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ABSTRACT

Background Multiple myeloma (MM) is characterized by the
proliferation of malignant plasma cells within the bone marrow
(BM) microenvironment, which significantly contributes to
immune suppression of CD8* T cells. Our previous research
identified that dysregulation of the IRE10.-XBP1s-SLC38A2 axis
leads to decreased glutamine uptake and senescence of CD8*
T cells in MM. However, the underlying mechanisms of T-cell
senescence remain unclear.

Methods Single-cell RNA sequencing was used to analyze
mitochondrial function in CD8* T cells in MM. The effects

of XBP1s and SLC38A2 on mitochondrial reactive oxygen
species (MtROS) were evaluated by flow cytometry under
loss-of-function experiments. An IRE1 ¢ inhibitor (17#) was
administered to explore its effects on T-cell senescence and
MM cell growth. RNA sequencing was employed to disclose
pathway alterations in T cells treated with 17#. The VK*MYC
mouse model was used to assess the impact of 17# on CD8* T
cell senescence and anti-myeloma effects.

Results BM-derived CD8* T cells from patients with MM
exhibited downregulated expressions of genes critical for
glutamine transport (SLC38A2), mitochondrial respiratory
chain, and ATP synthesis, while genes associated with ROS
were upregulated. Suppression of XBP1s in CD8* T cells
resulted in decreased mtROS levels, whereas inhibition of
SLC38A2 increased mtROS levels. Compound 17# significantly
reduced senescence marker KLRG1 expression and increased
perforin expression in nutrient-deprived BM CD8* T cells from
healthy donors and in BM CD8" T cells from patients with

MM, while promoting T-cell proliferation. Importantly, 17#

did not impair the viability of peripheral blood mononuclear
cells from healthy donors or alter the immune phenotypes

of healthy CD8" T cells. The NPR2-cGMP-PKG pathway was
activated by IRE1 o inhibition in restoring T-cell function.
Furthermore, 174 exhibited direct inhibitory effects on MM
cells. In Vk*MYC mouse model, 17# decreased mtROS levels
in BM CD8* T cells, reduced the proportion of senescent
(KLRG1*CD57*CD28") T cells, and resulted in a lower tumor
burden.

Conclusion Inhibiting IRE10: represents a promising strategy
to reverse the senescence of CD8* T cells by mitigating
mtROS production. This dual mechanism not only rejuvenates
T cells but also directly targets myeloma cells, offering a novel
therapeutic approach for MM treatment.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Multiple myeloma (MM) is characterized by the pro-
liferation of malignant plasma cells within the bone
marrow (BM) microenvironment, leading to immune
suppression of CD8" T cells.

= The IRE10-XBP1s pathway is critical for the survival
and proliferation of MM cells and has been identified
as a therapeutic target.

= Our previous research has shown that dysregulation
of the IRE10-XBP1s-SLC38A2 axis results in de-
creased glutamine uptake and senescence of CD8*
T cells in MM.

WHAT THIS STUDY ADDS

= This study demonstrates that inhibiting IRE1c: re-
duces mitochondrial reactive oxygen species levels
in BM CD8* T cells in MM, thereby reversing T-cell
senescence and enhancing their anti-myeloma
efficacy.

= IRE1o inhibition not only rejuvenates CD8* T cells
but also directly inhibits the growth of MM cells, of-
fering a dual mechanism of action.

= The study identifies the NPR2-cGMP-PKG pathway
as a critical mediator in restoring CD8* T-cell func-
tion through IRE1 ot inhibition.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings suggest that targeting IRE1c. could
be a promising therapeutic strategy for MM, poten-
tially improving the efficacy of immunotherapy by
reversing CD8* T-cell senescence.

= The dual action of IRE1¢: inhibitors on both CD8* T
cells and MM cells could lead to the development of
more effective combination therapies.

= Future research and clinical trials may focus on
the application of IRE1¢: inhibitors in MM and other
cancers characterized by immune suppression and
endoplasmic reticulum stress.
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BACKGROUND

Multiple myeloma (MM) is characterized by the clonal
proliferation and survival of neoplastic plasma cells
within the bone marrow microenvironment (BME) ! The
BME facilitates the growth and therapeutic resistance
of MM cells. A critical pathogenic mechanism contrib-
uting to MM cells is the suppression of CD8" T cells.”™
Our previous research,” employing single-cell RNA
sequencing (scRNA-seq) and in vitro experiments, has
revealed an upregulation of the IRE1o-XBP1s pathway
within the unfolded protein response (UPR) in CD8" T
cells obtained from the bone marrow (BM) of patients
with MM, with a corresponding increase in the expression
of the transcription spliced XBP1s, which plays a role in
cellular metabolism regulation.

IRElca, an endoplasmic reticulum (ER) stress sensor,
activates its endoribonuclease activity on sensing stress,
leading to the splicing of XBP1 mRNA (XBPIls). XBPls
translocates to the nucleus and binds to ER stress response
elements, thereby initiating the transcription and trans-
lation of UPR target genes.” The IRE10-XBP1s pathway
is critical for the survival and proliferation of MM cells,
establishing it as a validated therapeutic target.7 Preclin-
ical studies have demonstrated the anti-myeloma effects
of IREla inhibitors, including in human MM xenograft
models.® ¥ However, most of these studies have been
conducted in immunodeficient mice, primarily focusing
on the direct effects of IRE1o inhibitors on MM cells, with
limited investigation into their impacts on T-cell function.

Our previous findings demonstrated that XBPls
directly suppress the expression of the glutamine trans-
porter gene SLC38A2, resulting in reduced intracellular
glutamine levels.” This dysregulation of glutamine metab-
olism is particularly critical for T cells, as their fate and
functionality are intimately linked to metabolic path-
ways.'” SLC38A2 encodes the sodium-coupled neutral
amino acid transporter 2 (SNAT2), which is essential for
glutamine uptake in T cells, thereby playing a pivotal
role in maintaining T-cell function and viability.'' The
importance of glutamine in cellular processes, especially
in T-cell survival and activation, underscores the need
to understand the regulatory mechanisms governing its
transport and utilization.'” Given the established link
between the IRE10-XBP1s pathway and glutamine trans-
port in T cells, it is plausible that IRElca. inhibitors could
modulate T-cell function by reprogramming glutamine
metabolism. However, the precise mechanisms by which
IREla inhibitors exert these effects on T cells remain to
be elucidated.

Moreover, we have previously identified that CD8" T
cells in patients with MM predominantly manifest a senes-
cent phenotype rather than an exhausted state, character-
ized by the heightened expression of KLRG1 and CD57,
coupled with a lack of CD28 expression.” Only a subset
of these cells exhibits features of exhaustion, as indi-
cated by the presence of LAG3 and TIGIT. Interference
with the XBP1s-SLC38A2 axis in T cells can regulate the
expression of senescence-related indicators. While the

mechanisms underlying CD8" T-cell senescence induced
by this signaling pathway warrant further investigation,
mitochondrial dysfunction is recognized as one of the
key metabolic factors contributing to cellular senescence.
An imbalance in mitochondrial dynamics leads to the
accumulation of mitochondrial reactive oxygen species
(mtROS), depletion of ATP, and damage to mitochon-
drial DNA, ultimately resulting in senescence."”

This study aims to investigate the regulatory role of
targeting the XBP1s-SLC38A2 axis on CD8" T-cell senes-
cence, employing both in vivo and in vitro experiments.
Our findings reveal that inhibiting IRElo leads to a
reduction in mtROS levels within CD8" T cells, thereby
enhancing anti-myeloma immunity by reversing cellular
senescence. A deeper understanding of the metabolic
regulation mechanisms in CD8" T cells will contribute
to the advancement of immune therapeutic strategies in
MM.

METHODS

Subjects, samples and chemicals

For scRNA-seq, BM and peripheral blood (PB) samples
were obtained from 10 patients with newly diagnosed MM
according to the criteria of the International Myeloma
Working Group'* and from three healthy individuals
matched to the patients in terms of age and sex. Then
mononuclear cells were extracted and used for subse-
quent sequencing. Samples of patients with MM were
collected on initial diagnosis and after two cycles of therapy
involving bortezomib, cyclophosphamide, and dexameth-
asone. All patients were hospitalized between March 2019
and July 2020 in the department of hematology at Ren Ji
Hospital. For in vitro studies, BM and PB samples were
acquired from an additional 10 patients with newly diag-
nosed MM and 10 age/sex-matched healthy donors. MM
cell lines including U266, H929, RPMI 8226, MM1S, and
acute lymphoblastic leukemia cell line (Molt4) were used
for experiments of drug treatment, cell transfection and
RNA sequencing. 17# is a small molecule compound that
abrogates the UPR in cancer cells subjected to diverse
ER stress stimuli.'® 17# was first screened from the NCDS
library and then synthesized by Professor Fajun Nan (The
National Center for Drug Screening, Shanghai, China).

Single-cell RNA sequencing

scRNA-seq was performed by Novogene (Beijing, China)
with 10x Genomics platform. Demultiplexed reads were
mapped to the genome using the CellRanger pipeline
(10x Genomics) and default parameters. The specific
methods have been described previously.” '®

RNA sequencing

IRElo inhibitor-treated or untreated Molt4 cells were
sequenced on an Illumina NovaSeq 6000 platform
with a paired-end 150 cycles run, generating approxi-
mately 50 million reads per sample. The sequencing was
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performed at LC-Bio Technologies (Hangzhou, China),
following their standard operating procedures.

Gene functional enrichment analysis
Differentially-expressed genes (DEGs) of T-cell clusters
were identified using Seurat based on profiles of gene
expressions. Differential expressions between samples
were analyzed using the edgeR package in R V.3.6.2 to
obtain zone-specific marker genes. To predict potential
functions of T-cell clusters, the enrichment of genes in
Gene Ontology (GO) terms and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways was analyzed
based on the clusterProfiler package in R, with correc-
tion for gene length bias. Enrichment in GO terms was
considered significant if it was associated with corrected
p<0.05. Heatmaps showing GO and KEGG enrichment
in different T-cell clusters were generated using k-means
clustering analysis of DEGs in the pheatmap package in
R. Gene Sets Enrichment Analysis (GSEA) was conducted
using clusterProfiler V.3.12.0 in R. The Molecular
Signatures Database'” was used to collect gene sets and
molecular signatures for annotation. Gene set permuta-
tions were performed to obtain normalized enrichment
scores, with a cut-off p value of 0.05 to filter significant
enrichments.

Lymphocyte separation and T-cell culture

BM and PB samples were obtained under an Institutional
Review Board-approved protocol. Mononuclear cells were
isolated by density gradient with Ficoll-Paque (GE Health-
Care, USA), and then were stimulated using 25 pL/mL
anti-CD3/CD28 antibodies (STEMCELL Technologies,
Canada) with 300IU/mL IL-2 (PeproTech, USA) for 3
days. CD8" T cells were isolated using a magnetic nega-
tive selection kit (Miltenyi Biotec, Germany) and cultured
in T-cell culture medium (STEMCELL Technologies,
Canada). The stimulation and activation methods of puri-
fied CD8" T cells from BM of patients with MM or healthy
donors are the same as those of mononuclear cells.

Lentivirus transfection

For silencing XBPIs, sequence encoding short hairpin
(sh) RNA targeting the XBPl gene was inserted into
the PGMLV-HU6-MCS-CMV-ZsGreen1-PGK-Puro
plasmid (Genomeditech). For silencing SLC38A2, the
sequence encoding shRNA targeting the SLC38A2 gene
was inserted into the CMV-cop GFP-T2a-puro-HI1-MCS
plasmid (ZORIN Biological Technology). The lentiviral
vector PGMLV-CMV-MCS-EF1-mScarlet-T2A-Blasticidin
(Genomeditech) containing XBPIs complementary
DNA (cDNA) was used for overexpression experiments.
Control plasmid was prepared using scrambled shRNA
sequences. Sequences and primers are shown in online
supplemental table 1. The vectors were co-transfected
into 293T cells with packaging plasmids (TIANGEN),
and recombinant lentivirus in the culture medium was
harvested. CD8" T cells and Molt4 cells were transduced
with lentivirus and cultured at 5x10° cells/mL for 4 days.

Flow cytometry analysis

For surface marker staining, about 2x10°T cells or MM
cells were re-suspended in phosphate-buffered saline
containing 2% fetal bovine serum and stained with the
antibody cocktail for 30 min at room temperature in the
dark. For intracellular cytokine staining, cells were stained
for intracellular cytokines after fixation and permeabiliza-
tion followed by cell surface marker staining. All samples
were acquired with a DxFLEX system (Beckman Coulter)
and analyzed using Flow]Jo software (V.10.5.3). Antibodies
used for cell surface staining or intracellular staining were
listed in online supplemental table 2.

MitoSOX Red-based flow cytometry for detecting mtROS
About 2x10°T cells or MM cells were incubated with 5 pM
MitoSOX Red (MedChemExpress, China) for 20min at
37°C, protected from light. After gently washing the cells
three times with warm buffer to remove excess MitoSOX
Red, the mean fluorescence intensity was measured to
detect mitochondrial superoxide.

Quantitative RT-PCR

Total RNA was isolated from 5x10° Molt4 cells, CD8" T
cells, MM cells or Vk*MYC mice BM cells and reverse-
transcribed into ¢cDNA using HiScript III All-in-one RT
SuperMix (Vazyme). The cDNA was subjected to quan-
titative real-time polymerase chain reaction (qRT-PCR)
using the primers listed in online supplemental table 3
under the following conditions: 94°C for 4min, followed
by 40 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C
for 1min. Expression of marker genes was normalized
against that of GAPDH using the 2**“" method.

Cell viability with CCK8

Suspensions of CDS" T cells, peripheral blood mononu-
clear cells (PBMCs), Molt4 cells or MM cells were inoc-
ulated (100pL/well) in a 96-well plate. IRElo inhibitor,
dimethyl sulfoxide (DMSO), and blank culture medium
were added separately. Cells were incubated for an appro-
priate length of time (24, 48 or 72 hours) in the incu-
bator. CCK-8 solution (10pL) was added to each well of
the plate and the plate was incubated for 3hours. The
absorbance at 450 nm was measured using a microplate
reader.

In vivo experiments

C57BL/6] mice (6-8 weeks of age, both sexes, caged
mice) received intravenous injection of murine myeloma
VK*MYC cells (1x10° cells per mouse) and 3 weeks later,
Vk*MYC mice received intraperitoneal injection (i.p.)
of 17# (20 mg/kg) (n=5) or vehicle (n=5), respectively,
to investigate the impact of 17# on T cells and MM
cells in vivo. 17# was dissolved in 2.5% DMSO+2.5%
Kolliphor+95% methyl cellulose (0.5 g/100 mL). After
14 days of treatment, spleen and BM were collected for
subsequent experiments. The mice were euthanized by
severing their spinal cords. The proportions of plasma
cellsand T cells in BM and spleen samples, as well as T-cell
immunophenotypes, were detected by flow cytometry.
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The expression of Xbpls in BM cells was detected by
qRT-PCR.

Before treatment, only mice in good health were
included; those with obvious diseases or abnormal
behavior were excluded. The mice were randomly divided
into two groups before the treatment to ensure that each
group was comparable at baseline. All experimental
procedures, including treatment administration, sample
collection, and measurements, were standardized and
performed according to a predefined protocol. In both
groups, one mouse died due to infection before harvest.
We used the ARRIVE checklist when writing our report.'®

The VK*MYC cell line, derived from MYC-driven genet-
ically engineered mice, exhibits plasma cell malignancy
with features mimicking human MM, including mono-
clonal paraprotein secretion, osteolytic lesions, and
progressive splenic tumor growth.' This model retains
an immunocompetent microenvironment, enabling
investigation of T cell-myeloma interactions. Importantly,
Vk*MYC tumors are responsive to immunomodulatory
agents, making them suitable for evaluating therapies
targeting both myeloma cells and immune senescence.

Statistical analysis

Sequences were analyzed using R, plots were generated
using ggplot2. P values were calculated using GraphPad
Prism (GraphPad Software, California, USA). Variables
following a normal distribution, as verified by the Shapiro-
Wilk test, were analyzed using Student’s t-test. Variables
not following normal distribution were analyzed using
the Mann-Whitney test. Gene expression differences in
sequencing were analyzed using the Wilcoxon rank-sum
test. P value<0.05 was considered statistically significant.

RESULTS

Glutamine transport and mitochondrial function pathways are
downregulated in CD8* T cells of patients with MM

In our previous study, we collected BM and PB samples
from 10 patients with newly diagnosed MM and three age-
matched healthy controls, isolated mononuclear cells for
scRNA-seq, and discovered that cytotoxic T cells mainly
displayed features of senescence.” To further explore
the mechanisms of CD8" Twcell senescence in BME, we
analyzed the scRNA-seq data and subclustered cytotoxic
T cells from BM into ninecell types (figure 1A). We
next performed GSEA analysis and identified glutamine
transport, mitochondrial and ATP synthesis-related path-
ways that were negatively enriched in BM CD8" T cells
from patients with newly diagnosed MM (figure 1B and
C). Similar results of downregulation of mitochondrial
function-related pathways were also found in CD8" T cells
in PB of patients with MM (online supplemental figure
1A).

The downregulation of enzymes integral to the elec-
tron transport chain, which is responsible for generating
the majority of ATP through oxidative phosphorylation,
indicates a compromised energy production capacity in

both BM and PB CD8" T cells from patients with MM
(figure 1D, online supplemental table 4 and supple-
mental figure 1B). Moreover, the expression of mitochon-
drial transcription factor A (TFAM), a crucial regulator
of mitochondrial maintenance and organization of the
mitochondrial genome, was markedly lower in BM and
PB CD8" T cells from patients with MM compared with
healthy controls (figure 1E and online supplemental
figure 1C). Collectively, these data indicated a positive
correlation between impaired metabolic processes and
the senescence of CD8" T cells in patients with MM.

Targeting the XBP1s-SLC38A2 axis in CD8" T cells modulates
mtROS levels

Our initial study has shown that the XBP1s-SLC38A2 axis
in CD8" T cells of patients with MM leads to a decrease
in intracellular glutamine content and cell senescence.”
Therefore, the connection between metabolic processes
and senescence is worth further exploration. Compared
with healthy controls, the ROS synthesis regulatory
pathway was enriched in BM and PB CD8" T cells from
patients with MM (figure 2A, online supplemental table
4 and supplemental figure 1D). To evaluate whether the
XBP1s-SLC38A2 axis in CD8" T cells affects the level of
mtROS, which is a significant cause of cell senescence, we
generated SLC38A2 and XBP1s individually knockdown
cells. The production of mtROS was increased when
SLC38A2 deficiency in healthy BM CD8" T cells under
the condition of complete medium (figure 2B and C).
Meanwhile, healthy BM CD8" T cells were cultured in a
glucose-free medium to simulate the stress environment,
and inhibition of XBP1 expression resulted in reduced
mtROS levels (figure 2B and C). Consistent results were
also observed in the T lymphocyte cell line Molt4 cells
(figure 2D and E). Taken together, these data prove the
involvement of the XBP1s-SLC38A2 axis in the regulation
of mtROS levels within T cells.

IRE1a inhibition attenuates senescence and augments
cytotoxicity of CD8* T cells

Given that IREla inhibitors inhibited the XBPIs-
SLC38A2 axis by interfering with the splicing of XBP1,
we further investigated the effect of an IRElo inhibitor
(17#) on T-cell senescence. Our previous scRNA-seq
data indicated that the senescence-related marker that
was significantly elevated in BM and PB CD8" T cells
of patients with MM was KLRG1 (online supplemental
figure 2A). Flow cytometry was performed on PB samples
from additional patients with newly diagnosed MM and
healthy controls to validate the high expression of senes-
cence surface markers KLRG1 on CD8" effector memory
T/effector T (Tem/Teff) cells in patients with MM
(online supplemental figure 2B). Notably, the expression
of exhaustion markers was higher in patients with MM’s
PB CDS8" Tem/Teff cells than in normal controls, but the
proportion was lower than that of senescence markers.
To create an in vitro model of T-cell senescence, we used
a glucose-deficient medium to create a stressful cell
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Figure 1 Glutamine transport and mitochondrial function pathways are downregulated in BM-derived CD8" T cells of patients

with MM. (A) Stratification and cell-type identification of cytotoxic T cells in BM samples from three healthy controls and 10
patients with newly diagnosed MM before treatment. Clusters were distinguished by different colors. (B) GSEA enrichment
plots for glutamine transport in CD8* T cell clusters from BM samples in patients with pretreatment MM compared with healthy
controls. (C) GSEA enrichment plots for mitochondria-associated pathways in CD8 T cell clusters from BM samples in patients
with pretreatment MM compared with healthy controls. (D) Dot plots showing average expressions of mitochondria-associated
markers in CD8" T-cell clusters from BM samples in patients with pretreatment MM compared with healthy controls. (E) Dot
plots showing average expressions of TFAM pathway markers in CD8" T-cell clusters from BM samples in patients with
pretreatment MM compared with healthy controls. BM, bone marrow; GSEA, Gene Sets Enrichment Analysis; MM, multiple
myeloma; NES, normalized enrichment score; TFAM, mitochondrial transcription factor A; tSNE, t-distributed stochastic
neighbor embedding.

culture environment. Glucose deprivation significantly
upregulated both the expression of senescence marker
(KLRG1) and exhaustion marker (LAG3) and XBPls
mRNA levels in Molt4 cells (online supplemental figure
2C). In contrast, 17# significantly suppressed XBPls
mRNA expression (online supplemental figure 2D) and

increased cell proliferation (online supplemental figure
2E). In addition, 17# treatment reduced the expression
of KLRGI while only affecting LAG3 at high concentra-
tion (online supplemental figure 2F and G), increased
the production of CD107a and interferon (IFN)-y (online
supplemental figure 2G).
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Figure 2 Targeting the XBP1s-SLC38A2 axis in CD8" T cells modulates mtROS levels. (A) Gene Sets Enrichment Analysis
enrichment plots for regulation of ROS biosynthetic process in CD8* T-cell clusters from BM samples in patients with
pretreatment MM compared with healthy controls. (B) Mononuclear cells from BM of healthy donors were activated in complete
medium supplemented with anti-CD3/CD28 antibodies and interleukin-2 for 3days. Subsequently, CD8" T cells were isolated
using magnetic cell sorting and then were lentiviral transfected with shRNA against SLC38A2, XBP1 or empty vector (EV).

After 4days, CD8" T cells transfected with shRNA against SLC38A2 or EV were cultured for 3days in complete medium, while
CD8" T cells transfected with shRNA against XBP1 or EV were cultured for 3days in glucose-free medium. Relative mRNA
expressions of SLC38A2 and XBP1s in CD8* T cells were detected by gRT-PCR. Data are presented as mean values+SD (n=3).
Two-sided unpaired t-test, p<0.05, " 'p<0.001. (C) Percentages of mtROS expressing CD8* T cells from (B) were detected by
flow cytometry. Data are presented as median with interquartile range (n=3 biologically independent experiments). Two-sided
unpaired t-test, p<0.05, "p<0.01. (D) Molt4 cells were transfected with shRNA against SLC38A2, XBP1 or EV. After 4 days,
Molt4 cells transfected with shRNA against SLC38A2 or EV were cultured for 3days in complete medium, while Molt4 cells
transfected with shRNA against XBP1 or EV were cultured for 3days in glucose-free medium. Relative mRNA expressions

of SLC38A2 and XBP1s in Molt4 cells were detected by qRT-PCR. Data are presented as mean values+SD (n=3). Two-sided
unpaired t-test, ~ p<0.001. (E) Percentages of mtROS expressing Molt4 cells from (D) were detected by flow cytometry. Data are
presented as median with IQR (n=3). Two-sided unpaired t-test, p<0.05, "p<0.01. BM, bone marrow; MM, multiple myeloma;
mRNA, messenger RNA; mtROS, mitochondrial reactive oxygen species; NES, normalized enrichment score; gRT-PCR,
quantitative real-time polymerase chain reaction; sh, short hairpin.

To verify the role of 17# in primary CD8" T cells, we
isolated mononuclear cells from BM of healthy donors,
activated them in complete medium containing anti-
CD3/CD28 antibodies and interleukin (IL)-2 for 3 days,
and then positively selected CD8" T cells using magnetic
beads. These CD8" T cells were next cultured in glucose-
free or glucose-containing medium with different
concentrations of 17# or DMSO for 48 hours. The results

showed that glucose deprivation significantly increased
the expressions of KLRG1, CD57, LAG3 and TIGIT, and
decreased perforin expression in BM-derived CD8" T cells
(figure 3A and online supplemental figure 3A). Treatment
with 17# reduced KLRGI expression, increased perforin
expression, and promoted the proliferation of CD8" T
cells in response to glucose deprivation (figure 3A, B),
with no significant effect on other exhaustion (LAG3,
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Figure 3

IRE1a inhibition attenuates senescence and activates NPR2-cGMP-PKG in CD8" T cells. (A) Mononuclear cells from

BM of healthy donors were activated in complete medium supplemented with anti-CD3/CD28 antibodies and IL-2 for 3days.
Subsequently, CD8" T cells were isolated using magnetic cell sorting and then were cultured for 48 hours in either glucose-free
or glucose-containing media, with varying concentrations of 17# or DMSO. Percentages of KLRG1 and perforin-expressing
CD8" T cells were assessed by flow cytometry. Data are presented as mean values+SD (n=5). Two-sided paired t-test, p<0.05.
(B) Viability of CD8" T cells in (A) was assessed by CCK8. Data are presented as mean values+SD (n=>5). Two-sided unpaired
t-test, "p<0.01, "' p<0.001. (C) CD8" T cells were isolated from mononuclear cells from BM of five patients with newly diagnosed
MM using magnetic bead sorting, and then were cultured for 48 hours in glucose-free medium supplemented with either 17#

or DMSO, along with anti-CD3/CD28 antibodies and IL-2. Percentages of KLRG1, CD57 and perforin-expressing CD8" T cells
were assessed by flow cytometry. Data are presented as mean values+SD (KLRG1 and perforin n=5; CD57 n=4). Two-sided

paired t-test, 'p<0.05. (D) PBMCs were obtained from five healthy donors (HD), and then were cultured for 48 hours in complete
medium supplemented with either 17# or DMSO, along with anti-CD3/CD28 antibodies and IL-2. Percentages of KLRG1, CD57
and perforin-expressing CD8" T cells were assessed by flow cytometry. Data are presented as mean values+SD (KLRG1 and
perforin n=5; CD57 n=4). Two-sided paired t-test. (E) Viability of CD8" T cells in (C) and PBMCs in (D) were assessed by CCK8.
Data are presented as mean values+SD (n=5). Two-sided unpaired t-test, “p<0.01, " p<0.001. (F) Molt4 cells were treated with
17# (5uM) or DMSO for 48 hours in medium without glucose. Bubble plots showing the top enriched terms by GO pathway
analysis for upregulated pathways in 17# treated Molt4 cells compared with the DMSO group. (G) BM CD8" T cells of healthy
donors were lentivirally transfected with XBP1s overexpressing vector (OE) or empty vector (NC). Relative mRNA expressions of
XBP1s, NPR2 and NPPC in BM CD8" T cells were detected by gRT-PCR. Data are presented as mean values+SD (n=3). Two-
sided unpaired t-test, p<0.05, "~ p<0.001. (H) Mononuclear cells from BM of healthy donors were activated in complete medium
supplemented with anti-CD3/CD28 antibodies and IL-2 for 3days. Subsequently, CD8" T cells were isolated using magnetic cell
sorting and then were cultured for 48 hours in glucose-free media, treated with 17# or DMSO. Relative mRNA expressions of
XBP1s, NPR2 and NPPC in BM CD8" T cells were detected by gRT-PCR. Data are presented as mean values+SD (n=3). Two-
sided unpaired t-test, "p<0.01. BM, bone marrow; DMSO, dimethyl sulfoxide; GO, Gene Ontology; IL, interleukin; MM, multiple
myeloma; mRNA, messenger RNA; PBMC, peripheral blood mononuclear cell; gRT-PCR, quantitative real-time polymerase
chain reaction.
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PD-1, TIGIT, and TIM3) and activation (CD25 and CD69)
markers (online supplemental figure 3A).

To investigate the impact of 17# on CD8" T cells in
patients with MM, we obtained mononuclear cells from
BM of five patients with newly diagnosed MM. CD8" T
cells were subsequently isolated using magnetic bead
sorting and cultured for 48 hours in glucose-free medium
supplemented with either 17# or DMSO, along with
anti-CD3,/CD28 antibodies and IL-2. Our results demon-
strated that treatment with 17# significantly reduced
KLRGI1, CD57, and LAG3 expressions while enhancing
perforin expression in CD8" T cells derived from BM of
patients with MM (figure 3C and online supplemental
figure 3B). To evaluate the potential off-target effects of
17#, we treated PBMCs from healthy donors, cultured in
complete medium, with 17# or DMSO. The results indi-
cated that 17# did not significantly affect the expressions
of KLRG1, CD57, perforin, or exhaustion and activation
markers in these cells (figure 3D and online supplemental
figure 3C). We found that 17# promoted the prolifera-
tion of CD8" T cells derived from MM BM and normal
PBMGs, although the proliferative response in the latter
was less pronounced (figure 3E). This difference may be
attributed to varying degrees of ER stress experienced by
these cells.

Furthermore, we examined the impact of 17# on CD4"
T cells. Compound 17# increased the proportion of CD4"
Tem/Teff cells in the BM of patients with newly diagnosed
MM, and reduced the proportion of CD4" naive T (Tn)
cells (online supplemental figure 3D). It had no signifi-
cant effect on the CD4" Tcell subpopulation in healthy
PBMCs (online supplemental figure 3D). Compound 17#
also reduced the expressions of KLRG1, CD57 and LAG3
in CD4" Tem/Teff cells in the BM of patients with newly
diagnosed MM (online supplemental figure 3E), but had
no significant effect on the expressions of senescence,
exhaustion and activation markers in CD4" Tem/Teff
cells in healthy PBMCs (online supplemental figure 3E).

IRE1a inhibition activates NPR2-cGMP-PKG signaling pathway
in CD8" T cells
To gain insight into the underlying mechanisms on
17#, we performed RNA-seq in Molt4 cells treated with
17# (5pM) or DMSO for 48 hours in medium without
glucose. The results exhibited different biological
processes, cellular components, and molecular func-
tions (figure 3F). By profiling the transcriptome data, we
noticed that the cGMP-PKG signaling pathway (enriched
from expressions of NPR2 and NPPC) and metabolic
pathway in Molt4 cells were significantly upregulated
after 17# treatment in GO and KEGG analysis (figure 3F
and online supplemental figure 4). The cGMP-PKG
pathway has been demonstrated to regulate mitochon-
drial dynamics, like fusion and fission events, which are
of great significance for maintaining mitochondrial integ-
rity and function.”

To directly investigate whether XBPIs regulates the
c¢GMP-PKG pathway in CD8" T cells, we conducted in vitro

overexpression experiments using healthy human BM
CDS8' T cells. Overexpression of XBP1s via lentiviral trans-
duction significantly suppressed mRNA levels of NPR2
and NPPC, which are critical regulators of the cGMP-PKG
pathway (figure 3G). Conversely, treatment with 17# in
BM CD8" T cells derived from patients with MM restored
NPR2 expression (figure 3H), consistent with our RNA-
seq data indicating activation of the cGMP-PKG pathway.
These findings establish a direct regulatory relationship
between XBP1s and NPR2, suggesting that inhibition of
IRElo alleviates XBPls-mediated repression of NPR2,
thereby activating cGMP-PKG signaling.

IRE1a inhibition suppresses the proliferation of MM cells
independently of the XBP1s-SLC38A2 axis

IRElo inhibitors have been shown to perturb the prolif-
eration of MM cells, we further studied whether they
may modulate the expression of SNAT2 through the
XBP1s-SLC38A2 axis, which potentially impacts gluta-
mine uptake and leads to a worse nutrient-deprived
tumor microenvironment. We treated four kinds of MM
cell lines (U266, H929, RPMI 8226, and MM1S) with 17#
and found that the proliferation of all MM cell lines was
inhibited after 72 hours (figure 4A), and the expression
level of XBP1ls mRNA was significantly downregulated
(figure 4B). Compound 17# had no significant effect
on SNAT2 in MM cells, and the positive proportion of
SNAT?2 expressing MM cells remained consistently low
(figure 4C). There are various glutamine transporters,
with different cells predominantly expressing distinct
types. Based on our prior single-cell sequencing results
in patients with MM and healthy donors, in compar-
ison to healthy controls, malignant plasma cells exhibit
significantly higher expression of SLC1A5, SLC7A5, and
SLC38A5, rather than SLC38A2 (SNAT2).® In order to
investigate whether 17# has any influence on these highly
expressed transporters, we treated MM cells with 17# and
found that 17# did not significantly alter the mRNA levels
of SLCIAbB, SLC7A5 and SLC38A5 (figure 4D). Collec-
tively, these results indicate that IRElo inhibition does
not promote the expression of SLC38A2 through the
XBP1s-SLLC38A2 axis in MM cells, nor does it affect the
expressions of the major glutamine transporters.

IRE1a inhibition reverses CD8" T-cell senescence and reduces
tumor burden in VK*MYC myeloma mouse model

To investigate the impact of IREla inhibitor on anti-
tumor immune responses, we used the Vk*MYC myeloma
mouse model. After being treated with 17# for 14 days,
we isolated cells from spleen and BM (figure 5A). Splenic
phenotyping showed that 17# reduced the tumor burden
induced by MM cells (figure 5B). Consistent with this
observation, the proportion of BM B220"CD138" plasma
cells in the 17# group declined compared with the vehicle
group (figure 5C). Moreover, 17# led to a decrease in the
mRNA expression of XBPls in BM cells (figure 5D), as
well as the level of mtROS in BM CD8" T cells (figure 5E).
Flow cytometry analysis indicated that the proportion of
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Figure 4 IRE1a inhibition suppresses the proliferation of MM cell lines independently of the XBP1-SLC38A2 axis. (A) MM

cell lines were treated with 17# in complete medium. Viability of MM cell lines was assessed by CCK8. Data are presented as
mean values+SD (n=3). (B) Relative mRNA expression of XBP1s in MM cell lines at 48 hours in (A) was detected by gRT-PCR.
Data are presented as mean values+SD (n=3). Two-sided unpaired t-test, p<0.05, "p<0.01, ~'p<0.001. (C) Percentages of
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SNAT2, sodium-coupled neutral amino acid transporter 2.

CDS8" Tem/Teff cells was increased in BM cells from the
17# group (figure 5F). Further analysis showed that 17#
treatment not only decreased the proportion of senes-
cent CD8" T cells (figure 5G) but also enhanced the
production of IFN-y and perforin, which represented
the effector cytokine and degranulation, respectively
(figure 5H). In addition, 17# reduced the proportion of
B220°CD138" plasma cells and reversed the senescence
of CD8" T cells in spleen samples (online supplemental
figure 5A, B and C). Together, these results suggest that
17# treatment can effectively limit the growth of MM cells
by protecting CD8" T cells against senescence, thereby
potentiating their antitumor immune responses.

DISCUSSION

Our previous research demonstrated significantly
elevated expression of the ER stress-related key
transcription factor XBP1s in BM CD8" T cells from
patients with MM. XBPls directly repressed the
expression of the glutamine transporter SLC38A2,
resulting in impaired glutamine uptake and accel-
erated senescence of CD8" T cells. In this study, we
examined the impact of IREla inhibition on CD8'
T cells and found that compound 17# can reverse
T-cell senescence and enhance antitumor responses
by modulating mtROS levels. Our findings uncover
a novel function of IRE1a inhibition in CD8" T cells,
providing new strategies for targeting the immuno-
logical microenvironment in MM treatment.
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Figure 5 |RE1a inhibition reverses CD8" T-cell senescence and reduces tumor burden in VK*MYC myeloma mouse model.

(A) Work flow of in vivo experiments. The VK*MYC mice were divided into two groups (n=5), which were, respectively, injected
intraperitoneally with 17# (20mg/kg) daily. After 14 days, the femoral BM samples and spleen samples were harvested. (B) The
morphology of spleen obtained from Vk*MYC mice after treatment. (C) Percentages of B220"CD138* expressing plasma cells
from BM samples in VK*MYC mice after treatment were assessed by flow cytometry. Data are presented as mean values+SD
(n=4). Two-sided unpaired t-test, " p<0.001. (D) Xbp1s mRNA levels of BM cells in Vk*MYC mice were detected by qRT-PCR.
Data are presented as mean values+SD (n=3). Two-sided unpaired t-test, "p<0.01. (E) Mean fluorescence intensity of mtROS

in BM CD8* T cells was assessed by flow cytometry. Data are presented as mean values+SD (n=4). Two-sided unpaired t-test,
"'p<0.001. (F) Percentages of CD8" T-cell subsets from BM samples were assessed by flow cytometry. Data are presented

as mean values=SD (n=4). Two-sided unpaired t-test, "'p<0.01, ~ p<0.001. (G, H) Percentages of senescence, cytokine, and
cytotoxicity markers of BM CD8* T cells were assessed by flow cytometry. Data are presented as mean values+SD (n=4). Two-
sided unpaired t-test, *p<0.05, "p<0.01. BM, bone marrow; IFN, interferon; i.p., intraperitoneal injection; MFI, mean fluorescence
intensity; mRNA, messenger RNA; mtROS, mitochondrial reactive oxygen species; gRT-PCR, quantitative real-time polymerase
chain reaction; Tcm, central memory T; Teff, effector T; Tem, effector memory T, Tn, naive T.
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T-cell dysfunction, manifesting as either exhaustion or
senescence, is a recurrent theme across diverse tumor
microenvironments in various stages of cancer progres-
sion.”! # Tecell exhaustion, often induced by chronic
infections and cancer, refers to a state in which effector
T cells lose their normal functions.” Exhausted T cells
are characterized by the upregulation of multiple inhib-
itory receptors, including PD-1, CTLA-4, CD160, TIM3,
and LAG3.** Conversely, T-cell senescence is marked by
a loss of normal proliferative capacity, which can be trig-
gered by telomere-dependent and telomere-independent
mechanisms.” Telomere-independent senescence can
be induced by external factors such as cellular stress.”
Meanwhile, T-cell senescence induced by the tumor
microenvironment has also been identified as a state of
T-cell dysfunction®” *® and is characterized by mitochon-
drial dysfunction and the upregulated expression of
CD57, KLRG1, along with the deficiency of costimulatory
molecules such as CD27 and CD28.” * Recent research
by Professor Zemin Zhang’s team has revealed that,
compared with other types of cancer, MM shows no signif-
icant population of exhausted T cells,”” suggesting that
exhaustion may not be the primary type of T-cell resulting
in immune suppression in MM. In our earlier work, senes-
cence phenotypes were generally observed in cytotoxic
T cells in patients with MM. However, the underlying
mechanisms driving T-cell senescence in MM are not fully
understand, and countering T-cell senescence may repre-
sent a pivotal checkpoint and effective strategy for anti-
myeloma immunity.

To ameliorate the senescence of CD8" T cells in MM,
we attempted to target the XBP1s-SLC38A2 axis using
the IREla inhibitor 17#. We found that the IRElo. inhib-
itor can regulate mtROS levels. Mitochondria are the
primary source of ROS, and mtROS, once viewed solely
as a disruptor of cellular homeostasis leading to oxidative
damage and accelerated aging, has now been recognized
as a significant signaling molecule involved in senes-
cence, inflammation, and cancer.’! For mitochondria
themselves, their replication and transcription processes
require regulation by certain nuclear-encoded transcrip-
tion factors. Among these, TFAM plays a major regulatory
role, not only participating in the activation of mito-
chondrial transcription but also in the replication of the
mitochondrial genome, stabilizing mitochondrial DNA,
which is crucial for maintaining mitochondrial energy
supply.” Studies have shown that in acute kidney injury,
mtROS can disrupt TFAM-mediated mitochondrial DNA
stability, leading to mitochondrial dysfunction.” Desdin-
Micé et al® found that T cell-specific deletion of TFAM
in mice can lead to immune senescence, causing prema-
ture aging in mice and triggering various age-related
conditions. These results suggest that the upregulation of
mtROS and low expression of TFAM are critical factors in
T-cell senescence.

Our findings mechanistically connect IREla-XBPls
signaling to repression of the cGMP-PKG pathway,
suggesting that pharmacological inhibition alleviates

XBPls-mediated transcriptional silencing of NPR2.
NPR2, known as natriuretic peptide receptor 2, is the
primary receptor for C-type natriuretic peptide (NPPC/
CNP).” When CNP binds to NPR, it activates particu-
late guanylate cyclase (pGC). The activated pGC cata-
lyzes the conversion of GTP to cGMP, thereby increasing
the intracellular levels of cGMP, which further activates
its downstream target, cGMP-dependent protein kinase
(PKG). PKG regulates various cellular functions by phos-
phorylating its target proteins. This is particularly signif-
icant given the established role of cGMP-PKG signaling
in regulating mitochondrial fusion-fission dynamics,”
which is a process essential for maintaining metabolic
flexibility and stress resilience in T cells. Our data propose
that 17# indirectly rescues mitochondrial dysfunction
in senescent CD8" T cells by reactivating this pathway,
potentially through enhanced mitochondrial membrane
stabilization or mtROS buffering. Collectively, our find-
ings position the NPR2-cGMP-PKG axis as an actionable
node for reversing T-cell senescence in MM, with broader
implications for immunotherapy in senescence-related
malignancies.

The therapeutic potential of IRElo inhibition pres-
ents actionable strategies for clinical translation. Synergy
may be particularly evident with IMiDs like lenalidomide,
where reversal of CD8" T-cell dysfunction could extend
treatment durability, or with daratumumab, where
enhanced antibody-dependent cell-mediated cytotoxicity
(ADCC) efficacy might be achieved through reinvigo-
rated cytotoxic T-cell activity. Translational success will
likely depend on biomarker-driven patient stratification,
including tumor-intrinsic markers (IRElo,/XBP1s overex-
pression) and microenvironmental features (KLRG1'C-
D57°CD28" senescent T-cell infiltration), potentially
monitored via liquid biopsy.

The therapeutic specificity of IRElo inhibition in
myeloma is underpinned by the unique secretory biology
of malignant plasma cells, which drives chronic ER stress
and heightened reliance on IREla-XBPls signaling
compared with normal counterparts for maintaining
protein homeostasis and proliferation.”® This kind of
dependence in turn makes MM cells more vulnerable to
protein homeostasis disruption induced by IRElo inhib-
itors. Meanwhile, tumor-infiltrating T cells face harsh
microenvironmental conditions where moderate activa-
tion of UPR can mitigate adverse effects on T-cell survival.
However, excessive or inappropriate UPR activation may
lead to T-cell dysfunction. Our findings indicate that
overactivation of the IRE1o-XBP1s pathway in CD8" T
cells from patients with MM induces cellular senescence
through impaired mitochondrial function. To main-
tain mitochondrial homeostasis, CD8" T cells appear to
require relief from the suppression of SNAT2 and NPR2
mediated by IRE10-XBP1s signaling.

While our study focuses on MM, the broader applica-
bility of this strategy is supported by preliminary evidence
in other ER stress-addicted hematologic malignancies.
For instance, IRElo inhibitors exhibit potent antitumor
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effects in acute myeloid leukemia models and reverse
chemoresistance in chronic myeloid leukemia and
chronic lymphocytic leukemia by disrupting pro-survival
XBP1s signaling.”*™® Importantly, 17# exhibited selective
activity in our assays, sparing non-malignant PBMCs and
preserving effector functions of healthy donor-derived
CD8" T cells. This selectivity may arise from two inter-
related mechanisms: (1) the basal ER stress tolerance of
normal cells, mediated by compensatory pathways such as
PERK activation,” and (2) the metabolic fragility of senes-
cent CD8" T cells in the myeloma microenvironment,
which exhibit amplified mtROS susceptibility. These
findings collectively suggest that therapeutic targeting of
IRElo may achieve a favorable risk-benefit profile in MM,
with potential extension to other malignancies character-
ized by chronic ER stress adaptation.

In this study, we evaluated the effects of 17# on CD8" T
cells and tumor cells using the Vk*MYC myeloma mouse
model. The Vk*MYC model, driven by MYC transgenesis,
accurately recapitulates the progressive transition from
MGUS to smoldering MM and eventually active MM. It
retains a complete immune system, making it suitable for
investigating T-cell senescence mechanisms in MM patho-
genesis and the effects of IRE1o inhibition on T-cell func-
tion.*” A limitation of the Vk*MYC model is the potential
development of B-cell-derived lymphoma or leukemia,
which may result in splenomegaly. Notably, our analysis
of clinical patient samples with MM revealed CD8" T-cell
senescence phenotypes and upregulated UPR signaling.
These findings were corroborated in the Vk*MYC mouse
model, where treatment with an IRE1a inhibitor reversed
T-cell senescence both in vitro and in vivo.

Correcting the immunosuppressive state of CD8" T cells
in MM to restore their effective antitumor function is a
critical area of focus in MM research. This project inte-
grates cellular stress, glutamine metabolism, mitochon-
drial function, and immune senescence to investigate
these interconnected processes. Our findings confirm
that IRE1o inhibition not only reverses CD8" T-cell senes-
cence and enhances anti-myeloma immune responses but
also directly inhibits MM cell proliferation, achieving a
“get-two-birds-with-one-stone” effect.
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