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ABSTRACT
Background: Glucose deprivation in T lymphocytes can trigger 
compensatory metabolic pathways, potentially contributing to 
T-cell exhaustion. Additionally, it may induce the unfolded protein 
response (UPR), ultimately resulting in endoplasmic reticulum 
(ER) stress.
Objectives: To examine the transcriptional profiles of endoplasmic 
reticulum (ER) stress markers and T-cell exhaustion indicators in 
CD8+ T lymphocytes isolated from B-ALL patients.
Methods: Peripheral blood samples were collected from 22 untreated 
B-ALL patients and 22 healthy controls. Magnetic Activated Cell 
Sorting (MACS) was used to isolate CD8+ T lymphocytes. The 
relative gene expression was then assessed using qRT-PCR with 
primers specific to XBP1, CHOP, GLUT1, and T-bet.
Results: The ER stress response was significantly activated in 
CD8+ T lymphocytes from B-ALL patients, as evidenced by 
significant increase in both XBP1 and CHOP transcript levels, 
relative to normal donors. Although GLUT1 mRNA expression 
was significantly higher than in control groups, T-bet expression 
showed no significant difference between the two groups.
Conclusion: Collectively, our gene expression data suggest ER 
stress activation in CD8+ T lymphocytes from B-ALL patients. 
These findings warrant further investigation into ER stress-related 
signaling pathways and their potential role in promoting T-cell 
exhaustion in B-ALL.
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INTRODUCTION

B-cell acute lymphoblastic leukemia (B-ALL) 
is a heterogeneous and life-threatening disease 
primarily detected in children and juveniles. 
This subtype of leukemia features malignant 
overgrowth of early-stage B-cell progenitors in 
the hematopoietic niche (1). Recent advances 
in molecular characterization, risk-stratified 
treatment protocols, and innovative therapies 
have significantly improved survival rates 
in B-ALL, particularly in pediatric cases 
(2). In addition to hematopoietic stem cell 
transplantation, radiation therapy and 
chemotherapy (3), increasing research have 
focused on immunotherapeutic approaches 
(4, 5). In certain pathological conditions, such 
as acute infections and cancers, persistent 
antigen exposure can induce T-cell exhaustion. 
Exhausted T lymphocytes overexpress 
immune-checkpoint receptors (ICRs) that 
bind their ligands. Ultimately, the proliferative 
capacity, cytokine production, and cytotoxic 
function of T lymphocytes are impaired (6). 

Growing evidence suggest that metabolic 
dysregulation, particularly those resulting from 
glucose deprivation in T lymphocytes, plays 
a pivotal role in driving T-cell exhaustion. In 
this regard, exhausted T lymphocytes show 
decreased levels of glycolysis and GLUT1 
expression, mediated through suppression 
of mTOR signaling pathways (7, 8). Within 
these cells, reduced GLUT1 expression results 
in decreased glucose uptake, impairing both 
glycolysis and oxidative phosphorylation 
(OXPHOS). Consequently, exhausted T 
lymphocytes preferentially switch metabolic 
pathways from glycolysis and OXPHOS to 
fatty acid oxidation (FAO) (7-9). Following 
the synthesis of new proteins by ribosomes 
and transportation into the endoplasmic 
reticulum (ER) lumen, they undergo a 
process called protein folding. N-linked 
glycosylation is a form of post-translational 
modification associated with protein folding. 
Glucose is crucial for N-glycosylation in 
the modulation of folding new protein (10). 
Glucose deprivation compromises the protein 

folding, leading to accumulation of misfolded 
proteins in the ER lumen that stimulates 
the activation of ER stress sensors, such as 
protein kinase RNA-like ER kinase (PERK), 
inositol-requiring enzyme 1 alpha (IRE-1a) and 
activating transcription factor 6 (ATF6) (11). 
Exhausted T lymphocytes experience reduced 
glucose uptake resulting from downregulated 
GLUT1 expression (7, 8). Therefore, these 
findings demonstrate disruption in protein 
folding and consequent ER stress (12, 13). ER 
stress induces the unfolded protein response 
(UPR), which is a compensatory signaling 
network that aims to resolve folding stress 
and recover ER homeostasis, supporting cell 
survival and adaptation (14). UPR activates 
various transcription factors to modify the 
gene expression of multiple proteins. X-box 
binding protein (XBP1) acts as a crucial 
effector molecule in the cellular stress response 
pathway, becoming functionally active through 
IRE-1α-mediated signaling during endoplasmic 
reticulum stress. XBP1 binds to both the pdcd1 
and CD244a genes’ promoters and enhances 
the expression of PD-1 and CD244 genes (15). 
Additionally, the C/EBP homologous protein 
(CHOP) is activated through dual ER stress 
transduction mechanisms: the PERK- eIF2α-
ATF4 signaling axis and the ATF6 proteolytic 
activation pathway. CHOP downregulates 
TBX21 gene expression directly and diminishes 
T-bet protein expression. T-bet is the main 
transcription factor of activated T-cells (16). 

Little is known about the association 
between GLUT1, ER stress genes, and ICRs 
in exhausted T lymphocytes in B-ALL. This 
study aimed to assess the mRNA expression 
levels of GLUT1, XBP1, CHOP, and T-bet in 
CD8+ T lymphocytes from individuals with 
B-ALL. The findings of this study could help 
identify new targets for immunotherapy.

MATERIALS AND METHODS

Patients and Controls 
In line with previous studies (17-19), this 

research included 22 individuals diagnosed 
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with B-cell acute lymphoblastic leukemia 
(B-ALL) from the Hematology and Oncology 
departments of Imam Khomeini Hospital and 
Bou-Ali Sina Hospital, both affiliated with 
Mazandaran University of Medical Sciences 
in Iran. Additionally, 22 healthy volunteers 
were included for comparison, as a control 
group. Patient diagnoses were confirmed 
based on standardized World Health 
Organization (WHO) guidelines, which 
involved evaluations of blood cell counts, 
cellular morphology, and immunophenotyping 
analyses conducted on either peripheral blood 
or bone marrow specimens (20). The study 
excluded participants who had persistent viral 
infections, inherited or acquired immune 
system disorders, previous diagnoses of other 
malignancies, or autoimmune conditions. In 
compliance with Mazandaran University 
of Medical Sciences’ ethical regulations, 
written informed consent was obtained from 
all subjects before their participation (Ethics 
Code: MAZUMS.REC.1402.18135). Blood 
samples (8–10 mL) were collected from each 
individual using heparin as an anticoagulant 
to prevent coagulation. 

Isolation of CD8+ T lymphocytes by 
magnetic-activated cell sorting (MACS)

Peripheral blood mononuclear cells 
(PBMCs) were isolated from blood samples 
through Ficoll-Histopaque density gradient 
centrifugation (Biosera, France). After viability 
assessment with trypan blue staining, CD8+ 
T lymphocytes were purified from PBMCs 

using CD8 microbead-based MACS (Miltenyi 
Biotec, Germany). The purity of the isolated 
CD8+ T lymphocytes was confirmed through 
dual-color flow cytometry using anti-CD3-PE 
and anti-CD8-FITC antibodies (BioLegend, 
USA) on a Partec PAS flow cytometer (Partec 
GmbH, Münster, Germany). The isolated 
CD8+ T-cell populations consistently exhibited 
>99% purity (21).

Quantitative Reverse-Transcription PCR 
(qRT-PCR)

Total RNA was isolated from CD8+ T 
lymphocytes using the FavorPrep Blood/
Cultured Cell Total RNA Mini Kit (Favorgen, 
Taiwan) following the manufacturer’s 
instructions. RNA concentration and purity 
were assessed using a nano-spectrophotometer, 
while integrity was verified by electrophoresis. 
Subsequently, complementary DNA (cDNA) 
was generated from the extracted RNA using 
the cDNA Synthesis Kit (Yekta Tajhiz Azma, 
Tehran, Iran) according to the manufacturer’s 
protocol. mRNA expression levels of GLUT1,  
XBP1, CHOP, T-bet, and the reference gene 
HPRT were quantified using a High Rox real-
time PCR master mix (Ampliqon, Denmark) on 
an ABI StepOne Plus system (Thermo Scientific). 
Gene-specific primers were designed, and 
their amplification efficiencies were validated 
by conventional PCR and further confirmed 
using LinregPCR software. After normalization 
to HPRT, the relative expression of XBP1, 
CHOP, GLUT1, and T-bet was calculated using  
the Pfaffl method (Table 1) (22).

Table 1. Specific forward and reverse primer pairs for the amplification of genes

Gene Name Primer Sequence PCR Product Size

XBP1 (XBP1) F: AGCAAGTGGTAGATTTAGAAGAA
R: TCCTGGTTCTCAACTACAAG 97

TBX21 (T-bet) F: CCAGATGATTGTGCTCCA
R: CTGAGTAATCTCGGCATTCT 172

DDIT3 (CHOP) F: CTGGAAATGAAGAGGAAGAATC
R: CTGACTGGAATCTGGAGAG 137

SLC2A1 (GLUT1) F: GAAGAGAGTCGGCAGATG
R: AGTAATAGAAGACAGCGTTGAT 145

HPRT1 (HPRT) F: GGACTAATTATGGACAGGACTG
R: GCTCTTCAGTCTGATAAAATCTAC 195
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Statistical Analysis
Statistical analyses were conducted using 

GraphPad Prism 6 software (San Diego, 
CA, USA). Values represent means±SEM. 
Since the data were not normally distributed, 
intergroup differences were calculated using 
the Mann-Whitney U test.

RESULTS

CD8+ T Lymphocytes Experience ER Stress
We first looked at the changes in mRNA 

expression of CHOP and XBP1, two important 
regulators of ER stress, CD8+ T lymphocytes 
taken from patients. As illustrated in Fig. 1A  
and B, our findings revealed that the levels 
of CHOP and XBP1 transcript in CD8+ T 
lymphocytes from B-ALL patients were 
significantly higher compared to the control 
group, suggesting that these cells are 
undergoing ER stress. 

T-bet and GLUT1 mRNA Expression in 
Patients and Healthy Donors

We then examined the mRNA expression of 
T-bet and GLUT1, two important factors in ER 
stress, in CD8+ T lymphocytes derived from 
patients with B-ALL. Although the results 
showed similar T-bet mRNA expression 
patterns in both B-ALL patients and control 

subjects, a significant increase in GLUT1 
mRNA expression was observed in patient-
derived CD8+ T lymphocytes. (Fig. 1C and D).

DISCUSSION

This study examined the potential induction 
of ER stress in T lymphocytes derived from 
B-ALL patients, focusing on the expression 
levels of key ER stress-related genes. In T 
lymphocytes, there are numerous reasons 
that can lead to ER stress, such as glucose 
deprivation. Cancer cells consume the 
most glucose units to survive and maintain 
their escape mechanisms. One of these 
mechanisms is T-cell exhaustion which might 
be connected to ER stress. In some cancers, 
it has been shown that the XBP1 and CHOP 
genes are upregulated and activated due to ER 
stress, leading to impaired glucose uptake, 
metabolic alterations, and reduced T-cell 
infiltration into the tumor microenvironment 
(16, 23). Similarly, our results demonstrate 
that the transcript levels of CHOP and XBP1, 
two critical downstream sensors of ER stress, 
were significantly elevated in patient-derived 
CD8+ T cells compared to those from healthy 
individuals. These findings support our 
hypothesis that ER stress may be prominently 
induced in CD8+ T lymphocytes in B-ALL. 

Fig. 1. Relative mRNA expression of CHOP, XBP1, T-bet, and GLUT1 in B-ALL patients and healthy 
donors. The transcript levels of CHOP, XBP1, T-bet, and GLUT1 were measured using real-time reverse 
transcription PCR (qRT-PCR). All expression data were normalized to the reference gene HPRT and 
are presented as relative expression values. Quantitative data is expressed as mean±SEM. ns: non-
significant. *P<0.05 ؛**P<0.01 ؛*** P<0.001؛ ****P<0.0001. CHOP: C/EBP homologous protein; XBP1: 
X-box binding protein-1; GLUT1: Glucose transporter type 1
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Furthermore, GLUT1 is an essential protein 
involved in regulating ER stress and 
contributing to T-cell exhaustion. One of the 
mechanisms that could lead to ER stress is 
glucose deprivation, which is expected to 
reduce both GLUT1 expression and activity. 
Consequently, T lymphocytes experience 
lower glycolysis, ultimately leading to ER 
stress. In this regard, Guerrero et al. showed 
that overexpression of GLUT1 in CAR-T-
cells could alleviate T-cell exhaustion (24). 
However, Schurich et al. reported that in HBV 
infection, a chronic viral disease, exhausted 
T lymphocytes upregulate GLUT1, which 
is consistent with PD-1 expression (25). In 
our study, we did not observe a significant 
difference in T-bet transcript levels in CD8+ 
T cells when comparing B-ALL patients 
with healthy controls. We have previously 
demonstrated that CD8+ T lymphocytes 
exhibit heterogeneity and function as 
progenitor exhausted T lymphocytes in 
B-ALL (manuscript under review). We 
have also indicated that the pattern of ICR 
expression in CD8+ T lymphocytes differs 
in B-ALL compared to solid tumors (21). 
Therefore, it is suggested that in B-ALL, 
unlike in some solid tumors, T lymphocytes 
are not fully exhausted; however, further 
investigations are needed.

In conclusion, our findings indicate that ER 
stress occurs in B-ALL, as CHOP and XBP1, 
two key ER stress markers, are significantly 
elevated in patient-derived CD8+ T cells 
compared to those from healthy individuals. 
Additional research is necessary to assess the 
effects of ER stress on T-cell exhaustion. A 
proper understanding of the mechanistic link 
between ER stress and T-cell exhaustion in 
B-ALL could help identify new therapeutic 
strategies for this disease. 
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