March 2015 6:43

By contrast, the XBP1 branch of the UPR was most highly induced in the more downstream
progenitors. HSCs were more sensitive to chemical ER-stress-induced cell death, and experi-
mentally manipulating PERK-mediated signaling or ER chaperone function through genetic and
pharmacological measures augmented survival and enhanced engraftment, perhaps by insulating
hypersensitive HSCs from proteotoxic stresses (53).

In a separate study, FACS-mediated profiling of single-cell translation rates among different
hematopoietic populations revealed that HSCs had the lowest rate of translation, whereas the
common myeloid progenitor and its immediate downstream progeny were most translationally
active. This correlated well with eIF2α phosphorylation, suggesting that physiological ER stress is
induced during hematopoiesis. Critically, fine translational control was essential for maintaining
HSC functionality, as genetic measures to enhance or suppress translation rates reduced reconsti-
tution capacity (54). However, whether ER stress directly contributes to these phenotypes remains
unknown. Hypersensitivity to ER stress may be a mechanism of protecting stem cells from cellular
and/or DNA damage. Additionally, stem cell UPR hypersensitivity may act as a fail-safe against
the deregulated protein synthesis rates characteristic of cells with oncogenic mutations. If true, this
would also imply that enhancing protein-folding capabilities could potentially obscure oncogenic
surveillance mechanisms, as previously postulated in a separate report (55). Collectively, these
recent studies suggest that tight control over the UPR is critical for proper HSC function, and
exploring the contribution of ER stress to stem cell function at steady state and in physiologically
relevant disease models may yield important clinical insights.

Differentiation is therefore the foundational level on which the UPR regulates immunity. By
controlling the development and health of plasma cells, DCs, Paneth cells, and HSCs, a fully
functional UPR supports the full complement of immune effectors required for self-tolerance and
defense from extracellular pathogens. Additionally, it appears to regulate stem cell homeostasis,
potentially guarding against oncogenic cellular damage. The various UPR effectors differentially
support development and function in cell type–specific patterns, providing unique insight into the
physiological utilization of ER-stress-signaling modules and demanding thorough interrogation
of how this selectivity is regulated and the relevance of protein misfolding.

THE UPR AND CELL BIOLOGICAL FOUNDATIONS OF IMMUNITY

Beyond differentiation, effective immunity depends on ER homeostatic processes such as calcium
signaling, glycosylation, lipid metabolism, and oxidative protein folding. Consequently, ER stress
and inflammation are fundamentally and comprehensively intertwined. In the following sections,
we explore how the UPR preserves critically important ER-derived signaling to sustain a variety of
immunological properties, as well as how inflammatory signaling feeds back onto ER homeostasis
(Figure 2).

Calcium

One of the primary ER functions is to sequester millimolar quantities of calcium. This calcium is
principally required for adequate chaperone-mediated protein folding and ERAD function, but its
regulated mobilization to the cytoplasm additionally controls a host of biological activities. Acti-
vation of the T cell receptor (TCR), the B cell receptor (BCR), the Fc-γ receptor, and various cy-
tokine receptors causes ER calcium efflux through the ER-localized calcium channel IP3R, which
subsequently triggers further calcium influx through the activation of plasma membrane–localized
CRAC channels (56). Increased intracellular calcium then activates many important signaling
molecules, such as NFAT, calcium-dependent protein kinases (CAMKs), and calpains, influencing
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ER stress can be triggered by a variety of genetic and extracellular stimuli. The unfolded protein response
triggers cellular changes in glycosylation, oxidative stress, lipogenesis, calcium signaling, and autophagy in
an effort to correct the offending agent. These same foundational biological pathways are required to
support a functioning immune system, particularly through cellular differentiation and the subsequent
maintenance of immunological tolerance at mucosal barrier regions. ER homeostasis and stress may
therefore influence the set points required for basal immunological function.

a highly complex set of biological phenomena, including T cell activation and anergy, myeloid cell
functional maturation, cellular differentiation, migratory capacity, adhesion, and cell death (57).

Additionally, proinflammatory cytokines such as IL-1β and IFN-γ can directly reduce calcium
in the ER through Atp2a2 downregulation, thereby inducing ER stress (58). Critically, the induc-
tion of ER stress (59), BiP-mediated regulation of IP3R1 (59), UPR target genes including Erp44
(60), and steady-state loss of key UPR transducers like Eif2ak3 (61, 62) and possibly Ern1 (63) have
been shown to alter basal calcium signaling dynamics. Defects in ER stress response pathways may
therefore influence immunological signaling even in the absence of severe microenvironmental
stress. Furthermore, separate reports have shown that ER stress can activate calcium-dependent
signaling axes, including calpains (64) and CAMKII (65). However, despite the frequent utilization
of known ER stressors, such as thapsigargin, to study immune cell calcium signaling, to date no
studies have carefully examined the immunological consequences of UPR involvement in calcium
signaling and sequestration.

Protein Folding and Reactive Oxygen Species

The best-known function of ROS in the immune system involves the phagocyte-mediated antimi-
crobial oxidative burst. However, an impressive variety of immunological signals, including antigen
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receptor signaling, TLRs, and cytokine receptors, can induce ROS production via NADPH ox-
idases (NOX), DUOX enzymes, and mitochondria-derived ROS (mtROS) (66), indicating that
ROS are widely utilized for intracellular signaling. In turn, ROS carry out pleiotropic roles, in-
cluding but not limited to inflammasome activation; cell migration; regulation of the intensity of
antigen receptor signaling; phagosome pH control; and fine-tuning of the activation of growth
factor receptors, NF-κB, and various mitogen-activated protein kinases (MAPKs) (66).

Disulfide bond formation within the ER, a prerequisite for correct folding of many transmem-
brane and secretory proteins, relies on an oxidative relay between the disulfide isomerase PDI
and the oxidoreductase ERO1. This homeostatic system produces an estimated 25% of steady-
state intracellular ROS (67), with significantly enhanced output under conditions of ER stress
(68). Extracellular sources of ROS can also directly induce ER stress, possibly by interfering with
ER calcium retention. This ER calcium leak can then directly drive mitochondrial ROS pro-
duction, affecting downstream signaling pathways and sensitizing cells to apoptosis (69). Loss of
Ern1 (70) or Ddit3 (71) dramatically reduced ROS production, whereas loss of Xbp1 (48, 72) and
Eif2ak3 (73) significantly enhanced stress-induced intracellular ROS levels, likely due to the loss
of PERK-mediated NRF2 activation. RIDD may account for the discrepancy between Ern1−/−

and Xbp1 knockdown ROS phenotypes, though cell type specificity cannot be ruled out. There-
fore, through the UPR and coordination with mitochondria and other ROS control centers, the
ER both maintains and amplifies ROS production, often engaging in feed-forward amplification
loops.

A small but growing number of studies have linked ER stress pathways, ROS, and the immune
response. ER-stress-mediated cell death induced by free cholesterol loading in macrophages,
characteristic of atherosclerotic plaques, was found to drive ROS production through NOX2-
dependent ER calcium efflux and subsequent activation of CAMKII and CHOP (71). Interest-
ingly, free cholesterol loading of macrophages also led to modest induction of TNF-α and IL-6
dependent on cholesterol trafficking to the ER, though the involvement of ROS in this system
was not tested (74). NOX2 also appears to be important for mediating Xbp1 splicing in response
to TLR ligation (13). Furthermore, two recently published studies found that pancreatic β cells
upregulate thioredoxin-interacting protein (Txnip) during ER-stress-induced cell death, lead-
ing directly to activation of the NLRP3 inflammasome and release of proinflammatory IL-1β.
Interestingly, the two studies reported different conclusions about the underlying molecular mech-
anism, with one arguing for direct PERK-mediated transcriptional Txnip induction (75) and the
other contending that the IRE1α RNAse domain directly degrades a Txnip-targeting miRNA (70).
In macrophages, however, ER stress apparently can activate the NLRP3 inflammasome indepen-
dently of major UPR signal transducers (76). Several important points emerge from synthesizing
these studies. First, both chemically induced and physiologically relevant forms of ER stress
generate ROS that facilitate proinflammatory signaling. Second, ER-stress-induced ROS can ac-
tivate the inflammasome, suggesting that lethal ER stress itself may be immunogenic. Finally,
different cell types apparently vary in their dependence on UPR-signaling transducers despite
activating similar downstream ROS-dependent proinflammatory signaling programs. How this
dramatic specificity is obtained is completely unknown at this point, but activation requirements
may be woven into cell type–specific secretory loads to enhance sensitivity to tissue damage and
dysfunction.

Lipid Metabolism

Lipid metabolism and biosynthesis are crucial for normal immune cell function. Membrane flu-
idity regulates lipid raft formation, receptor clustering, and signaling dynamics. Many immune
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cell types stock hydrophobic molecules in massive intracellular depots known as lipid droplets
for synthesizing prostaglandins and other eicosanoids (77). Lipid biosynthesis mediated by the
transcription factor sterol regulatory element–binding protein (SREBP) sustains macrophage in-
flammasome activation (78) and T effector cell expansion and metabolism (79), whereas the lipid-
activated nuclear receptors PPARy and LXR drive anti-inflammatory transcriptional programs
(80). Not surprisingly, immunological and metabolic homeostasis are inextricably intertwined,
and their complex relationship is largely beyond the scope of this review (81, 82). Obesity and
hyperglycemia influence a large number of immunological parameters, such as adipose tissue
macrophage polarization (83), myelopoiesis (84), and proinflammatory cytokine production (85),
resulting in persistent low-grade inflammation. This inflammation can, in turn, directly interfere
with insulin receptor signaling, thereby forming a vicious cycle driving deteriorating glycemic
control (79).

Certain metabolic by-products and conditions, including extracellular hyperglycemia (86) and
scavenger receptor-mediated uptake of oxidized lipid species (87) and saturated fatty acids (88), can
trigger all three UPR branches by depleting ER calcium stores (89, 90). Similarly, perturbations
in intracellular unsaturated fatty acid biosynthesis and membrane composition, as occurs during
macrophage-free cholesterol accumulation (91); a high-fat diet (89); or aberrant polyunsaturated
fatty acid and phospholipid synthesis due to loss of Scd (92) or the LXR target gene Lpcat3 (93) can
drive ER stress, inflammation, and cell death. Several studies suggest that extracellular lipid stress
is translated into intracellular pathological dyslipidemia, though it remains unclear whether this
is a generalizable feature of metabolic ER stress. In yeast, chemical ER stress or disruption of pro-
teostasis regulators involved with glycosylation and ERAD directly induces triglyceride synthesis
and lipid droplet formation, revealing close cross talk between protein folding homeostasis and
lipid biosynthesis (94). Furthermore, IRE1α and PERK can directly induce fatty acid, phospho-
lipid, and cholesterol biosynthetic pathways (21, 95), likely to safeguard intracellular membrane
homeostasis. Intriguingly, it was recently reported that the IRE1α and PERK transmembrane
regions can sense saturated fatty acid accumulation and stiffening of the ER membrane (96),
though surprisingly without concomitant IRE1α foci formation (97). UPR activation, and RIDD
in particular, is therefore likely highly attuned to the intensity and nature of the extracellular
stressor. Though much has been learned over the past 10 years about the relationship between
ER stress and metabolism, studies on how metabolically demanding immune processes directly
interface with the ER stress response lag far behind. Such studies will be instrumental for develop-
ing more accurate and holistic models to explain the cross talk between these three major cellular
pathways.

Glycosylation

Protein glycosylation plays a critical role in the immune system, mediating diverse responses
such as cellular trafficking, surface receptor signaling dynamics, and apoptosis. Sialyltransferases
mediate the sialyl-Lewis-X glycosylation patterns required for selectin-mediated rolling and ad-
hesion (98). Antibody effector functions are largely controlled by glycosylation (99), as is the
critical T cell developmental regulator NOTCH (100, 101). Golgi apparatus–mediated com-
plex N-glycan branching can acutely tune responses to differentiation and proliferation cues
(102), and seemingly subtle changes in glycan patterning can yield dramatic in vivo pheno-
types. For instance, slight alterations in N-glycan branching observed in Mgat5−/− mice en-
hance TCR clustering and signaling, generating hyperreactive T cells and autoimmunity (103).
Though a large number of glycosylation-related genes, such as Stt3a, Ostc, Uggt1, Serp1, Ddost,
P4hb, and Gale, are induced in vivo by chemical ER stress (21), ER-stress-mediated alterations
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in global glycosylation patterns have been minimally explored. One study found that Xbp1−/−

B cells were grossly defective in Golgi apparatus–mediated complex N-glycosylation, though
the exact glycan alterations or responsible downstream signaling pathways were not identified
(104). More recently, XBP1 was found to directly control the hexosamine biosynthesis pathway
rate-limiting enzyme GFAT1 under conditions of physiological ischemia/reperfusion stress (16).
The hexosamine biosynthesis pathway generates UDP-N-acetylglucosamine, critical for both
N-linked and O-linked glycosylation, and therefore likely plays a significant role in determin-
ing glycan complexity during stressful conditions. Exploring the relationship of physiological ER
stress and various UPR mediators to immunologically important glycosylation patterns will likely
lead to novel, highly nuanced insights regarding the interplay between the UPR and inflammation.
Therefore, defining how various types of ER stress meaningfully alter glycosylation patterns and
delineating how the different UPR branches coordinate these changes are of critical importance
for future study.

Autophagy

Autophagy is a cellular recycling pathway charged with degrading protein aggregates, damaged
organelles, and intracellular pathogens. Entities marked for disposal are encapsulated into char-
acteristic double-membraned cytoplasmic vacuoles, which then fuse with lysosomes, leading to
cargo destruction. Autophagy is a key immunological process facilitating antigen processing and
presentation on both MHC-I and MHC-II, capture and killing of intracellular microbes, effe-
rocytosis, production of type I interferons, and differentiation and survival of multiple cell types
(105). ER stress and autophagy are intimately intertwined proteostasis pathways. IFN-γ-induced
antimicrobial autophagy relies on ATF6α-mediated induction of Dapk1, though the contribution
of misfolded proteins remains unknown (106). Chemical ER stress can induce autophagy through
both IRE1α (107) and PERK (108), and this induction greatly enhances survival during ER stress.
Defects in either autophagy or ER stress drive compensatory upregulation of the alternative path-
way in an effort to maintain liver function (109), immunoglobulin production (110), membrane
lipid availability (111), gastrointestinal immune system homeostasis (48), and survival (107). Such
reciprocity in proteostasis mechanisms likely operates as a fail-safe to guard against pathological
proinflammatory signaling and provides a possible explanation for why genome-wide associa-
tion studies (GWAS) have identified single nucleotide polymorphisms in numerous proteostasis
components as risk factors for immunological disorders.

INFLAMMATION AND INFECTION CAN ACTIVATE ER STRESS

Intracellular pathogens, particularly viruses, frequently hijack organelles such as the ER to facil-
itate survival and replication. Cellular defense mechanisms have consequently evolved to detect
biological perturbations frequently associated with infection, such as plasma membrane fusion and
a rapid increase in glycoprotein production, activating the ER-localized antiviral pattern recog-
nition receptor STING (112) and the UPR (113), respectively. Virus-mediated UPR activation
varies widely by strain, carefully balancing species-specific replication requirements with immune-
evasive virulence mechanisms. For instance, herpes simplex virus 1 selectively blocks PERK acti-
vation through viral glycoprotein gB (114), whereas the African swine fever virus and lymphocytic
choriomeningitis virus (LCMV) solely activate the ATF6α branch (115, 116). Pathogen-derived
inhibitory mechanisms may have evolved from mechanisms directed against structurally homolo-
gous antiviral effector proteins such as PKR and RNASE L (117). Intriguingly, recent data suggest
that the precise virus-mediated alterations in UPR signaling directly suppress antiviral immune
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responses (118) and antiviral UPR mediators (119), thereby balancing efficient viral replication
with evasion of the interferon response. The UPR is also directly activated by certain secreted bac-
terial virulence factors, such as pore-forming toxins (120), subtilase cytotoxin (121), and cholera
toxin (122). These toxins utilize distinct molecular mechanisms, potentially involving increased
demand for membrane biosynthesis, induced protein misfolding, and direct UPR mediator ac-
tivation, respectively. Microorganism-mediated UPR alterations therefore tune the quality and
magnitude of immune responses.

Numerous studies have documented UPR activation in both acute and chronic infections,
though the direct molecular mechanisms are poorly understood. Direct TLR ligation specifically
activates the IRE1α/XBP1-signaling axis while suppressing the PERK-signaling branch, thereby
enhancing proinflammatory cytokine production at the expense of canonical UPR target genes
such as P4hb and Dnajb9 (13). However, macrophages isolated from Mycobacterium tuberculosis
granulomas resemble the lipid-laden foam cells often found in atherosclerotic lesions and ex-
hibit activation of IRE1α, eIF2α, and CHOP and a transcriptional signature of an ongoing ER
stress response (123). It is possible that specific virulence mechanisms or secondary environmen-
tal ER stressors deactivate the recently identified adaptive PERK suppression, with unknown
consequences for inflammatory signaling.

Indeed, such alternative UPR triggers are abundant during infections and other inflammatory
insults. Infection-triggered release of proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and
IFN-γ may feed back to amplify or perpetuate ER stress in multiple cell types, including pancre-
atic β cells, hepatocytes, macrophages, and oligodendrocytes. Furthermore, infections and tissue
damage are often characterized by hypoxic conditions, driven at least partially by inflammation-
induced alterations in microvascular blood supply (124). Concomitantly, antimicrobial neutrophil
and macrophage functions at sites of infection heavily rely on anaerobic glycolysis (125), lead-
ing to both microenvironmental acidification due to lactic acid accumulation and local glucose
deprivation (124). Monocyte- and neutrophil-derived respiratory bursts can additionally oxidize
microenvironmental lipids (126), potentially generating ER-stress-inducing ligands. Intriguingly,
most UPR-inducing stressors found in inflammatory microenvironments are also identifiable in
immunosuppressive tumor microenvironments. Indeed, it was recently shown that the proangio-
genic cytokine VEGF can also activate a full UPR in endothelial cells without interfering with
protein folding or secretion (127). Given the abundance of UPR-inducing signals present during
multiple phases of the immune response, future studies should address whether and how sub-
tle contextual differences can repurpose UPR signaling during the initiation and resolution of
inflammation.

ER STRESS CAN INITIATE INFLAMMATION

NF-κB

The NF-κB transcription factor family regulates many facets of innate and adaptive immune
responses, from the differentiation and survival of multiple hematopoietic cell types to proin-
flammatory cytokine production and antibody isotype switching. Nearly 20 years ago, before the
individual UPR mediators were even identified, multiple forms of ER stress were shown to ac-
tivate NF-κB through a calcium- and ROS-dependent mechanism (128, 129). Since that time it
has been shown that IRE1α activation specifically recruits IκB kinase (IKK) to the ER through
the intermediate TRAF2. This IRE1α-TRAF2-IKK interaction activates NF-κB, leading to the
production of proinflammatory TNF-α and facilitating stress-induced cell death (130). More re-
cent studies have demonstrated that the IRE1α kinase activity, but not the RNAse activity, is
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specifically required to nucleate this complex formation and also sustains basal IKK activity (131).
Translational inhibition alone can activate NF-κB by strongly reducing IκBα translation (132),
supporting an integrated model whereby PERK-mediated translational suppression cooperates
with IRE1α-mediated complex formation to maximize NF-κB activation. Furthermore, IRE1α

was recently shown to mediate the stress-mediated upregulation of the antiviral IKK-related kinase
Ikbke via XBP1 (21), though the direct immunological consequences remain to be determined.

Importantly, ER stress does not always amplify NF-κB signaling. Low-dose ER stress pre-
conditioning actually attenuates TNF-α-induced NF-κB activation in endothelial cells, thereby
reducing the inflammatory upregulation of cell adhesion molecules (133). Cellular adaptation to
chronic ER stress has been shown to suppress subsequent UPR activation (134), an effect perhaps
attributable to enhanced proteostasis capacity. How cells decide between proinflammatory and
anti-inflammatory UPR signaling is poorly understood, but the intensity of UPR activation may
be a critical mediator of ER-stress- and cytokine-driven NF-κB activation. Whether this pattern
is specific to certain cell types and/or NF-κB-activating signals or is more generalizable remains
to be determined.

MAPKs

MAPKs are a family of stress-inducible kinases including JNK, p38, and ERK. Once phosphory-
lated, these kinases mediate diverse responses encompassing proliferation, autophagy, differenti-
ation, glycemic regulation, inflammation, and adaptation to stress. In primary murine embryonic
fibroblasts, ER stress activates all three MAPK pathways, though the precise upstream regulators
for p38 and ERK remain controversial (64). PI3K mediates ER-stress-triggered ERK activation
to enhance cellular survival (135). In parallel, phosphorylated IRE1α can directly activate JNK via
the sequential recruitment of TRAF2 and ASK1 (35, 136). Under conditions of persistent IRE1α

activation, such as inefficient XBP1 signaling, unremitting JNK activation drives tissue inflamma-
tion and proinflammatory cytokine and chemokine production (47). Feeding chemical chaperones
to mice on high-fat diets reduced JNK activation and improved insulin sensitivity, suggesting that
metabolic-stress-mediated loss of ER protein folding homeostasis drives JNK activation in vivo
(137). Conversely, certain MAPKs can modulate UPR-signaling outputs. In Caenorhabditis ele-
gans, p38 activates XBP1 to protect the host from an otherwise lethal inflammatory response to
pathogenic bacterial infection (138). p38 activation also greatly enhances XBP1 nuclear import
(139), maintaining insulin sensitivity and likely reinforcing the intimate link between ER-stress-
response pathways and inflammatory signaling pathways. Collectively, the ER stress and MAPK
cross talk tunes cell survival and inflammatory signaling pathways and may contribute to the dys-
regulated inflammatory responses characterizing inflammatory bowel disease (IBD) and metabolic
disorders.

BROADCASTING ER STRESS

Most mechanistic understanding of ER stress and inflammation is derived from in vitro and in
vivo experimental systems that rely on chronic or otherwise irremediable ER stress. Based on
these studies, the ER-stress-mediated induction of secreted factors (nearly entirely proinflamma-
tory cytokines) is generally interpreted as a prelude for pathological inflammatory processes. Yet
these extreme experimental conditions likely obscure a far more complex reality given that, as
elegantly outlined by Chovatiya & Medzhitov (140), extrinsic communication of perturbations in
intracellular homeostasis is likely a critical component of stress adaptation, resolution, and preser-
vation of overall tissue function. For example, cell extrinsic communication is critical for the
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angiogenic response to various sources of hypoxia and is also responsible for interferon-mediated
paracrine protection of uninfected cells during viral infection (140). Though our understanding
of this facet of ER stress biology is in its infancy, a number of recent reports have uncovered such
communicative mechanisms.

Stromal Cell Damage and the Extracellular Milieu

Efficient leukocyte infiltration into damaged tissues requires chemokine-mediated recruitment
and upregulation of adhesion molecules on inflamed endothelia. Stromal endothelial cells exposed
to the oxidized lipid 1-palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine, often found in
atherosclerotic lesions, upregulate the monocyte chemoattractant CXCL3 in an XBP1-dependent
manner (141). Similarly, in response to proatherogenic triglyceride-rich lipoprotein, endothelial
cells induce Vcam1 via CHOP, potentially enhancing adhesion and diapedesis of lymphocytes,
myeloid cells, and granulocytes (142). Furthermore, both muscle cells and airway epithelial cells
secrete a functional leukocyte-adhesive hyaluronan matrix after exposure to various forms of ER
stress (143). This may at least in part contribute to the development of autoimmune myositis
in mice with muscle-specific transgenic overexpressing MHC-I heavy chains (144), as well as in
human patients with inclusion-body myositis (145). ER-stress-mediated epithelial cell damage
results in selective and potent release of the alarmin IL-1α, triggering massive IL-6 production
from lung-resident fibroblasts (146). Therefore, in addition to being able to bias immune cell be-
havior via the secretion of polarizing cytokines, such as TNF-α and IL-6, broadcasting ER stress
through extracellular cues likely enhances leukocyte recruitment, remodeling of the immunolog-
ical microenvironment, and tissue homeostasis (Figure 3).

IL-1α
IL-1α

IL-1α

IL-6

IL-6 TNFCXCL3

Lung epithelium

Fibroblasts
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Capillary lumen

Neutrophil

VCAM1
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Figure 3
ER stress is sensed and interpreted differently depending on cell type and drives specific extracellular signals
tailored to restore specific tissue homeostasis. Lung epithelial cells undergoing ER stress release IL-1α,
which acts on neighboring fibroblasts to induce IL-6 production. Separately, endothelial cells undergoing
ER stress, perhaps triggered by toxic lipid species, produce multiple chemokines and cytokines such as IL-6,
TNF, and CXCL3 to recruit and polarize immune cells. ER stress can also drive surface expression of the
integrin VCAM1, mediating granulocyte and myeloid cell adhesion at sites of injury.
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Transmissible ER Stress in the Tumor Microenvironment

UPR activation has been documented in many cancers and is likely induced by a combination
of hypoxia stemming from inefficient vascularization, glycolysis-mediated local acidification and
glucose deprivation, and various sources of local oxidative stress (147). Numerous reports over the
past decade have demonstrated the critical importance of various UPR pathways for sustaining
tumor cell survival in vivo (148, 149). In addition, recent work has suggested that ER-stressed
tumor cells secrete a heat-resistant factor that can propagate their internal ER stress to sur-
rounding leukocytes via TLR4, thereby altering local immunological properties to favor tumor
growth through the production of IL-6, IL-23, and TNF-α (150). Conditioned medium from
ER-stressed tumor cells, but not tumor cells exposed to the cytotoxin staurosporine, also induced
the upregulation of the proinflammatory cytokines MIP-1α, MIP-1β, and MCP-1 (150). Similar
studies from an independent group demonstrated that macrophages additionally secrete VEGF in
response to tumor-cell-conditioned media (151), thereby enhancing microenvironmental angio-
genesis. DCs cultured in ER-stressed tumor-conditioned media induced the immunosuppressive
molecule arginase-I, were defective at cross presenting high-affinity antigens to cytotoxic CD8+

T cells, and enhanced tumor growth in vivo (152). This transmission of ER stress from tumor cells
to myeloid cells may serve as an immunosuppressive strategy to dampen antitumor immunity while
simultaneously promoting tumor growth via the secretion of proangiogenic and proinflammatory
factors.

Immunogenic Cell Death

Understanding how the UPR dictates cellular adaptation versus apoptosis remains critically im-
portant to the field of ER stress biology. But we can also reframe this idea into a crucially important
immunological question—how does the immune system interpret ER-stress-induced cell death?
Dying cells communicate with tissue-resident leukocytes through context-specific induction of
cell surface receptors and secreted factors, and this dialogue is crucial for maintaining the balance
between tolerance, tissue homeostasis, and autoimmunity (153). During homeostatic cell death
such as T cell negative selection in the thymus, dead cell clearance by tissue-resident leukocytes
is immunologically silent or even tolerogenic. In contrast, cells killed by extrinsic or intrinsic
stress such as infection or tissue damage broadcast endogenous alarmins and danger-associated
molecular patterns (DAMPs), such as HMGB1, IL-1α, ATP, and plasma membrane exposure of
the ER-resident protein calreticulin, that elicit potent inflammatory responses (153–155). This
so-called immunogenic cell death (ICD) generates requisite physiological cues for tissue stress
responses and has also been clinically harnessed to create more effective oncology therapeutics.

Though tissue ER stress, apoptosis, and immune cell infiltration are frequently observed
together, the relationship between ER stress and ICD remains poorly understood. ICD-mediated
HMGB1 release can activate all three major UPR branches in bystander cells through the receptor
RAGE (156). It was later shown that HMGB1 triggers Xbp1 splicing in DCs to maximize T cell
activation (157). Therefore, the UPR may be able to sense nearby immunogenic cell death,
potentially important for tuning subsequent adaptive responses. Recent evidence from cancer
cell studies indicates that the relationship between ER stress and ICD is likely bidirectional.
Chemical ER stress alone fails to induce DAMPs or ICD, yet PERK-mediated translational
suppression appears critical for cytotoxin-induced ICD (154, 158, 159). Many mechanistic details
remain to be elucidated, but calcium flux seems to be important (160), and other UPR mediators
are apparently dispensable. These findings were recently extended to show that tumor-associated
chromosomal tetraploidy activates all three UPR branches and drives strong ICD responses
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dependent on PERK-mediated surface calreticulin exposure, greatly reducing tumor outgrowth
in immunocompetent mice (161). How the tetraploid state drives ER stress remains unclear,
but this study presents the intriguing possibility that extreme ER stress is a functionally relevant
tumor immunosurveillance mechanism. Because the UPR is also critical for surviving numerous
tumor microenvironmental challenges, additional studies are needed to dissect the trade-offs
between adaptation and immunoevasion. Though this facet of ER stress biology is in its infancy,
it is clear that the UPR both is activated by DAMPs and can regulate DAMP exposure in a
highly selective, context-specific manner. Moving forward, it will be critical to dissect how
PERK-mediated translational control sustains ICD, and whether PERK contributes similarly to
other physiologically relevant ICD-mediated pathologies.

NETWORK CROSS TALK AND SIGNAL AMPLIFICATION

Though chemically induced ER stress can activate NF-κB and proinflammatory MAPKs, it does
not activate a particularly strong inflammatory response. The recent revelation that ER stress
potently synergizes with various innate immune signaling pathways, particularly the TLRs (13,
162), was therefore quite unexpected. Initial studies showed that cotreating macrophages with
chemical ER stressors and intracellular dsRNA or ligands for TLR3/TLR4 enhanced Ifnb induc-
tion by more than tenfold in an XBP1-dependent manner (162). This augmentation was traced
to direct XBP1 binding to a cis-acting Ifnb enhancer, indicating that signal integration between
ER stress and inflammatory signaling might repurpose UPR mediators (163). Both chemical ER
stress and nutrient deprivation can drive IRF3 phosphorylation, thereby priming synergistic IFN-
β induction (164). Comparable synergistic cytokine induction has now been observed for Il23,
Il6, Tnf, Isg15, Cxcl1, and Cxcl2, though the specific molecular mechanisms vary depending on
cytokine and cell type, with demonstrated functions for CHOP and RIPK1 (13, 164–166). It is
tempting to speculate that these synergistic mechanisms exist to amplify the ability to identify
and correct potentially dangerous cellular perturbations before they deteriorate beyond control
(Figure 4). However, such excessive synergy may also contribute to the augmented basal inflam-
mation observed in patients with genetically encoded structurally destabilized proteins, including
chymotrypsinogen C (167), α-1 antitrypsin (168), and HLA-B27 (169).

Perhaps most interestingly, TLR ligation suppresses PERK signaling while simultaneously
activating and rerouting XBP1 signaling away from its canonical UPR targets and instead toward
proinflammatory genes (13, 170). Innate immune signaling therefore appears to be prioritized
above protein-folding homeostasis and can differentially tune UPR outputs, though the conse-
quences of the latter on the quality of the immune response remain unclear (Figure 4). This may
have clinically relevant implications for protein misfolding–driven neurodegenerative diseases,
many of which include signs of inflammation (171). Determining the range of inflammatory sig-
nals capable of synergizing with ER stress, whether adaptive suppression occurs in nonmacrophage
cell types, and the functional consequences of adaptive UPR suppression will greatly enhance our
understanding of the cross talk between ER stress and immunity.

TRANSCRIPTION FACTOR COOPERATIVITY

One of the most fascinating yet vastly understudied areas in ER stress biology involves the context-
specific, dimerization-mediated activities of UPR transcription factors. XBP1, ATF6α, ATF4, and
CHOP are all bZIP transcription factors whose canonical DNA-transactivating capabilities require
homo- or heterodimerization with structurally related bZIP family members. Heterodimerization
between bZIP factors is dictated by precise structural constraints (172). However, bZIP proteins
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(a) Cells undergoing ER stress upregulate a host of proteostasis factors to correct misfolded protein accumulation but also weakly
produce proinflammatory cytokines owing to the activation of NF-κB and various mitogen-activated protein kinases. (b) TLR ligation,
by contrast, drives potent proinflammatory cytokine production, partially mediated by selective activation of IRE1α and suppression of
PKR-like ER resident kinase (PERK). (c) When combined, TLR ligation and ER stress lead to synergistic cytokine production while
actively suppressing select unfolded protein response (UPR) branch outputs. Protein-folding transcriptional programs are therefore
suppressed in favor of innate immune signaling, while cellular stress lowers the detection threshold for pathogen-associated molecular
patterns.

can also heterodimerize with transcription factors outside the bZIP family, greatly expanding the
scope of potential target genes. Dimerization partner choice can either enhance or repress target
gene induction, providing even further transcriptional complexity. Large-scale yeast two-hybrid
and FRET-based screens have broadly highlighted the great potential diversity in UPR transcrip-
tion factor heterodimerization partners, many of which have critical functions in the immune
system (173, 174). Indeed, this versatile dimerization capacity is likely where many noncanonical
UPR behaviors derive from. For instance, both ATF4 and the C/EBP family member CHOP
can directly interact with multiple members of the ATF, BATF, and C/EBP families, which are
critical for myeloid and granulocyte lineage commitment, development, and function (173–175).
Interactions with C/EBPα and C/EBPε have been shown to facilitate ATF4-mediated control of
myeloid gene expression (176). Similarly, in myeloid cell lines CHOP can repress myeloid gene
expression during retinoic acid–mediated differentiation, possibly through suppressing the activity
of other C/EBP family members (177). It is tempting to speculate that myeloid leukemias might
co-opt this CHOP-mediated interference system to sustain their partially dedifferentiated state.

Several years ago an important study demonstrated that XBP1 directly activates unique tran-
scriptional targets depending on cell type (15). XBP1 ChIP-on-chip experiments revealed a striking
enrichment of the ETS motif in addition to more canonical UPR-like binding motifs, though di-
rect interaction with ETS transcription factors was not demonstrated (15). Whether ETS family
factors dictate XBP1 cell type transcriptional networks therefore remains to be determined (15).
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(a) In cells undergoing strong ER stress, XBP1 primarily homodimerizes or heterodimerizes with ATF6α.
XBP1 can also interact with alternative binding partners under select circumstances, such as hypoxia or
inflammation, leading to the formation of novel transcriptional complexes that repurpose unfolded protein
response (UPR) mediators to drive noncanonical outputs. (b) Such heterodimeric binding can also suppress
certain transcriptional programs by competing against the formation of cell-type-specific transcription factor
homodimers and heterodimers, as observed with the protein CHOP in combination with other C/EBP
family members.

More recently, our laboratory showed that XBP1 can directly interact with HIF-1α in triple-
negative breast cancer cells, and this interaction is critical for maximal induction of HIF-1α target
genes (14). Similarly, XBP1 can cooperate directly or indirectly with IRF3 to facilitate Ifnb tran-
scription at an upstream enhancer site (163), whereas ATF6α directly potentiates C/EBPβ activity
to drive Dapk1 expression (106). The cell type–specific transcription factor landscape therefore
dictates the available noncanonical functions of UPR transcription factors through cooperative
binding behavior (Figure 5). Given the extensive number of reported dimerization partners, sur-
prisingly little is known about how immunological function can be affected by ER-stress-mediated
alterations in hematopoietic transcription factor complexes.

ER STRESS IN AUTOIMMUNITY

UPR activation has been documented in a vast number of human diseases, particularly neurode-
generative and immune system disorders (178). Though precise UPR signaling is critical for
managing pathogen infection and tissue stress, unremitting activation may directly contribute
to failures in immunological tolerance observed in diseases including IBD, rheumatoid arthritis
(RA), and airway disease by dangerously lowering the threshold for proinflammatory signaling
and cell death. Sources of potential homeostatic UPR disruptions include structurally destabiliz-
ing genetic mutations leading to ER protein retention, genetically reduced proteostasis capacity,
and environmental toxicants. In turn, these perturbations may alter tolerance thresholds by pro-
moting excessive proinflammatory signaling or stress-mediated exposure of novel immunogenic
or misfolded autoantigens (179). Unraveling how ER stress and proteostasis defects alter the
threshold for proinflammatory signaling remains an area of keen interest and may ultimately help
explain how genetic susceptibilities collaborate with environmental stimuli to collectively corrupt
homeostatic tolerance mechanisms. Continued research in this area will be instrumental for the
development of anti-inflammatory UPR-targeted therapeutics.
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Inflammatory Bowel Disease

IBD and associated disorders are believed to arise from a complex interplay between genetic,
microbial, and environmental susceptibility factors that ultimately break tolerance at the mucosal
boundary. Interestingly, multiple genome-wide association studies identified the XBP1-containing
chromosomal location 22q12 as an IBD risk factor (180), and deep sequencing of 1,200 IBD pa-
tients independently identified several hypomorphic XBP1 variants (47). As previously mentioned,
genetic studies on Ern2−/− mice (46) and mice with targeted deletions of either Xbp1 or Ern1 in
the intestinal epithelium have experimentally validated defective UPR signaling as a bona fide
driver of IBD (47, 48). Additionally, multiple genome-wide association studies have implicated
autophagy-related proteins such as ATG16L1 (181) and IRGM (182) as susceptibility loci for
IBD. The ATG16L1 risk allele has been shown to selectively trigger ER stress in Paneth cells at
steady state, though it is unclear why this polymorphism exhibits such cell type–specific effects
(183). Intriguingly, selective ablation of Atg7 in the intestinal epithelium induced compensatory
upregulation of ER stress pathways and a mild but statistically significant increase in inflammatory
pathology (48). Similarly, loss of Xbp1 led to a compensatory increase in autophagy, which partially
insulated the intestine from excessive inflammatory damage.

Numerous other perturbations in UPR signaling also alter susceptibility to IBD, potentially
through similar effects on intestinal epithelial cell differentiation and homeostasis. Genetic inhi-
bition of eIF2α phosphorylation (184) and knockouts for the mucin Muc2 (185) and the protein
disulfide isomerase anterior gradient 2 (Agr2) (186) lead to defects in Paneth cell homeostasis and
basal intestinal inflammation, whereas mice lacking Creb3l1 (OASIS) (187) or ATF6α (188) are
hyperresponsive to DSS-induced colitis. Administration of compounds with chemical chaperone
properties, such as taurodeoxycholic acid (TUDCA) or 4-phenylbutyrate (4-PBA), can ameliorate
the severity of DSS-induced colitis (188), possibly by reducing ER stress. Similarly, recent studies
have argued that the anti-inflammatory properties of both glucocorticoids (189) and IL-10 (190)
may partially stem from their ability to reduce protein misfolding.

In line with the recent renaissance of immune-microbiome interaction studies, gastrointestinal
bacterial colonization was found to be a major factor for translating pathological UPR perturba-
tions into intestinal inflammation (48). This raises the tantalizing question of whether microbes or
microbial by-products may directly modulate UPR behavior and consequent Paneth cell–derived
intestinal inflammation. It has already been shown that the bacterial virulence factor subtilase
cytotoxin induces the UPR by cleaving and inactivating BiP, possibly enhancing inflammatory
signaling (191, 192). Intriguingly, the bile acid and chemical chaperone TUDCA is found nat-
urally at low levels in the gastrointestinal tract (193), though it remains unknown whether the
composition of microbial communities can affect its production.

Fully functioning proteostasis networks are therefore critical for the preservation of tolerance
at the intestinal epithelium by maintaining the highest possible threshold against steady-state in-
flammatory signaling. Though much remains to be learned, deciphering the complex cross talk
between the UPR, autophagy, the microbiome, and inflammation is of vital importance for disen-
tangling how genetic susceptibility and environmental factors cooperatively drive inflammatory
disease.

Arthritis

RA is an autoimmune disease characterized by inflammation of joint synovial linings and pro-
gressive bone erosion. UPR activation has been documented in macrophages isolated from the
synovial fluid of active RA patients. A major risk factor for RA and various spondyloarthropathies
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is the HLA-B27 MHC class I allele (194). In contrast with other MHC proteins, HLA-B27 is
prone to misfolding due to structural instability and can trigger an ER stress response (195,
196). Furthermore, transgenic rats overexpressing human HLA-B27 spontaneously develop mul-
tiple autoimmune phenotypes, including arthritis, IBD, and psoriasis (197), and exhibit enhanced
IL-23 production in response to TLR ligands (198). Critically, a recent report demonstrated that
IRE1α functionally contributes to inflammatory pathology in the K/BxN serum transfer murine
model of arthritis, as both myeloid-specific genetic ablation and pharmacological IRE1α inhi-
bition greatly improved clinical scores (199). How RA mediates UPR activation remains poorly
understood, but it may be the result of chronic inflammation-mediated proinflammatory cytokine
production and microenvironmental stresses. At this time the involvement of other UPR branches
in the pathogenesis of arthritis is unknown, but preliminary reports suggest that inhibiting the
IRE1α/XBP1-signaling axis would confer significant clinical benefits.

Lung Disease

The airway epithelium represents a second mucosal boundary region that must maintain
tolerance in the face of highly variable and largely unpredictable environmental challenges.
Like gastrointestinal epithelial cells, the airway mucosa constitutively produces mucus and
antimicrobial compounds to minimize steady-state inflammation. Research on the function of the
UPR in inflammatory lung disorders has greatly accelerated in the past several years, bolstered
by clinical documentation of ongoing ER stress during cystic fibrosis, tissue fibrosis, and certain
forms of asthma (200). The most direct links between ER stress, protein misfolding, and lung
inflammation stem from studies on cystic fibrosis. Genetic loss of function of the chloride
channel CFTR results in improper mucus secretion, frequent bacterial infections, and progressive
deterioration of lung function. Though defective mucus production directly facilitates bacterial
colonization and immune stimulation, several lines of evidence suggest that CFTR deficiency can
prime inflammatory responses by perturbing ER stress and other proteostasis functions. Certain
mutated CFTR variants, such as F508del-CFTR, accumulate in the ER and induce NF-κB (201)
and p38 (202) activation through ER stress, thereby inducing chronic, low-grade inflammation and
potentiating TLR-mediated immune activation. Intriguingly, PERK was selectively suppressed
in both patient samples and multiple experimental models, and artificial induction of eIF2α

phosphorylation dampened inflammatory responses (202). Furthermore, CFTR loss of function
directly impedes autophagic processes, potentially inducing inflammation by lowering the UPR
activation threshold (203, 204). Cystic fibrosis therefore provides an intriguing opportunity for
dissecting how genetically imposed proteostasis constraints can stimulate inflammation via ER
stress.

Asthma is a chronic Th2-driven inflammatory airway disorder that can lead to fibrosis and
airway remodeling over time. Several years ago genome-wide association studies identified the
sphingolipid biosynthetic enzyme ORMDL3 as an asthma susceptibility factor (205). Interest-
ingly, ORMDL3 contributes to calcium homeostasis (206) and can induce ATF6α activation in
airway epithelial cells, though whether ATF6α contributes to asthma pathology remains to be
determined (207). Similarly, insufficient SERCA activity, a known driver of ER stress, has been
implicated in allergic airway remodeling (208). IRE1α- or IRE1β-mediated Xbp1 splicing may
sustain the enhanced ER calcium stores frequently observed in inflamed airway mucosa (209), as
well as the IL-13-driven excessive airway epithelial mucus production observed in allergic airway
disease. However, a recent study demonstrated that chemical chaperones dose-dependently reduce
UPR gene expression and inflammatory markers (210). Robust genetic studies will be critical to
confidently determine whether and how the observed UPR activation contributes to inflammatory
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airway disease. Until then, it is tempting to speculate that ER stress may at least partially explain
why viral infection often instigates or exacerbates inflammatory airway pathology (211).

CONCLUSIONS AND PERSPECTIVES

New data from the past several years have greatly enhanced our understanding of the complex
interplay between ER stress, inflammation, and organismal homeostasis. In addition to the well-
established roles in cellular differentiation, there are now clear links between a vast array of dis-
parate immunological processes including inflammatory cytokine secretion, antigen presentation,
and stem cell renewal. UPR coordination defines critical set points for inflammatory signaling,
and a robust proteostasis network forms a foundation for immunological tolerance. Major UPR-
signaling axes can be independently modulated and repurposed for a variety of noncanonical
functions, indicating that we are only just beginning to grasp the nuanced, context-dependent
functions for ER stress. Inflammation is both a cause and consequence of ER stress, and identify-
ing additional signaling convergence points will guide the development of powerful therapeutics
for autoimmune diseases and other UPR-mediated disorders with inflammatory components.

FUTURE ISSUES

1. How does UPR control over basic cell biological functions influence immunologically
relevant signaling mechanisms?

2. Do different cell types vary in their sensitivity to environmental ER stressors?

3. How does ER adaptation to chronic stress influence the inflammatory response?

4. Does ER stress have a function in the resolution of inflammation?

5. What is the physiological relevance of the inflammatory synergism between TLR sig-
naling and ER stress?

6. How are UPR mediators co-opted and repurposed by cell type–specific transcription
factor milieus?

7. What factors are responsible for cell type–specific sensitivities to perturbed proteostasis?
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