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The integrated stress response (ISR) is a conserved cyto-protective mechanism,
which has fundamental roles in maintaining cell viability under various conditions
when intracellular and/or extracellular homeostasis is disrupted. ISR features
phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2
(elF2a), leading to a global reduction in protein synthesis. Emerging evidence
suggests that activation of ISR may have anti-inflammatory effects. In this concise
review, we summarize the current experimental evidence in this regard from
both in vitro and in vivo studies. It is suggested that ISR may represent a potential
drug target for developing novel anti-inflammatory therapies.
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1 The integrated stress response

The integrated stress response (ISR) is an ancient cyto-protective mechanism found in
eukaryotes, which is activated by various intrinsic and extrinsic stressor stimuli and results
in a global reduction in protein synthesis (1-5). Timely shutting down of gene translation is
vitally important for cell adaptation to stress conditions, since protein synthesis is one of
the most sophisticated and resource-consuming biological processes in cells (1, 5, 6).
Reduced protein translation can allow cells to conserve resources and initiate a
reconfiguration of gene expression to effectively cope with stress conditions (1, 3). Cell-
extrinsic stimuli of ISR include amino acid deprivation, glucose deprivation, heme
deprivation, hypoxia, oxidative stress, UV irradiation, and viral infection (1, 3, 4). The
most well-characterized cell-intrinsic stimulus of ISR is endoplasmic reticulum (ER) stress,
which is caused by the accumulation of unfolded proteins in the ER (7). For this reason,
there is a considerable overlap between the signaling mechanisms and outcomes of ISR and
unfolded protein response (UPR), another important cellular stress response activated in
the presence of ES stress (8) (Figure 1).
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FIGURE 1

Signal transduction mechanisms of the integrated stress response and the unfolded protein response, and their interactions with inflammatory
reactions. Potential anti-inflammatory effects are indicated by green arrows; possible pro-inflammatory effects are indicated by red arrows. NOD1,
nucleotide binding oligomerization domain containing 1; MAPKs, mitogen-activated protein kinases; IRElo., inositol-requiring transmembrane kinase
endoribonuclease-1o; XBP1, X-box binding protein 1; AA, amino acid; ERAD, endoplasmic reticulum-associated degradation.

The pivotal signaling module in ISR is the phosphorylation of
eukaryotic translation initiation factor 2 alpha subunit (eIF2ct) on
Ser51 (1-6). The translation initiation factor eIF2 (a heterotrimer of
an o, B, and y subunit) forms a ternary complex with GTP and Met-
tRNAIi (charged methionyl-initiator tRNA), which is instrumental
in AUG-dependent translation initiation. At the AUG start codon,
the GTP in the ternary complex is hydrolyzed to GDP, allowing the
release of Met-tRNAi and the assembly of a functional ribosome,
followed by commencement of the elongation phase. The
dissociated eIF2-GDP is then converted to eIF2-GTP through the
action of its guanine nucleotide exchange factor, eIF2B, allowing it
to be engaged in a new round of translation initiation. This eIF2-
GDP/elF2-GTP recycling process is the rate-limiting step for
ternary complex formation and subsequent AUG-initiated mRNA
translation. Phosphorylation of eIF2c. transforms it from an eIF2B
substrate into an eIF2B inhibitor, leading to a reduction in the
availability of eIF2-GTP, thereby limiting the rate of ternary
complex formation. In a word, ISR-induced elF2o
phosphorylation represses protein synthesis by reducing the rate
of ternary complex formation and subsequent translation initiation
(1-4, 6).

In mammalian cells, phosphorylation of elF20 is mediated by
one of the four well-established eIF2o. kinases, namely protein kinase
R (PKR) (also known as protein kinase RNA-activated), PKR-like
endoplasmic reticulum kinase (PERK), general control non-
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depressible 2 (GCN2), and heme regulated inhibitor (HRI) (3, 4).
PKR is activated by double-stranded RNAs and hence participates in
the innate immune response to viral infection. PERK is localized to
the ER membrane, and is activated in response to ER stress. GCN2 is
activated by amino acid deprivation. There is evidence showing that
GCN2 can also be activated by other stresses such as ultraviolet
radiation, viral infection, serum starvation, and oxidative stress. HRI
is primarily activated upon heme deprivation and has a specialized
role in erythroid cells dedicated to hemoglobin synthesis. On the
other hand, this kinase is also responsive to multiple other cellular
stresses, such as oxidative stress, heat shock, and cytosolic protein
aggregation (2, 4, 6).

While ISR results in a global reduction in mRNA translation, a
small group of mRNAs are preferentially translated during ISR,
including those encoding activating transcription factor (ATF) 4,
ATF5, C/EBP-homologous protein (CHOP), and growth arrest and
DNA damage-inducible gene 34 (GADD34), through a mechanism
known as “upstream open reading frame bypass” (4, 8). Specifically,
these mRNAs contain short inhibitory upstream open reading
frames that prevent initiation at their canonical AUG start codon
under unstressed conditions. However, stress-induced eIF2o
phosphorylation reduces the efficiency of ternary complex
formation. As a result, the translation initiation at the upstream
open reading frame is bypassed, enabling the scanning ribosomes to
initiate at the downstream target open reading frame instead (4).
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Among the preferentially translated genes, ATF4 is the most well-
characterized example, which encodes a basic leucine zipper
transcription factor. ATF4 orchestrates a complex network of
transcriptional reprogramming in ISR (9).

Timely termination of the ISR, which is important for
restoration of the cellular homeostasis in protein synthesis upon
removal of the stress condition, is a tightly regulated process. In
mammalian cells, p-eIF20. dephosphorylation is mediated by
protein phosphatase 1 (PP1) holoenzyme (10). PP1 is a
heterodimeric Ser/Thr phosphatase comprising one of the 3
isoforms of the catalytic subunit (PP1a, PP1fB, and PP1ly) (11),
and one of the numerous PP1 regulatory subunits (also called PP1-
interacting proteins) (12). It is recognized that the catalytic subunits
of PP1 have little substrate selectivity, whereas selective substrate-
targeting of the enzyme is primarily determined by the diversity of
regulatory subunits (12). The specificity to p-eIF2a. is achieved by
two regulatory subunits, GADD34 (gene name PPPIR15A) (13)
and CReP (constitutive repressor of elF20. phosphorylation,
gene name PPP1R15B) (14). While CReP is constitutively
expressed and responsible for a slow but steady rate of p-elF2o.
dephosphorylation, the expression of GADD34 is induced during
ISR via ATF4-dependent transcriptional upregulation and
upstream open reading frame-dependent preferential translation,
providing a critical negative feedback mechanism (2, 10).

In general, ISR is thought to be an evolutionarily conserved
cyto-protective intracellular signaling network, acting to aid the cell,
tissue, and organism to adapt to harmful environmental changes
and maintain health (15-19). Phosphorylation of eIF20 represents
a critical tier of translational control, especially in stressed cells, in
addition to other well-documented regulatory signaling
mechanisms such as the mechanistic target of rapamycin/mTOR
and mitogen-activated protein kinase/MAPK pathways (20).
Interestingly, results from a series of recent studies suggest that
activation of ISR may have significant roles in inhibiting
inflammatory reactions in various cell types and in a few in vivo
models. In this concise review, we summarize the emerging
evidence in this regard.

2 Evidence in macrophages

In two separate studies, a research group used arsenite (21) or
halofuginone (a small molecule derivative of the plant alkaloid
febrifugine, which is extracted from Dichroa febrifuga) (22) as ISR
inducers in a murine macrophage cell line and/or primary bone
marrow-derived macrophages, and demonstrated that these
treatments reduced interleukin (IL)-1B production induced by
lipopolysaccharides (LPS). The authors excluded that the effects
were due to altered transcription of the IL-1B gene; rather, the
authors proposed that, at least partly, ISR activation shuttled the
untranslated mRNAs of IL-1f to stress granules (21, 22), a
ribonucleoprotein-based cellular compartment formed upon
exposure to various stressors (23). Consistent with this notion, the
authors provided evidence suggesting that the untranslated IL-1f
mRNAs were eventually removed through autophagic clearance of
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the stress granules (21, 22). In agreement, eIF20. phosphorylation was
also shown to have an important role in facilitating autophagy in both
mammalian cells (24) and yeast (25). It was shown that the
production of tumor necrosis factor (TNF)-o. was similarly reduced
by the treatments, whereas the response of IL-6 was variable.
Nonetheless, it was not verified whether the same mechanism
regulated the production of TNF-o. Moreover, either arsenite or
halofuginone is non-specific for elF2o. kinases; hence, it was not
surprising that the authors also observed some “off-target” effects of
these compounds in these studies (e.g., reduction of reactive oxygen
species by halofuginone and inhibition of caspase-1-dependent
cleavage of pro-IL-1P by arsenite) (21, 22).

We recently employed two strategies to target eIF2a. in a more
specific manner and investigated the effects of increased elF2a
phosphorylation on the heightened cytokine production in LPS-
activated macrophages (mimicking a cytokine storm-like response).
Firstly, eIF20.-S51D mutant was ectopically overexpressed to mimic
the phosphorylated state of elF20; secondly, pharmacological
treatment with salubrinal was applied to inhibit eIF2o
dephosphorylation (26). Although the specificity of salubrinal as a
PP1/GADD34 inhibitor is questioned based on some experimental
evidence (10, 13), the enhancing effect of salubrinal on elF2o
phosphorylation has been well documented (10), and was
confirmed in our own study (26). In addition, these experimental
approaches bypassed the initial induction of cellular stresses, which
may have potential elF20-independent, counter-balancing effects
on inflammation [see references (27) and (28)]. The results
demonstrated that in the RAW264.7 macrophage cell line, eIF20.-
S51D, salubrinal, and GADD34 gene silencing all significantly
inhibited the production of TNF-o,, pro-IL-1f, and IL-6, without
changing their mRNA levels. Further analyses supported the
conclusion that these anti-inflammatory effects were mediated by
decoupling of the gene transcription and protein translation. We
also excluded the involvement of changes in the Toll-like receptor 4
(TLR4) or mammalian target of rapamycin (mTOR) signaling.
These data suggest that timely activation of ISR by modulating
elF2o. phosphorylation may act to brake the life-threatening
cytokine production (cytokine storm-like response) during
uncontrolled macrophage activation, such as the systemic
inflammatory response syndrome found in bacterial sepsis.

Upon viral infection, host cells promptly initiate a complicated
anti-viral program. On one hand, the invasion of pathogens is
detected by various pattern recognition receptors (29, 30), leading
to increased expression of type I interferons (IFNs). IFNs
orchestrate the expression of a myriad of target genes with
multiple anti-viral functions (including PKR) (31). On the other
hand, viral infection triggers ISR (32, 33). Viral double-stranded
RNAs in the cytosol activate PKR; viral proteins in the ER may
activate PERK; in addition, GCN2 may be activated by binding to
viral RNA genomes (32) and by virus-induced amino acid
imbalance (34). Global translational repression may restrict
replication of the virus since viruses depend on the host
translation apparatus to express viral proteins. In parallel,
formation of stress granules is proposed to be able to disrupt
virus replication by sequestration of viral factors and/or by acting

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1747401
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiang et al.

as a signaling platform to coordinate the expression of anti-viral
genes (32, 33). Nevertheless, at present, it is not clearly understood
how cells balance the translation of the anti-viral genes in the
presence of global translational repression during viral infection
(32). In RAW264.7 cells, Brocard and colleagues showed that
murine norovirus infection initiated an amino acid starvation-like
response via GCN2 (34); this stress condition subsequently
triggered an anti-inflammatory transcriptomic program, which
was mediated by ATF3, a stress-inducible transcription factor
with profound anti-inflammatory functions (35). Moreover,
activation of GCN2 in norovirus-infected macrophages
upregulated the transcription of GDFI15 (growth differentiation
factor 15), a cytokine of the transforming growth factor-f8
superfamily. The transcription of GDF15 is controlled by CHOP
(36), a basic leucine zipper transcription factor that is induced
during ISR and UPR (see Figure 1). Interestingly, our recent study
indicated that GDF15 had an anti-inflammatory role in
macrophages (37). Uniquely, the amino acid starvation-like
response induced by norovirus infection was not accompanied by
general p-elF20-dependent translational repression, arguing that
the final effects of the anti-inflammatory transcriptomic program
would not be interfered with at the translational level (34). It should
be noted that the anti-inflammatory property of GCN2-ATF3
signaling during norovirus infection may be disadvantageous for
host defenses, since appropriate production of pro-inflammatory
cytokines is required for normal antiviral immunity. Nevertheless,
these results raise a possibility that ISR-related ATF3 signaling may
constitute an additional layer of regulation of pro-inflammatory
reaction in macrophages.

3 Evidence in T lymphocytes

Recently, Asada et al. discovered that in a subset of CD4"
memory T cells, ISR signaling (eIF2o. phosphorylation) was
maintained at a relatively high level at steady state (38). In
unstimulated cells, mRNAs encoding pro-inflammatory cytokines
(such as IFN-y, TNF-q, IL-17, and granulocyte-macrophage
colony-stimulating factor) were expressed and stored with
minimal protein production. Upon stimulation with phorbol ester
plus ionomycin, these cells exhibited prompt elF2a
dephosphorylation and unleashed translation of the stored
cytokine mRNAs. It was estimated that under the resting
condition, around 20% of the cytokine mRNA was under
translation, while the fraction increased to 80% after T cell
activation. Consistently, the authors demonstrated that the
increased translation of the cytokines in stimulated cells could be
reversed by reinforcing elF2o. phosphorylation with arsenite or
Sal003 [a derivative of salubrinal, a potent and cell-permeable
inhibitor of elF2a. dephosphorylation (39)], or with elF20-S51D
overexpression (38). These results are consistent with those
observed in macrophages (26), clearly demonstrating that the
canonical ISR negatively regulates pro-inflammatory reactions in
immune cells via translational repression (38).
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T helper 17 (Th17) cells, characterized by production of IL-17,
are implicated in the pathogenesis of various inflammatory and
autoimmune diseases. Sundrud et al. demonstrated that treatment
with halofuginone selectively inhibited the differentiation of T cells
into Th17 and suppressed the mRNA expression of IL-17, while the
differentiation into Th1l or Th2 cells was not affected (40). This
effect was attributable to ISR induction, featuring increases in eIF20.
phosphorylation and ATF4 protein expression, through a GCN2-
mediated amino acid starvation-like response, as evidenced by its
mimicry by selected amino acid restriction, reversal by
supplementation of excess free amino acids, and abrogation by
GCN2 gene silencing. Importantly, the authors showed that
halofuginone treatment inhibited Th17 response in vivo and
ameliorated autoimmune inflammation in a mouse model of
experimental autoimmune encephalomyelitis (40). This group
further explored the molecular mechanism by which
halofuginone induced the amino acid starvation-like response,
showing that halofuginone could inhibit the enzyme glutamyl-
prolyl tRNA synthetase by competing with the proline-binding
site, causing the accumulation of uncharged proline-tRNA, thereby
mimicking a condition of reduced cellular proline availability (41).
However, it remains unclear how halofuginone-induced ISR
modulates the mRNA level of IL-17 and whether halofuginone
alters the translation of IL-17 protein. Interestingly, a recent study
by another group confirmed that halofuginone could trigger GCN2-
dependent elF2a. phosphorylation, which was abrogated by proline
supplementation; however, the attenuation of protein synthesis in
response to halofuginone appeared to be independent of the GCN2-
elF20. pathway, but might be related to defects in translation
elongation (42).

4 Evidence in fibroblasts

In primary periodontal ligament fibroblasts stimulated with
LPS, Shen et al. showed that induction of UPR with tunicamycin or
thapsigargin reduced both mRNA and protein expressions of IL-1f3,
IL-6, TNF-a, and IL-8 (43). However, the mechanisms underlying
these anti-inflammatory effects of UPR induction were elusive. The
authors showed that tunicamycin or thapsigargin also attenuated
TLR4 protein expression and the nuclear factor (NF)-xB signaling,
which might explain the decreased transcription of the cytokine
genes; however, it was not clear whether p-elF20.-dependent
translational regulation had any role in causing the reduced
cytokine production. It is noted that UPR inducers may regulate
cytokine gene translation independent of p-eIF2o. For example, in
our previous study, we found that pre-treatment with thapsigargin
reduced the production of pro-inflammatory cytokines in LPS-
activated macrophages by inhibiting the activity of mTOR (44).

More data were obtained recently by Payea and colleagues in a
study carried out in the human fibroblast cell line IMR-90 (45). It
was shown that induction of cellular senescence in fibroblasts
increased eIF2a. phosphorylation to a level comparable to that in
thapsigargin-treated cells; despite this, however, senescent cells
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failed to initiate the canonical ISR because of diminished protein
expression of ATF4. Presumably, the lack of ATF4 response to
elF20. phosphorylation in senescent cells was due to an increase in
the threshold of responsiveness of the upstream open reading frame
bypass mechanism that governs ATF4 translation (45). In parallel, it
was found that under the thapsigargin-induced stress condition,
senescent cells specifically upregulated a number of mRNAs
encoding proteins implicated in inflammatory pathways, a
response that was reversed by re-expression of ATF4 protein.
These data suggest that stress-induced ATF4 expression may
intrinsically mediate an anti-inflammatory transcriptional
signature, at least under the specified experimental conditions.
However, it is unclear how senescent cells reconcile the increased
transcription with the global reduction in protein translation.

5 In vivo evidence

In a murine model of autoimmune glomerulonephritis, it was
demonstrated that treatment with Raphinl, a selective inhibitor of
PPPIR15B (46), significantly increased the level of p-elF2c. in
kidney tissue-resident memory T cells and reduced glomerular
crescent formation and albuminuria (38). This evidence supports
a therapeutic effect of targeting the ISR-eIF2c. pathway on immune-
mediated tissue inflammation and damage. Recently, we showed
that administration of salubrinal to block p-elF2o
dephosphorylation exhibited striking protective effects against the
development of acute lung injury induced by endotoxemia in mouse
models (26). These effects included reduced leukocyte infiltrations
in both the interstitial and intra-alveolar spaces, reduced edema of
the alveolar wall, and reduced airway congestion. Moreover,
salubrinal treatment alleviated inflammation-induced damage to
the vascular endothelial barrier function (26). In the lungs,
salubrinal significantly reduced the protein levels of TNF-o., IL-6,
and IL-1PB; in contrast, salubrinal caused moderate increases in the
mRNA level of these cytokines, supporting the notion that the anti-
inflammatory effects of salubrinal were related to ISR-induced
translational repression.

GCN2 is not required for maintaining tissue homeostasis in the
normal intestine; however, deletion of the GCN2 gene in antigen-
presenting cells or intestinal epithelial cells resulted in increased
prevalence of Th17 cells, inflammasome activation, and enhanced
IL-1P production in a murine model of inflammatory bowel disease
(47). Interestingly, it was shown that the anti-inflammatory action
of GCN2 in the gut was only partly dependent on eIF20; rather,
GCN2 produced the effects mainly by promoting autophagy and
antioxidant defense (47). Importantly, the authors demonstrated
that activating the GCN2 signaling by dietary amino acid restriction
exhibited therapeutic benefits against intestinal inflammation (47).

Increased inflammatory reactions in metabolic organs/tissues,
such as the white adipose tissue, pancreatic islets, and the liver, are
tightly involved in the pathogenesis and complications of type 2
diabetes (48, 49). In a mouse model of diet-induced obesity,
induction of GCN2-mediated ISR by oral administration of
halofuginone caused multiple metabolic benefits, including
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improved glucose tolerance, reduced weight gain, decreased
insulin resistance, and decreased serum insulin level (50).
Conversely, inhibiting PERK with the small molecule inhibitor
GSK2656157 aggravated the diabetic phenotype. These data
indicate a possible therapeutic benefit of enhancing ISR signaling
by activating GCN2 for treating obesity-related diabetes (50).
Unfortunately, no inflammatory markers were measured in
this study.

6 Does ISR have pro-inflammatory
effects?

Literature research identified numerous reports that linked ER
stress to inflammation. However, most of these used elF2o
phosphorylation as a marker of the UPR (see Figure 1), rather
than attempting to establish a causal relationship between eIF2ou
and inflammation. More direct evidence has been obtained from
several studies showing that eIF2o. phosphorylation can activate
NF-xB (27, 28), which drives the transcription of multiple pro-
inflammatory factors. This response seems to involve multiple
mechanisms (51-53). Nevertheless, the transcriptional activation
effects mediated by NF-kB may be dampened to some degree by the
concomitant global reduction in mRNA translation. Supporting this
argument, our study demonstrated that treatment of endotoxemic
mice with salubrinal tended to increase the mRNA levels of TNF-0,
IL-6, and IL-1PB, whereas the protein levels of these cytokines were
reduced (26).

In mouse embryonic fibroblasts, researchers showed that the
elF2o. kinase HRI was involved in facilitating the assembly of
NODI1 signalosome via p-eIF2ci-ATF4-dependent expression of
heat shock protein HSPB8 (54). NODI1 is an intracellular pattern
recognition receptor for the detection of bacterial infection, which
promotes inflammatory cytokine production by activating NF-xB
and mitogen-activated protein kinases (55). The ATF4 target gene
CHOP was shown to facilitate NF-kB activation and chemokine
expression in pancreatic B-cells (56). Moreover, PERK activation
can promote IL-6 and IL-8 production via increased activation of
mitogen-activated protein kinases p38 and/or ERK (28).

Plenty of studies reported a pro-inflammatory role of ATF4 in
different in vitro and in vivo models. However, several lines of
evidence indicate that ATF4 may also orchestrate an anti-
inflammatory transcriptional signature, at least under specific
experimental settings. For example, as mentioned above, it was
shown that failure of ATF4 expression in stressed senescent cells
was associated with upregulated transcription of multiple genes
with pro-inflammatory functions (45). The potential anti-
inflammatory function of ATF4 seems to be partly related to
enhanced antioxidant defense (27), whereas ATF4 does not
directly stimulate the transcription of inflammation-inhibiting
factors (9). Oxidative stress is a well-recognized contributor to the
development and perpetuation of inflammation (57). ATF4-
deficient cells can only grow in culture with supplemental
antioxidant substances, and withdrawal of the antioxidants
initiates a rapid increase in intracellular reactive oxygen species
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followed by cell death (15). ATF4 may elicit enhanced antioxidant
defense by (1) activating genes involved in the import and
metabolism of thiol-containing amino acids (principally cysteine)
(15); (2) stimulating the expression of Nrf2 (nuclear factor
erythroid 2-related factor 2), a master transcription factor that
orchestrates the expression of multiple antioxidant and phase II
detoxification enzymes, thereby maintaining cellular redox
homeostasis (58); (3) in a cell-specific manner, promoting
expression of the antioxidant enzyme superoxide dismutase (59).
On the other hand, ATF4 may regulate inflammation indirectly by
inducing ATF3 (60), an ATF4 target gene with prominent anti-
inflammatory functions. Acting as a transcriptional repressor, ATF3
forms a homodimer, binds to the promoter regions in NF-xB (35)
and IFN-B (61) genes, and represses their transcription. Under
several pathological conditions, IFN-a/f may exert pro-
inflammatory functions (62, 63). ATF3 can also bind to other
transcription factors such as AP-1 (35) and NF-xB (64) to inhibit
the expression of pro-inflammatory cytokines downstream of TLR4
signaling. In human monocytes, ATF3 was strongly induced by
oxidative stress, while silencing the ATF3 gene increased IL-6
production (65). Taken together, it is suggested that how ATF4
influences inflammation varies and is highly context-dependent,
similar to the dichotomous roles of ATF4 in regulating cell death
and survival (66).

7 Concluding remarks

Given the universal expression and function of eIF20, ISR is
thought to have fundamental roles in maintaining cell viability
under various conditions when intracellular and/or extracellular
homeostasis is disrupted. However, it is noted that depending on
the nature of the stress stimuli, its duration and severity, the extent
of e[F20. phosphorylation, and the levels of expression of ATF4 and
related transcription factors, ISR can also signal toward cell death
(3). Moreover, the roles of ISR induction under pathological
conditions may vary in a cell- and context-specific manner. For
example, in neuronal cells, ISR signaling is involved in both
physiological regulations (such as nervous system development
and memory consolidation) and pathogenesis of various
neurodegenerative diseases (67, 68). In recent years, ISR has been
recognized as a potential drug target; however, given its dual role in
cell fate regulation, extensive research has been undertaken to
identify pharmacological agents that either enhance or reduce
elF2 phosphorylation depending on the specific disease condition
(2, 10, 17, 46, 69-71).

In immune cells, emerging evidence suggests that activation of
ISR may repress inflammatory reactions, at least in a context-
dependent manner. This effect can be achieved by p-elF2o.-
dependent translational regulation, which limits the production of
pro-inflammatory factors. In addition, ISR-induced ATF4
production may contribute to the anti-inflammatory effect by
reprogramming the transcriptional activity of a panel of genes
involved in inflammation. It is proposed that targeting ISR may
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offer specific therapeutic benefits by curbing acutely heightened
inflammatory responses, which are dependent on increased protein
synthesis of cytokines and chemokines. During severe
inflammation, multiple cytokines are required to act in concert to
sustain high levels of pro-inflammatory signaling. Therefore,
targeting individual cytokines is likely to have limited therapeutic
efficacy, as demonstrated by the failures of various cytokine
inhibitors in patients with sepsis (72, 73). Of note, strategies to
enhance ISR are expected to produce broader inhibitory effects on
multiple cytokine pathways, providing benefits comparable to those
of combined therapy. This property of ISR opens a new avenue to
discoveries of novel anti-inflammatory agents that have a distinct
biological target from existing drugs.

It is noted that finding the optimal time window for ISR induction
is to be crucial for treating inflammation, because appropriate
production of anti-inflammatory cytokines is critical for the
resolution of inflammation in the later stage. For example, p-elF20.-
mediated translation shutdown in the late phase of sepsis was shown
to have deleterious effects on sepsis-induced kidney injury (74).
Moreover, unlike acute inflammation, many inflammatory diseases
result from chronic, low-grade inflammation, for which ISR activation
might not be an appropriate treatment option. Perpetuating ISR may
have deleterious effects on normal physiological functions [e.g.
worsening neurodegenerative diseases by promoting neuronal cell
death (75)]. Currently, a range of small molecule PP1/GADD34
inhibitors and PERK activators have been reported [see (10)]. In
addition, novel ISR activators such as ISRAC, which inactivates eIF2B
by inducing a conformational switch to the inactive state engaged by
p-elF2a, have also been reported (76). Overall, it will be very
interesting to elucidate the pharmacological effects of these
compounds on inflammatory reactions in immune cells.
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