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Background: Multiple myeloma (MM) features metabolic stress along with immune evasion in the bone marrow microenviron-
ment. This study aimed to clarify the role of general control nonderepressible 2 (GCN2) kinase signaling in regulating MM cell
survival and programmed death-ligand 1 (PD-L1) expression under amino acid deficiency.

Methods: RPMI-8226 multiple myeloma cells were cultured under arginine-deprived conditions to mimic metabolic stress. Acti-
vation of the GCN2 signaling pathway and its downstream effectors (activating transcription factor 4 [ATF4], C/EBP homologous
protein [CHOP]) was assessed by Western blotting. Cell viability and apoptosis were evaluated using Cell Counting Kit-8 (CCK-
8) assays and Annexin V/PI flow cytometry. PD-L1 expression was measured using Western blotting, quantitative real-time
PCR (qRT-PCR), and flow cytometry. Functional immune effects were further examined in a co-culture system with peripheral
blood mononuclear cells (PBMCs). The role of GCN2 was validated using the selective inhibitor GCN2iB and the stress mimetic
halofuginone.

Results: Arginine deprivation markedly activated the GCN2-ATF4-CHOP signaling axis in MM cells, promoting cell viability
and suppressing apoptosis. In contrast, pharmacological inhibition of GCN2 with GCN2iB significantly reduced cell viability
and increased apoptosis. GCN2 activation also upregulated PD-L1 expression at both transcriptional and surface levels, whereas
GCN2 inhibition attenuated this effect. In a co-culture system, GCN2-mediated PD-L1 upregulation impaired T-cell activation,
as evidenced by decreased CD69/CD2S expression and reduced IFN-y secretion; these effects were partially reversed by GCN2
inhibition or PD-L1 blockade. Additionally, GCN2 inhibition exhibited limited cytotoxicity in PBMCs, indicating relative selec-
tivity toward tumor cells. Halofuginone recapitulated the effects of amino acid deprivation, further confirming the role of GCN2
in metabolic and immunoregulatory adaptation.

Conclusion: GCN2 functions as a critical metabolic stress sensor in RPMI-8226 multiple myeloma cells, promoting tumor cell
survival and immune evasion through PD-L1 upregulation under amino acid deprivation. Targeting the GCN2 pathway may
represent a dual-acting therapeutic strategy to impair both metabolic adaptation and PD-L1 activation in MM.
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Introduction Recent studies have highlighted the general control
nonderepressible 2 (GCN2) kinase as a central sensor of
amino acid scarcity, which initiates the integrated stress re-
sponse (ISR) via phosphorylation of eukaryotic initiation
factor 2 alpha (elF2a) [4,5,6], leading to translational re-
programming and selective induction of adaptive transcrip-
tional regulators such as activating transcription factor 4

larly becausedof the complex' mteract}llon.of tumor celil stress (ATF4) and C/EBP homologous protein (CHOP) [7]. In
responses and immune evasion mechanisms [2]. The bone several tumor types, GCN2 activation promotes cell sur-

marrow niche is inherently hypoxic and nutrient-deprived, . . o .

. ful boli : h vival under nutrient deprivation and enhances resistance to
creatlr(ligastr'ess (inita oe enylronmeglttAatt promotgs tu- chemotherapy [8]. Notably, GCN2 has also been impli-
mor adaptation and therapy resistance [3]. Among various cated in the upregulation of immune checkpoint proteins,

stress-related adaptive responses, amino acid deprivation such as TDO1, thereby contributing to immune escape [9].

has eme.rfged asa iey @odulator of ca}?ce}rl c§llllaehav1or, Yet However, these findings have not been thoroughly investi-
its specific contribution to MM pathophysiology remains gated in the context of MM, where both metabolic adapta-
underexplored.

Multiple myeloma (MM) represents a hematologic
cancer defined by clonal expansion of abnormal plasma
cells within the bone marrow microenvironment [1]. De-
spite recent therapeutic improvements, MM remains diffi-
cult to cure, with frequent relapse and progression, particu-
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tion and immune modulation are critical to disease progres-
sion [10].

Emerging evidence suggests a mechanistic link be-
tween nutrient-sensing pathways and immune evasion in
the tumor microenvironment. In particular, accumulating
evidence highlights the role of IDO-mediated tryptophan
metabolism in shaping immune suppression within the tu-
mor microenvironment. For example, IDO-driven tryp-
tophan depletion impairs CD8" T-cell function and sur-
vival, and promotes PD-1" T-cell infiltration, partly through
metabolic reprogramming of MDSCs and modulation of
AMP-activated protein kinase (AMPK) activity in both sup-
pressive and effector immune cells [11]. GCN2-dependent
ATF4 signaling may serve as a key mediator linking mito-
chondrial ATP deficits to integrated stress response activa-
tion [12]. However, whether GCN2 plays a similar regula-
tory role in MM under amino acid stress remains unknown.
Furthermore, the functional consequences of GCN2 inhibi-
tion on MM cell survival, apoptosis, and PD-L1 expression
require further investigation to clarify its therapeutic rele-
vance.

In this study, an in vitro amino acid deprivation model
was established by culturing RPMI-8226 myeloma cells
in arginine-free medium. GCN2 activation and its down-
stream effectors (ATF4 and CHOP) were assessed by West-
ern blotting, and the selective inhibitor GCN2iB was used
to evaluate its effects on cell viability, apoptosis, and pro-
grammed death-ligand 1 (PD-L1) expression. Halofugi-
none served as a pharmacologic mimic of amino acid stress.
This work aimed to elucidate the function of GCN2 signal-
ing in myeloma cell survival and PD-L1 regulation under
nutrient deprivation, and to clarify its therapeutic relevance
in both metabolic adaptation and immune evasion.

Materials and Methods

Cell Culture and Experimental Treatments

RPMI-8226 human multiple myeloma cells (Cell
Bank of the Chinese Academy of Sciences, Shanghai,
China, Cat# TCHu234) were used for all experiments. The
cells were confirmed to be free of mycoplasma contam-
ination and had been authenticated by short tandem re-
peat (STR) profiling according to the cell bank records.
Cells were maintained in RPMI-1640 medium (MeilunBio,
Dalian, China, Cat# PWL004) supplemented with 2 mM
L-glutamine (Yujia, Guangzhou, China, Cat# C0212), 10%
fetal bovine serum (FBS, ExCell Bio, Shanghai, China,
Cat# FND500), and 1% penicillin—streptomycin (Yujia,
Guangzhou, China, Cat# C0222) under standard conditions
(37 °C, 5% CO,). For arginine deprivation, cells were
cultured in arginine-free RPMI-1640 medium (MeilunBio,
Dalian, China, Cat# MA0546), supplemented with 10% di-
alyzed fetal bovine serum to simulate nutrient stress condi-
tions relevant to the tumor microenvironment, particularly
localized amino acid limitation. GCN2iB (TargetMol, Cat#
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T11375), a selective GCN2 inhibitor, was used for phar-
macological inhibition of GCN2 signaling [13]. Halofugi-
none (Selleck Chemicals, Houston, TX, USA, Cat# S8144),
a well-established activator of the amino acid starvation re-
sponse and GCN2-mediated integrated stress response, was
used to pharmacologically activate stress signaling [ 14].

Peripheral blood mononuclear cells (PBMCs) were
purchased from Procell Life Science & Technology Co.,
Ltd. (Wuhan, China, Cat# CP-H158). PBMCs were de-
rived from healthy donors and were confirmed to be free
of mycoplasma contamination. PBMCs appeared predom-
inantly round and exhibited a semi-adherent and semi-
suspension growth pattern, consistent with the characteris-
tics reported by the supplier. Cells were cultured in RPMI-
1640 medium (MeilunBio, Dalian, China, Cat# PWL004)
supplemented with 10% fetal bovine serum (FBS, ExCell
Bio, Shanghai, China, Cat# FND500) and 1% penicillin—
streptomycin (Yujia, Guangzhou, China, Cat# C0222) un-
der standard conditions (37 °C, 5% CO,) and used for sub-
sequent co-culture experiments.

For arginine-deprivation model establishment and
GCN2iB dose-response analyses, the following treatment
groups were established. The Control group was main-
tained in complete RPMI-1640 medium, whereas the Arg—
group was cultured in arginine-free RPMI-1640 medium
supplemented with 10% dialyzed FBS. To examine early
activation of the GCN2 pathway, RPMI-8226 cells were ex-
posed to arginine deprivation for 6 h or 24 h, followed by
Western blot analysis of p-GCN2, total GCN2, ATF4, and
CHOP. For GCN2iB dose-response experiments, arginine-
deprived RPMI-8226 cells were treated with GCN2iB at fi-
nal concentrations of 0.5, 1, 2, or 5 uM. Western blot anal-
ysis of GCN2 pathway proteins was performed after 24 h
of treatment, cell viability was measured at 24, 48, and 72
h, and apoptosis was assessed after 48 h. Based on these
dose-response results, 2 uM GCN2iB was selected for sub-
sequent mechanistic experiments.

For bidirectional modulation and PD-L1 expression
analyses, RPMI-8226 cells were assigned to four groups:
Control, Arg—, Arg— + GCN2iB (2 uM), and halofuginone
(50 nM) [15]. Halofuginone was administered in complete
RPMI-1640 medium for 24 h to pharmacologically mimic
amino acid starvation-related stress signaling. After 24 h of
treatment, GCN2 pathway proteins, apoptosis-related pro-
teins, and PD-L 1 expression were assessed by Western blot-
ting, qRT-PCR, and/or flow cytometry, as appropriate. Cell
viability under these conditions was evaluated using CCK-8
assays at 24, 48, and 72 h.

For co-culture experiments, RPMI-8226 cells were
first pretreated under Co-Ctrl, Co-Arg—, or Co-Arg— +
GCN2iB (2 uM) conditions for 24 h. After pretreat-
ment, the culture supernatant was discarded, and the cells
were gently washed with PBS to remove residual treatment
reagents. The pretreated RPMI-8226 cells were then re-
suspended in fresh complete co-culture medium and co-
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cultured with PBMCs for 48 h. In the PD-L1 blockade
group, RPMI-8226 cells were first pretreated with arginine-
free medium for 24 h, washed with PBS, and then co-
cultured with PBMC:s in fresh complete medium contain-
ing an anti-human PD-L1 neutralizing antibody at a fi-
nal concentration of 5 pug/mL for 48 h [16]. After co-
culture, PBMCs were collected for flow-cytometric anal-
ysis of CD3"CD69* and CD3"CD25" T-cells, and culture
supernatants were harvested for IFN-y detection by ELISA.
To evaluate the relative selectivity of GCN2 inhibition,
PBMCs under arginine-deprived conditions were treated
with GCN2iB at 0.5, 1, 2, or 5 pM; apoptosis was assessed
after 48 h, and cell viability was measured at 24, 48, and 72
h.

Western Blotting

Total protein was extracted using RIPA buffer (Bey-
otime, Shanghai, China) supplemented with protease and
phosphatase inhibitors (Thermo Fisher Scientific, Waltham,
MA, USA, Cat# 78440), and concentrations were deter-
mined using a BCA Protein Assay Kit (Beyotime, Shang-
hai, China, Cat# P0009). Protein aliquots (30—50 pg) were
subjected to SDS-PAGE, transferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA, Cat# FFP24), and
incubated in 5% non-fat milk for 1 h at room temperature.

Overnight incubation at 4 °C was performed using
primary antibodies against p-GCN2 (Thr899 phosphoryla-
tion site, Abcam, Cambridge, UK, Cat# ab75836, rabbit,
1:1000), GCN2 (Abcam, Cambridge, UK, Cat# ab134053,
rabbit, 1:1000), ATF4 (Abcam, Cambridge, UK, Cat#
ab216839, rabbit, 1:1000), CHOP (Abcam, Cambridge,
UK, Cat# ab11419, mouse, 1:1000), Bcl-2 (Abcam, Cam-
bridge, UK, Cat# ab182858, rabbit, 1:1000), Bax (Abcam,
Cambridge, UK, Cat# ab32503, rabbit, 1:1000), PD-L1
(Abcam, Cambridge, UK, Cat# ab205921, rabbit, 1:1000),
and B-actin (Abcam, Cambridge, UK, Cat# ab8226, mouse,
1:5000).

Membranes were washed and then incubated for 1 h
at room temperature with HRP-conjugated secondary anti-
bodies (goat anti-rabbit IgG, BIOSS, Beijing, China, Cat#
bs-0295G-HRP, 1:5000; goat anti-mouse IgG, BIOSS, Bei-
jing, China, Cat# bs-0296G-HRP, 1:5000). Signals were
visualized using an enhanced chemiluminescence reagent
(Millipore, Billerica, MA, USA, Cat# P0018S) and cap-
tured with the ChemiDoc XRS+ imaging system (Bio-Rad,
Hercules, CA, USA). Band intensities were analyzed using
ImagelJ software (version 1.53, NIH, Bethesda, MD, USA),
normalized to B-actin, and each experiment was indepen-
dently performed in triplicate.

CCK-8 Cell Viability Assay

Cell viability was assessed using a Cell Counting Kit-8
(CCK-8; Beyotime, Shanghai, China, Cat# C0038). RPMI-
8226 cells or PBMCs were seeded into 96-well plates (Jett
Biofil, Guangzhou, China) at 1 x 10* cells per well in 100

pL medium. RPMI-8226 cells were treated under Control,
Arg—, Arg— + GCN2iB (0.5-5 uM), or halofuginone (50
nM) conditions, whereas PBMCs were treated under Arg—
conditions with or without GCN2iB (0.5-5 uM). At 24, 48,
and 72 h after treatment, 10 pL of CCK-8 reagent was added
to each well, followed by incubation for 2 h at 37 °C. Ab-
sorbance was measured at 450 nm using a microplate reader
(Synergy HTX, BioTek, Winooski, VT, USA). After sub-
traction of blank-well absorbance, relative cell viability was
calculated as follows: cell viability (%) = [(A(treatment
at each time point) — A(blank)) / (A(treatment at O h) —
A(blank))] x 100.

Flow Cytometry

Flow cytometry was used to assess apoptosis and
T-cell activation in the corresponding experimental set-
tings. For apoptosis analysis, RPMI-8226 cells or PBMCs
were collected after the indicated treatments. In the
GCN2iB dose-response experiments, cells were treated un-
der arginine-deprived conditions with or without differ-
ent concentrations of GCN2iB for 48 h. For comparison
among the Control, Arg—, Arg— + GCN2iB, and halofugi-
none groups, RPMI-8226 cells were collected after the cor-
responding treatments. Cells were stained with an Annexin
V-FITC/PI Apoptosis Detection Kit (Beyotime, Shanghai,
China, Cat# C1062) for 15 min at room temperature in the
dark. Early and late apoptotic cells were defined as Annexin
V*/PI" and Annexin V*/PI" cells, respectively.

For PD-L1 surface expression analysis, RPMI-8226
cells were treated under Control, Arg—, Arg—+ GCN2iB, or
halofuginone conditions for 24 h, followed by staining with
FITC anti-human CD38 antibody (BioLegend, San Diego,
CA, USA, Cat# 303504) and PE anti-human CD274/B7-
H1/PD-L1 antibody (BioLegend, Cat# 374512) for 30 min
at 4 °C in the dark.

For T-cell activation analysis, PBMCs were collected
after 48 h of co-culture and stained with APC anti-human
CD3 antibody (BioLegend, Cat# 300412), PE anti-human
CD69 antibody (BioLegend, Cat# 310906), and FITC anti-
human CD25 antibody (BioLegend, Cat# 302604) for 30
min at 4 °C in the dark. T-cells were gated as CD3™ cells,
and activation was evaluated based on the proportions of
CD3"CD69" and CD3*CD25" cells. All samples were ana-
lyzed using a BD FACSCanto™ II flow cytometer (BD Bio-
sciences, San Jose, CA, USA), and data were processed us-
ing FlowJo software (version 10.0; BD Biosciences, Ash-
land, OR, USA).

Quantitative Real-Time PCR (qRT-PCR)

RNA extraction was performed using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA), and purity was confirmed by an A260/280 ratio rang-
ing from 1.8 to 2.0. RNA (2 pL) was used in one-step
qRT-PCR reactions with the UniPeak U+ One Step SYBR
Green Kit (TransGen Biotech, Beijing, China) on a real-
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Fig. 1. Arginine deprivation activates the GCN2 stress signaling pathway in RPMI-8226 MM cells. (A) Representative Western
blot results illustrating expression of GCN2 phosphorylation (p-GCN2), total GCN2, ATF4, and CHOP in cells treated under control
conditions or arginine deprivation (Arg—) for 6 or 24 h. (B) Quantitative densitometry of protein expression levels at 6 h and 24 h.

Data are presented as mean + SD from three independent biological replicates. ***p < 0.001 vs Control group. GCN2, general control

nonderepressible 2; MM, multiple myeloma; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein.

Table 1. Primer sequences used for quantitative real-time PCR analysis.

Gene Primer name Sequence (5'-3") Tm (°C) Length (bp)
PDLI PD-LI-F TGAACTGACATGTCAGGCTG 58.1 20
PD-LI-R  CCAGAATTACCAAGTGAGTCC 584 21
GAPDI GAPDH-F  AAGATCATCAGCAATGCCTCC 58.4 21
GAPDH-R  AGGTTTTTCTAGACGGCAGG 58.1 20

The 2-22Ct method was employed to quantify relative gene expression, with GAPDH

serving as the internal control. Triplicate reactions were performed, with no-template

controls incorporated to confirm the absence of contamination. PD-L1, programmed
death-ligand 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

time PCR system (QuantStudio 5, Thermo Fisher Scien-
tific, Waltham, MA, USA) with a 20 pL reaction mixture
comprising 10 pL Master Mix, 0.4 pL primers (10 pM
each), and 7.2 pL RNase-free water. Cycling parameters
included 55 °C for reverse transcription, 95 °C for initial de-
naturation, followed by 40 cycles of 95 °C denaturation and
60 °C annealing/extension, and melting curve analysis was
automatically performed. Primer sequences are shown in
Table 1, and amplification efficiency was confirmed to be
90-110% by standard curve analysis. Relative gene expres-
sion was calculated using the 274 method with GAPDH
as the internal control. All reactions were performed in trip-
licate, and no-template controls were included to exclude
contamination.

ELISA for Cytokine Detection

The levels of IFN-y in the co-culture supernatants
were measured using a human IFN-y ELISA kit (Beyotime,
China; Cat# PI511) according to the manufacturer’s instruc-
tions. Absorbance was measured at 450 nm using a mi-
croplate reader, and cytokine concentrations were calcu-
lated based on standard curves.

Statistical Analysis

All experiments were performed with at least three in-
dependent biological replicates, and results are presented as
mean = SD. Statistical analysis was conducted using Graph-
Pad Prism 9.0 (GraphPad Software, San Diego, CA, USA).
The Shapiro—Wilk test was applied to assess normality, and
Levene’s test was used to evaluate homogeneity of vari-
ance. Two-group comparisons were performed using the
unpaired two-tailed Student’s #-test, whereas multiple group
comparisons were conducted using one-way ANOVA fol-
lowed by Tukey’s post hoc test. Statistical significance was
defined as p < 0.05.

Results

Arginine Deprivation Activates the GCN2-ATF4
Stress Signaling Pathway in MM Cells

To determine whether amino acid deprivation acti-
vates the GCN2 signaling pathway in multiple myeloma
cells, RPMI-8226 cells were cultured under arginine-
deprived conditions for 6 h and 24 h. Western blot anal-
ysis revealed that phosphorylation of GCN2 (p-GCN2) was
markedly increased under arginine deprivation, whereas to-
tal GCN2 levels remained unchanged, indicating that the
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Fig. 2. GCN2 inhibition suppresses stress signaling, reduces viability and promotes apoptosis of MM cells under arginine depri-
vation. (A) Representative Western blot images showing the expression levels of p-GCN2, total GCN2, ATF4, and CHOP in RPMI-8226
cells cultured under arginine-deprived conditions (Arg—) and treated with increasing concentrations of GCN2iB (0.5, 1, 2, and 5 uM) for
24 h. (B) Quantification of protein expression levels. (C) CCK-8 assay showing the relative cell viability at 24 h, 48 h, and 72 h after
GCN2iB treatment under arginine deprivation. (D) Representative flow cytometry plots of apoptosis in RPMI-8226 cells treated with in-

creasing concentrations of GCN2iB under arginine deprivation for 48 h. Apoptosis was analyzed using Annexin V-FITC/PI staining. (E)

Quantification of apoptotic cells based on flow cytometry analysis. Data are presented as mean + SD from three independent biological
replicates. ***p < 0.001 vs Arg— group. GCN2iB, GCN2 inhibitor B; CCK-8, Cell Counting Kit-8; V-FITC/PI, Annexin V-fluorescein

isothiocyanate/propidium iodide; SD, standard deviation.

response was activation-dependent rather than expression-
driven (Fig. 1A). The downstream stress-related transcrip-
tion factors ATF4 and CHOP were also elevated at both
6 h and 24 h, with a further increase observed over time.
Quantitative densitometry further confirmed that p-GCN2,
ATF4, and CHOP levels were markedly increased at 24
h compared with the control group (Fig. 1B; p < 0.001).
These findings demonstrate that arginine deprivation ro-
bustly activates the GCN2—-ATF4-CHOP signaling axis in
multiple myeloma cells.

Dose-Dependent Inhibition of GCN2 Suppresses
Stress Signaling and Impairs MM Cell Survival

To evaluate the functional role of GCN2 under amino
acid stress, RPMI-8226 cells were cultured in arginine-free

medium with increasing concentrations of GCN2iB (0.5—
5 uM) for 24 h. Western blot analysis demonstrated a
dose-dependent reduction in p-GCN2, ATF4, and CHOP
expression across the GCN2iB treatment groups (0.5, 1, 2,
and 5 uM), while total GCN2 levels remained unchanged
(Fig. 2A,B; p <0.001). In parallel, CCK-8 assays showed
that, compared with the Arg— group, cell viability progres-
sively declined over time (24, 48, and 72 h) and was fur-
ther reduced with increasing concentrations of GCN2iB,
with more pronounced inhibitory effects observed in the
higher-dose groups (Fig. 2C; p <0.001). Consistently, flow
cytometry analysis revealed a gradual increase in apop-
totic cell populations across the GCN2iB-treated groups,
with apoptosis being modest at lower concentrations and
markedly elevated at higher concentrations under arginine-
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Fig. 3. GCN2 activation promotes MM cell survival and inhibits apoptosis under amino acid deprivation. (A) Representative
Western blot images showing the expression of p-GCN2, total GCN2, ATF4, and CHOP in RPMI-8226 cells under Control, arginine
deprivation (Arg-), Arg— + GCN2iB (2 uM), and Halofuginone (50 nM) conditions after 24 h. (B) Quantification of protein levels. (C)
CCK-8 assay results showing cell viability at 24 h, 48 h, and 72 h under the four treatment conditions. (D) Apoptosis detected by flow

cytometry using Annexin V-FITC/PI staining. (E) Expression of apoptosis-related proteins Bcl-2 and Bax analyzed by Western blotting

under the same conditions. (F) Quantification of the Bcl-2/Bax ratio. Data are presented as mean + SD from three independent biological

Hi#

replicates. ***p < 0.001 vs. Control group. " p

deprived conditions (Fig. 2D,E; p < 0.001). These find-
ings demonstrate that GCN2 activity is required for main-
taining MM cell survival under metabolic stress in a dose-
dependent manner. Based on these dose-response results,
2 uM GCN2iB was selected for subsequent experiments,
as it produced a clear inhibitory effect on GCN2 signaling
and cell viability while avoiding excessive cytotoxicity ob-
served at higher concentrations.

Bidirectional Modulation of GCN2 Confirms Its Role
in MM Cell Survival and Apoptosis

To further validate the functional role of GCN2 be-
yond dose-dependent inhibition, RPMI-8226 cells were

<0.001 vs. Arg—group.

subjected to bidirectional modulation under Control, Arg—
, Arg— + GCN2iB (2 uM), or halofuginone (50 nM) con-
ditions. Western blot analysis showed that both arginine
deprivation and halofuginone activated the GCN2—ATF4—
CHOP signaling axis. Under arginine-deprived conditions,
GCN2iB suppressed GCN2 pathway activation, as indi-
cated by reduced p-GCN2, ATF4, and CHOP levels (Fig.
3A,B; p <0.001). Functionally, arginine deprivation and
halofuginone were associated with enhanced cellular via-
bility and reduced apoptosis, likely reflecting adaptive re-
sponses under stress conditions. Under arginine-deprived
conditions, GCN2iB reduced cell viability and increased
apoptosis compared with the Arg— group (Fig. 3C,D; p
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Fig. 4. GCN2 activation enhances PD-L1 expression in MM cells at the protein, transcriptional, and surface levels. (A) Represen-

tative Western blot images of PD-L1 protein expression in RPMI-8226 cells under Control, arginine deprivation (Arg—), Arg— + GCN2iB

(2 uM), and Halofuginone (50 nM) treatments for 24 h. B-actin served as the loading control. (B) Quantitative densitometry of PD-L1

protein levels. (C) Relative mRNA expression levels of PD-LI measured by qRT-PCR under the same treatment conditions. (D) Rep-

resentative flow cytometry dot plots showing CD38"PD-L1" cells in each group, and quantification of the percentage of CD38"PD-L1"

cells (Q2 region) based on flow cytometry analysis. Data are presented as mean + SD from three independent biological replicates. ***p

<0.001 vs. Control group. **p < 0.001 vs. Arg—group.

< 0.001). Consistently, analysis of apoptosis-related pro-
teins showed that arginine deprivation and halofuginone
increased the Bcl-2/Bax ratio, indicating an anti-apoptotic
shift. Under arginine-deprived conditions, GCN2iB re-
duced the Bcl-2/Bax ratio compared with the Arg— group
(Fig. 3E,F; p <0.001).

Collectively, these findings provide mechanistic evi-
dence that GCN2 promotes MM cell survival by regulating
apoptosis-related pathways under amino acid deprivation.

GCN?2 Signaling Enhances PD-L1 Expression in MM
Cells

To determine whether GCN2 activation regulates PD-
L1 expression under amino acid deprivation, we examined
PD-L1 at both protein and mRNA levels. Western blot anal-
ysis showed that PD-L1 protein expression was elevated
in both the Arg— and halofuginone groups compared with
the Control group. Under arginine-deprived conditions,
GCN2iB partially reduced Arg—induced PD-L1 upregula-
tion (Fig. 4A,B; p <0.001). Consistently, qRT-PCR analy-
sis revealed that PD-L1 mRNA levels were significantly in-
creased in the Arg— and halofuginone groups, with a reduc-
tion observed upon GCN2 inhibition (Fig. 4C; p < 0.001).

Flow cytometry further demonstrated that the proportion of
CD38"PD-L1" cells was markedly increased under arginine
deprivation and further enhanced by halofuginone, while
treatment with GCN2iB led to a noticeable decrease com-
pared with the Arg— group (Fig. 4D; p <0.001).

These findings indicate that arginine deprivation and
halofuginone are associated with increased PD-L1 expres-
sion, while pharmacological inhibition of GCN2 attenuates
Arg—induced PD-L1 upregulation.

GCN2-Mediated PD-L1 Upregulation Suppresses
T-cell Activation in a Co-Culture System

To further investigate the functional impact of GCN2-
mediated PD-L1 upregulation on immune cell activity,
RPMI-8226 cells pretreated under different conditions were
co-cultured with PBMCs. Flow cytometry analysis showed
that arginine deprivation significantly reduced the propor-
tions of activated T-cells, as indicated by decreased percent-
ages of CD3"CD69* and CD37CD25™ cells compared with
the control group (Fig. 5A,B, p < 0.001). Notably, inhi-
bition of GCN2 by GCN2iB partially restored T-cell ac-
tivation, whereas blockade of PD-L1 using a neutralizing
antibody led to a more pronounced recovery, approaching
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Fig. 5. GCN2-mediated PD-L1 upregulation suppresses T-cell activation in a co-culture system. (A) Representative flow cytometry
plots showing the proportions of activated T-cells (CD3"CD69" and CD3"CD25") in PBMCs co-cultured with RPMI-8226 cells pretreated
under different conditions: control (Co-Ctrl), arginine deprivation (Co-Arg-), arginine deprivation with GCN2 inhibition (Co-Arg— +
GCN2iB, 2 uM), and arginine deprivation with PD-L1 blockade (Co-Arg— + anti-PD-L1). (B) Quantitative analysis of the proportions
of CD3"CD69" and CD3°CD25" T-cells in each group based on flow cytometry data. (C) ELISA analysis of IFN-y levels in culture
supernatants of the co-culture system under the indicated conditions. Data are presented as mean + SD from three independent biological
replicates. ***p < 0.001 vs. Co-Ctrl group; *p < 0.001 vs. Co-Arg— group. PBMCs, peripheral blood mononuclear cells; ELISA,

enzyme-linked immunosorbent assay; IFN-y, interferon-gamma.

control levels (Fig. 5A,B, p <0.001). These results suggest
that Arg—induced immunosuppression is, at least in part,
mediated through the GCN2-PD-L1 axis.

Consistently, ELISA analysis demonstrated that IFN-
vy secretion was significantly decreased in the Arg— group,
while both GCN2 inhibition and PD-L1 blockade markedly
increased IFN-y levels in the co-culture system (Fig. 5C, p
< 0.001). Together, these findings indicate that GCN2 ac-

tivation promotes PD-L1-dependent immune suppression,
thereby impairing T-cell activation under amino acid depri-
vation.

GCN?2 Inhibition Exhibits Limited Cytotoxicity in

PBMCs and Highlights Its Relative Selectivity

To evaluate the potential cytotoxic effects of GCN2
inhibition on normal immune cells, PBMCs were treated
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(Arg—) for 48 h. Apoptosis was assessed using Annexin V-FITC/PI staining. (B) Quantitative analysis of apoptotic cells (early + late
apoptosis) in PBMCs based on flow cytometry data. (C) CCK-8 assay showing PBMC viability at 24 h, 48 h, and 72 h following treatment

with increasing concentrations of GCN2iB under arginine deprivation. Relative metabolic activity is expressed as a percentage relative

to the Arg— group at each time point. Data are presented as mean = SD from three independent biological replicates. *p < 0.05, **p <

0.01, ***p <0.001 vs. Arg— group.

with increasing concentrations of GCN2iB (0.5-5 uM) un-
der arginine-deprived conditions. Flow cytometry analysis
revealed a slight but dose-dependent increase in apoptosis,
with the highest apoptotic rate observed at 5 uM GCN2iB,
while the overall magnitude of apoptosis remained rela-
tively low compared with that observed in MM cells (Fig.
6A,B, p <0.001).

Consistently, CCK-8 assays showed that PBMC via-
bility was only mildly affected by GCN2 inhibition, with a
gradual decrease observed over time and at higher concen-
trations, but without pronounced cytotoxicity (Fig. 6C, p <
0.001). These findings suggest that GCN2 inhibition exerts
limited effects on normal immune cell viability, highlight-
ing a degree of relative selectivity toward tumor cells.

Discussion

In this study, we demonstrate that amino acid de-
privation robustly activates the GCN2—eIF20—ATF4 sig-
naling axis in RPMI-8226 multiple myeloma cells, which
promotes cell survival and enhances PD-L1 expression.
Both physiological deprivation (arginine-free medium) and

pharmacologic mimicry (halofuginone) induced GCN2
phosphorylation and downstream activation of ATF4 and
CHOP, whereas GCN2 inhibition via GCN2iB reversed
these effects. These findings highlight GCN2 as a critical
metabolic stress sensor that supports RPMI-8226 myeloma
cell adaptation and immune evasion. Notably, the appar-
ent increase in CCK-8-based viability under arginine depri-
vation likely reflects enhanced metabolic adaptation rather
than a true increase in cell proliferation. Under nutrient
stress conditions, activation of the GCN2-mediated inte-
grated stress response promotes ATF4-dependent adaptive
programs that support T-cell survival, indicating that MM
cells adapt to amino acid limitation rather than proliferate
normally [17]. Our data are consistent with recent stud-
ies reporting that GCN2 serves as a master regulator of
the ISR and promotes tumor cell survival under nutrient-
deprived conditions [13,18]. Mechanistically, we found
that GCN2 activation promotes survival by increasing Bcl-
2 and decreasing Bax expression, consistent with previ-
ous reports showing that ATF4-CHOP signaling can rewire
the apoptotic threshold in stressed cells [7,19]. Moreover,
flow cytometry and Western blot analyses confirmed that
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GCN2 inhibition increased Annexin V™ apoptotic popu-
lations and reversed the survival advantage conferred by
amino acid deprivation. These observations suggest that
GCN2 functions as a metabolic stress sensor and molecu-
lar switch integrating amino acid deprivation signals with
downstream stress pathways. Under nutrient stress such
as glutamine or methionine starvation, GCN2 activates the
ISR, leading to ATF4-mediated upregulation of TRAIL-R2
and caspase-8-dependent apoptosis [20]. Conversely, in
immune-regulatory contexts, GCN2 promotes tolerance by
enhancing IL-10 production and suppressing IL-12 transla-
tion in macrophages, thereby preventing inflammatory T-
cell responses to apoptotic cells [21]. In retinoblastoma
cells, GCN2 signaling also regulates survival and death by
coordinating autophagy, G2 arrest, and apoptosis upon argi-
nine deprivation, partly through modulation of SLC7A11
and mTORCI activity [22]. Thus, GCN2 can either pro-
mote apoptosis or support adaptation depending on the cel-
lular context, consistent with our findings that it confers a
survival advantage in MM.

A particularly novel finding of the present study is the
association between GCN2 signaling and PD-L1 regulation
in MM cells. We found that PD-L1 expression at both the
mRNA and protein levels was significantly upregulated by
arginine deprivation and halofuginone, and this effect was
partially reversed by GCN2iB. Flow cytometry further vali-
dated these findings by showing an increased percentage of
CD38"PD-L1" MM cells under stress, consistent with en-
hanced immune-evasive potential. While previous studies
have implicated metabolic stress in promoting PD-L1 via
the PERK pathway [7], our results support a distinct mech-
anism in which GCN2-ATF4 contributes to immunomodu-
latory gene expression, in agreement with observations in
other cancers and immune cell systems [23,24]. From a
translational perspective, these findings suggest that GCN2
inhibition may provide a dual therapeutic benefit in MM by
simultaneously impairing metabolic adaptation and reduc-
ing PD-L1-mediated immune escape, in line with the grow-
ing interest in combining immunotherapy with metabolic
stress modulation.

However, several limitations should be acknowledged
in this study. First, this study is limited to a single MM
cell line (RPMI-8226), and therefore may not fully capture
the heterogeneity of multiple myeloma. Validation in addi-
tional MM cell lines and primary patient-derived cells will
be required to confirm the generalizability of these findings.
Second, although we focused on PD-L1, other immune
modulators (e.g., IDO2, Galectin-9) may also be influenced
by GCN2 and warrant further investigation. Lastly, the
long-term impact of GCN2 blockade on immune cell sub-
sets in the bone marrow niche remains to be clarified.
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Conclusion

This study demonstrates that activation of GCN2 pro-
motes survival and PD-L1 expression in RPMI-8226 multi-
ple myeloma cells under amino acid deprivation, thereby
supporting both metabolic adaptation and immune eva-
sion. Conversely, pharmacological inhibition of GCN2 re-
verses these effects, suggesting that targeting this pathway
may represent a promising therapeutic strategy for multiple
myeloma.
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