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Abstract

Kidney damage due to ischemia or rejection results in the accumulation of unfolded and misfolded
proteins in the endoplasmic reticulum (ER) lumen, a condition known as “ER stress”. Inositol-
requiring enzyme la (IREla), the first ER stress sensor found, is a type | transmembrane protein
with kinase and endoribonuclease activity. Upon activation, IRE1a non-conventionally splices

an intron from unspliced X-box binding protein 1 (XBP1u) mRNA to produce XBP1s mRNA
that encodes the transcription factor, XBP1s, for the expression of genes encoding proteins that
mediate the unfolded protein response (UPR). The UPR promotes the functional fidelity of ER
and is required for secretory cells to sustain protein folding and secretory capability. Prolonged
ER stress can lead to apoptosis, which may result in detrimental repercussions to organ health and
has been implicated in the pathogenesis and progression of kidney diseases. The IRE1la-XBP1
signaling acts as a major arm of UPR and is involved in regulating autophagy, cell differentiation,
and cell death. IREla also interacts with Activator Protein-1 (AP-1) and Nuclear Factor-xB
(NF-xB) pathways to regulate inflammatory responses. Studies using transgenic mouse models
highlight that the roles of IRE1a differ depending on cell type and disease setting. This review
covers these cell-specific roles of IREla signaling and the potential for therapeutic targeting of
this pathway in the context of ischemia and rejection affecting the kidneys.
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INTRODUCTION

Acute kidney injury (AKI) and chronic kidney diseases (CKD) continue to be major global
healthcare burdens with poor clinical outcomes. CKD can progress over time and eventually
lead to end-stage renal disease (ESRD), which requires dialysis or kidney transplantation

as treatment. AKI is mainly resulted from ischemic kidney injury due to various causes

such as sepsis, vascular lesions, multi-organ failure, or transplant surgery, and can lead

to CKD. Despite ongoing research into the intricate cellular and molecular mechanisms
involved, recent research has implicated the endoplasmic reticulum (ER) stress response
network, known as the unfolded protein response (UPR) pathway, to be one of the cell
malfunction mechanisms underlying various kidney ischemic diseases and allograft rejection
post-transplantation.!

Ischemic insults can both directly and indirectly interfere with ER function via crosstalk
among cell organelles (e.g. decreased mitochondrial adenosine triphosphate production),
leading to the accumulation of unfolded and misfolded proteins in the ER lumen and

the activation of downstream UPR.2 The UPR regulates several aspects of ER function,
including protein synthesis, folding, and degradation, and determines cell fate by two
instinct pathways — adaptive pro-survival and pro-apoptotic pathways. During AKI, the
pro-survival UPR pathway helps to restore ER homeostasis to promote cell survival and
improves tissue repair. However, uncontrolled AKI leads to prolonged ER stress that can
activate the pro-apoptotic pathway, leading to cell death and exacerbated inflammation.3

In eukaryotes, the UPR pathways are mediated by three stress sensors, including inositol-
requiring enzyme 1 (IREL), protein kinase RNA-like endoplasmic reticulum kinase (PERK),
and activating transcription factor 6 (ATF6). Under basal conditions, these pathways are
suppressed by chaperones, such as binding immunoglobulin protein (BiP, also known

as glucose-regulated protein 78, GRP78); under ER stress, unfolded proteins cause BiP

to dissociate from the transmembrane stress sensors and activate their distinctive, yet
interconnected downstream pathways. Among the three ER stress sensors, IRE1 is the most
conservative arm and has two isoforms — IRE1a (present in most cell types) and IRE1p
(expressed by intestinal epithelial cells and airway mucous cells).3 Global IRE1a deletion
causes embryonic lethality in mice, underscoring the importance of IREla in maintaining
mammalian physiology.# Recent research using conditional knockout or knockin mouse
models has revealed that the activities and functions of IREla signaling vary among
different cell types and are context-dependent (Table 1).>-1° This mini-review covers cell-
specific roles of IREla and its downstream signaling, as well as the therapeutic potential of
targeting this pathway in kidney ischemic injury and transplant rejection.

IREla SIGNALING NETWORK

IREla is a type | transmembrane protein kinase with three domains: an ER luminal
domain that detects protein-folding status, a cytosolic endoribonuclease (RNase) domain,
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and a cytosolic serine/threonine kinase domain. As reviewed by Karagdz et al2%, during

ER stress and upon sensing unfolded proteins, IRE1la oligomerizes and undergoes trans-
phosphorylation, thereby activating the RNase domain and downstream pathways. The
activation of UPR is primarily distinguished by two mechanisms: (i) IREla initiates splicing
of mRNA encoding X-box binding protein-1 (XBP1) that results in activation of its active
XBP1s form, a widely encompassing transcription factor, and (ii) IRE1a executes a process
known as regulated IRE1a-dependent decay (RIDD), which selectively degrades ER-bound
mMRNAs. When exposed to prolonged ER stress, IRE1a decreases its RNase activity in favor
of a mechanism that controls apoptotic response pathways to determine cell fate. In addition
to mediating the UPR, IRE1a also facilitates activation of other pathways. For instance,
activated IRE1a combines with the adaptor protein tumor necrosis factor receptor-associated
factor 2 (TRAF2) to form the complex IRE1la-TRAF2. This complex joins forces with

the apoptosis signal-regulated kinase 1 (ASK1) and c-Jun N terminal kinase (JNK), which
activates autophagy and inflammatory pathways involving the NF-xB transcription factor.2!
The IRE1a signaling network and its cell-specific roles are summarized in Figure 1. The
crosstalk between IRE1a and ATF6 or IREla and PERK pathways of the UPR has also
been documented and well-reviewed elsewhere.18: 22

CELL-SPECIFIC ROLES OF IREla

IREla in podocytes—Podocytes are terminally differentiated cells essential for
maintaining the permselectivity properties of the glomerular filter. IREla is required for
podocyte homeostasis and maintenance.? % 11 Studies have shown that aged male mice
with podocyte-specific IRE1la deletion spontaneously develop age-dependent podocyte
injury, autophagy impairment, mitochondrial ultrastructural and metabolic changes, and are
susceptible to anti-glomerular basement membrane nephritis and adriamycin nephrosis.8: 2
Kaufman et al. further demonstrated that IRE1a is indispensable for the optimal formation
of autophagosomes and that the mechanisms likely involve IRE1a-mediated upregulation
of autophagy-related genes.® IRE1a signaling in podocytes seems to involve both XBP1-
dependent and independent pathways. XBP1 deletion showed no evidence of podocyte
and glomerular abnormality at baseline,11 but caused increased podocyte apoptosis and
glomerular injury in presence of ER stress induced either by hyperglycemia or removing
Sec63, a heat shock protein-40 chaperone for proper protein folding.10: 11

IREla in tubular epithelial cells (TECs)—TECs do not require IRE1a or XBP1

for their maintenance, as mice with TEC-specific IRE1a or XBP1 deficiency do not

exhibit renal injury at baseline.> 6 However, IRE1a-XBP1 signaling is crucial for protein
homeostasis (proteostasis) of TECs in pathological conditions.® 7 In collecting duct cells,
simultaneously deleting Sec63 with XBP1 and/or IRE1a results in chronic kidney interstitial
inflammation and fibrosis that could be rescued by addition of XBP1s transgene in Sec63-
IRE1a dual inactivation mice, indicating the critical role of XBP1s in modulating collecting
duct cell proteostasis in response to ER stress.® Similar observations were reported by

Chen et al. showing that deletion of XBP1 in proximal TECs caused cell cycle arrest

by downregulating Trap1, thereby enhancing kidney fibrosis in mice following kidney
ischemia-reperfusion injury (IR1).” However, another study by Ferré et al. demonstrated
that while the overexpression of XBP1s led to increased expression of UPR effector genes,
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such as Bip and C/EBP homologous protein (CHOP), and resulted in acute tubular necrosis
(ATN), TEC-specific deletion of XBP1 was protective against lipopolysaccharide (LPS)

or sepsis-induced AKI.2 Collectively, data from these studies support that IRE1a.-XBP1
signaling in TECs can play opposing roles depending on different stages of injury.

IREla in vascular endothelial cells (EC)—Few studies have explored the roles of
IRE1a in renal vascular endothelium; the activation status of endothelial IRE1a in kidney
diseases remains unknown. Studies in cardiovascular disease models show that disturbed
blood flow, angiotensin 11 activation, and oxidative stress could activate UPR signaling

in ECs and persistent ER stress causes endothelial dysfunction.?® In ischemic tissues,
knockdown of IRE1a or XBP1 inhibits the proliferation of ECs, and mice with EC-specific
XBP1 deficiency show impaired angiogenesis.2* Sustained activation of XBP1, on the

other hand, may cause EC apoptosis and activate the autophagy pathway via transcriptional
control of Beclin-1.2° It is therefore reasonable to postulate that integrity and regeneration of
kidney vascular endothelium require functional IRE1a.-XBP1 signaling.

IREla in T and B lymphocytes—Adaptive immunity is mediated by both T cells and

B cells. The impact of the IRE1a-XBP1 axis on T cells seems limited as this pathway is
dispensable for the development and survival of T cells.12 13 Studies on mice with T cell-
specific IREla deficiency showed no changes in Thi, regulatory T cells (Tregs), and CD8 T
cell populations in the thymus and spleen, but there was a reduction in Th2 differentiation.
Mice lacking XBP1 in T cells showed a decrease in Th17 cell differentiation.13: 26 The
significance of T cell IRELla in kidney diseases remains to be explored.

Conversely, the IRE1a-XBP1 axis critically regulates B cell differentiation, and its
activation is required for the terminal differentiation of B cells to plasma cells.2” Subsequent
studies found both IRE1a kinase and RNase catalytic activities were required for XBP1
splicing and activation.28 Consequently, mice lacking IRE1a in B cells produce limited
immunoglobulins upon B-cell receptor activation.14 15 27

IREla in myeloid cells—Myeloid cells, i.e. neutrophils, monocytes, macrophages, and
dendritic cells (DCs), are major effectors in mediating innate immunity. Studies have
shown that signaling through Toll-like receptor (TLR) pathways on myeloid cells activates
IRE1a by catalyzing its ubiquitination, and the activation of IRE1a signaling facilitates
the production of inflammatory cytokines such as IL-1, tumor necrosis factor-a (TNF-a),
and IL-6, which may exacerbate kidney injury.16: 18 Moreover, neutrophils secret reactive
oxygen species (ROS) and extracellular traps (NETS) that promote tissue inflammation.
Monocytes/macrophages also lead an extensive phagocytic system in clearing apoptotic
cells (efferocytosis) and other cell debris to promote the resolution of kidney injury and
inflammation. Recent studies suggest that IRE1a also regulates macrophage efferocytosis
and polarization.1”: 29: 30 Thus, it is worthwhile to investigate if IRE1a inhibition could
improve macrophage-mediated tissue repair during ischemic kidney injury.

DCs are professional antigen-presenting cells critical for antigen recognition in both innate
and adaptive immune responses. Studies show that DC-specific XBP1 deficiency improves
lipid metabolism and antigen-presenting function in ovarian cancer models;19 however,

Kidney Int. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiu et al.

Page 5

a recent paper in preprint shows that in melanoma tumor models, IRE1a endonuclease
was required for amplification of proinflammatory cytokine production and was necessary
for efficient cross-presentation of melanoma-associated antigens. In addition, deficiency
of IRE1la and XBP1 in DCs leads to decreased frequencies of effector T cells and
accumulation of exhausted T-cell immunoglobulin and mucin domain 3 (TIM3)-positive
CD8 T cells.3!

POTENTIAL ROLE OF IREla IN KIDNEY ISCHEMIC INJURY AND TRANSPLANT

REJECTION

IREla in kidney ischemic injury—Kidney ischemic injury is characterized by ATN,
infiltration of inflammatory immune cells, and deterioration of renal function, and can lead
to fibrosis if unresolved. Upregulation of IRE1la along with its downstream genes, such as
XBP1s and CHOP, was observed in kidneys following ischemia in mouse AKI models.> 7
With current understanding regarding cell-specific roles of IRE1a, one can speculate

that IRE1a signaling in renal parenchymal cells versus immune cells can differentially
contribute to the development of kidney ischemic injury. First, IRE1la-mediated UPR

likely causes increased apoptosis of TECs and ATN.® Second, while podocytes are less
susceptible to ischemic injury compared to tubular cells and endothelial cells, extended
ischemia causes podocyte effacement through the dissociation of slit diaphragm proteins,
leading to fibrosis in the long term.32 In the acute phase, IRE1a signaling may play a
cytoprotective role in maintaining podocyte integrity and proteostasis through crosstalk
with the autophagy and mitochondrial pathways.? Lastly, IRE1a activation likely promotes
functions of neutrophils and monocytes/macrophages by 1) increasing the formation of ROS
and NETS, 2) influencing macrophage differentiation via the production of proinflammatory
cytokines such as IL-1B, IL-6, and TNF via NF-xB, and 3) inhibiting efferocytosis and
regeneration of TECs, thus exacerbating AKI.

In the transplant setting, IRI occurs inevitably during transplant surgical procedures. Severe
IRI can lead to delayed graft function (DGF), which is a well-recognized risk factor

for acute and chronic kidney graft loss. During IRI, danger-associated molecular patterns
(DAMPs) and pro-inflammatory cytokines released by injured tubular cells and endothelial
cells activate the TLR signaling in kidney-resident macrophages/dendritic cells. Our group
has previously reported that in mouse models of kidney transplantation with extended

IRI, increased expressions of ER stress genes, such as IREla, XBP1s, and CHOP, were
linked to early allograft injury, while donor kidney deficiency of Myd88-Trif signaling
decreased ER stress genes and ameliorated kidney transplant IR1.3% Our data suggest that
activation of IREla by innate immune receptors can result in upregulation of pro-apoptotic
pathways in TECs and proinflammatory responses of myeloid cells, leading to exacerbated
DGF. However, little is known regarding the role of podocyte-derived IRE1la in transplant
IRI. Accelerated podocyte detachment has been observed in the early stage, which is
linked to poor allograft outcomes.3* Given the aforementioned protective role of IREla

in maintaining podocyte integrity, it is conceivable that dysregulation of podocyte IREla
expression may contribute to progressive detachment of podocytes, driving long-term graft
loss.
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IREla in kidney transplant rejection—Kidney transplant rejection involves adaptive
immune responses that occur days or weeks after transplantation and is primarily mediated
by the host T and B cells in response to human leukocyte antigens (HLAS) in the donor
kidney. With advances in immunomodulation therapies, T cell-mediated rejection has been
well controlled. However, B cells and antibody-mediated rejection (AMR) remains a major
barrier to long-term allograft survival. AMR can be more severe than cellular rejection

and more difficult to treat, often not responding to typical immunosuppressive protocols.3®
Additionally, monocytes/macrophages have been shown to be important modulators of the
adaptive immune response, augmenting AMR. Our group found that IRE1a deficiency in B
cells and myeloid cells also ameliorates antibody-mediated rejection and chronic allograft
failure in mouse kidney transplant models (manuscript in preparation). Sun et al. have shown
that XBP1 deletion in bone marrow-derived DCs results in immunosuppressive phenotypes,
while treatment with these cells could prevent cardiac allograft rejection in mice, suggesting
a regulatory role of DC-IRE1a in the transplant setting.38 With all considered, we propose
that IRE1a influences kidney transplant rejection, AMR particularly through the following
mechanisms: 1) sustaining donor-specific antibody production by promoting B cell
differentiation to plasma cells via XBP1 activation; 2) augmenting macrophage activation/
differentiation and cytokine production via NF-xB; 3) influencing antigen presentation

by DCs; 4) adversely influencing TEC regeneration, and 5) contributing to progressive
detachment of podocytes, driving long-term graft loss. The precise mechanisms of its action
demand further investigations.

POTENTIAL THERAPEUTICS TARGETING IREla

Most IRE1a inhibitors (reviewed in Raymundo et al37) have been developed towards the
distinct cytosolic kinase and endoribonuclease enzymatic activity of IRE1a. RNase-specific
IREla inhibitors, including Toyocamycin, STF-083010, 4u8c, MKC-3946, OICR573,
OICR464, and MKC-8866, were found to suppress cell proliferation and synergize with
chemotherapy drugs. Blockade of XBP1 splicing by inhibition of IRE1a endoribonuclease
domain38 or its kinase domain3? significantly inhibited growth of multiple myeloma

cells and attenuated subcutaneous or orthometastatic growth of multiple myeloma in

mice, respectively. Kinase-specific IREla inhibitors include Trierixin and Quino-trierixin.
Particularly, ORIN1001 (a selective IRE1 RNase inhibitor) is now being tested in patients
with idiopathic pulmonary fibrosis (Identifier: NCT04643769) and advanced solid tumors
and relapsed refractory metastatic breast cancer (Identifier: NCT03950570). Targeting
IRE1a using these inhibitors as therapeutic strategies holds promise for treatment of kidney
ischemic injury and rejection and warrants further investigation.

However, targeting IRE1a could be a doubled-edged sword, as it may impair parenchymal
cell regeneration while suppressing inflammation. Therefore, strategies need to be fine-tuned
to minimize off-target effects. For instance, Feldman et al. reported that partial antagonists
of IRE1a RNase (PAIRs) intermediately displace the helix a.C in the IRE1a kinase domain,
preserving XBP1 mRNA splicing while quelling destructive ER mRNA endonucleolytic
decay, making it a promising drug candidate for fine-tuning the UPR pathway.4? Moreover,
short-term application, local delivery, or site-specific delivery of IRE1a inhibitors may

help avoid off-target impacts. In the transplant setting, suppressing IRE1a signaling in
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donor organs (e.g., pre-conditioning with perfusions) may be an effective approach. Other
approaches such as chemical chaperones or autophagy modulators could be considered as an
alternative.

CONCLUSION

The development and progression of kidney ischemic disease and kidney transplant rejection
are largely driven by both UPR pathways and inflammatory responses. IREla is a key
transducer that activates XBP1, JNK, and NF-xB, orchestrating the complex adaptive
responses from UPR to inflammation. Targeting IRE1a holds promise for the treatment of
kidney injury and allograft rejection. However, precautions should be taken when designing
therapeutic strategy, considering that the roles of IRE1a differ depending on cell type and
disease setting.
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Figure 1. Schematic representation of IREla signaling network and its function in different
kidney parenchymal cells and immune cells.

Under basal conditions, IRE1a is suppressed by ER-resident chaperones (e.g., GRP78).
Under stressful conditions, unfolded proteins cause GRP78 to dissociate from the
transmembrane stress sensor IRE1a., and the unfolded protein response leads to IREla
oligomerization and phosphorylation, thereby IRE1a is activated and its RNase domain is
stimulated. Induced RNase activity cleaves unspliced XBP1 mRNA, and the splicing of
XBP1 leads to the production of XBP1s, which is a powerful transcription factor that can
upregulate the expression of a broad variety of genes involved in stress adaption and cell
survival. IRE1a RNase activity also contributes to mRNA and miRNA degradation through
a mechanism known as regulated IRE1la-dependent decay (RIDD). Phosphorylated IREla
interacts with TRAF2 to form the IRE1a-TRAF2 complex. This complex further interacts
with ASK1 and JNK to activate AP-1 signaling. IRE1a-TRAF2 can also activate the NF-
xB-mediated inflammatory pathway via interacting with IKK. The activation of different
downstream pathways of IRE1a varies in different cell types and is context-dependent. The
right panel of the figure summarized the functions of IRE1a in different cell activities.
This figure was prepared using BioRender.com. GRP78, glucose-regulated protein 78; ER,
endoplasmic reticulum; TRAF2, tumor necrosis factor receptor-associated factor; ASK1,
apoptosis signal-regulated kinase 1; JNK, c-Jun N terminal kinase; AP-1, activator protein-1;
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IKK, the inhibitor of xB kinase; ERAD, ER-associated protein degradation; UPR, unfolded
protein response; TLR, Toll-like receptor; mitoROS, mitochondrial reactive oxygen species;
NET, neutrophil extracellular traps.
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