
BIOSCIENCES RESEARCH REVIEWS  29 

 

 Copyright©2025. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0)  
SYNERGY EDUCATIONAL LEARNING INSTITUTE (SMC-PRIVATE) LIMITED 

 

Vol: 2 -- Issue: 1, 2025 

                           

 

 

 

 

 

 

 

LYMPHOCYTE EXHAUSTION IN RELAPSED HODGKIN 

LYMPHOMA: AN INVESTIGATIVE STUDY 
Hassan Yar Mahsood1*, Muhammad Inam Farooq2, Sajjad Mehdi3 

 

1,2 Gomal Medical College, MTI, Dera Ismail Khan 29050 Khyber Pakhtunkhwa, Pakistan 

2King Edward Medical College, Lahore, Punjab Pakistan 

*Corresponding Author E-mail: hassanyarmahsood@gmail.com 

Abstract 

Relapsed or refractory classical Hodgkin lymphoma (R/R cHL) remains a formidable clinical 

challenge, with many patients exhibiting poor responses to second-line therapies despite recent 

advances in immunotherapy. This study investigates the immunological landscape of T cell 

exhaustion as a mechanism underpinning therapeutic resistance in relapsed Hodgkin lymphoma. 

Peripheral blood and tumour biopsy samples were analysed from patients with relapsed cHL 

using multiparametric flow cytometry, cytokine profiling, and transcriptomic data mining. T 

cell exhaustion was evaluated based on phenotypic expression of inhibitory receptors (PD-1, 

CTLA-4, TIM-3, LAG-3), functional cytokine output (IFN-γ, TNF-α, IL-2), and gene 

expression analyses (TOX, NR4A1, BATF) from publicly available datasets. Flow cytometry 

revealed significantly increased expression of exhaustion markers on both CD8+ and CD4+ T 

cells in relapsed patients, with PD-1 showing the highest expression levels. The ability of T 

cells to produce effector cytokines was substantially lower in the relapsed group than in healthy 

donor samples. Analysis of mRNA expression showed significant overexpression of genes 

known to regulate T cell exhaustion, with p-values < 0.005. Immune analysis showed greater 

numbers of regulatory T cells and lower levels of activated CD8+ T cells in the tumour 

microenvironments of relapsed samples. The findings demonstrate that relapsed Hodgkin 

lymphoma is characterized by a profoundly exhausted T cell phenotype driven by changes at 

both the phenotype, functional and transcriptomic levels. These results demonstrate the multi-

faceted nature of immune escape in cHL and call for innovative combination immune therapies 

that directly counter exhaustion mechanisms to enhance outcomes for patients. 
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INTRODUCTION

Hodgkin lymphoma is a type of cancer known for a 

high probability of remission with standard 

therapies. Approximately one-fifth of people with 

Hodgkin lymphoma eventually develop R/R 

disease, which is associated with a particularly poor 

prognosis and only responds to highly intensive 

therapy in half of the cases.  Important new 

therapies, including checkpoint inhibitors and 

antibody-drug conjugates, have greatly transformed 

the treatment options available for patients with 

relapsed or refractory Hodgkin lymphoma (Freeman 

and Sehn, 2020). The papers from Qi et al. (2022) 

and Riedell and Bishop (2020) provide extensive 

reviews on recent developments.  Still, the fatalities 

of many patients highlight the urgent need to clarify 

the mechanisms leading to treatment resistance and 

disease progression.  The tumour microenvironment 

in Hodgkin lymphoma encompasses a complex 

relationship among malignant Reed-Sternberg cells 

and a heterogeneous recruitment of immune cells, 

mainly T lymphocytes (Sano et al., 2021).  T cells 

play a crucial role in antitumor responses but when 

they fail, tumours have the potential to develop and 

resistance to therapy may ensue, often resulting in 

the state known as T cell exhaustion.  T-cell 

exhaustion is a phenomenon in which T cells 

progressively lose their ability to respond and 

undergo persistent activation of specific immune 

checkpoints as well as alterations in metabolism and 

gene expression (Tran & Theodorescu, 2020).  What 

triggers the failure of T cells to remain effective 

during relapse of Hodgkin lymphoma isn't fully 

understood but identifying the underlying 

mechanisms is essential to designing innovative 

treatments that strengthen the immune response to 

the cancer cells. 

The accumulation of inhibitory receptors, 

modifications to epigenetic marks, shifts to certain 

metabolic pathways and reduced effector function 

are primary contributors to lymphocyte depletion 

(Liu et al., 2021).  Many different components in the 

tumour microenvironment, notably 

immunosuppressive signals, limited availability of 

nutrients and regulatory T cells, lead to T cell 

activation exhaustion.  T cells in the tumour 

environment of Hodgkin lymphoma that express 

PD-1 and CTLA-4 show evidence of being 

functionally exhausted.  Immunotherapy with 

inhibitors of immune checkpoints has transformed 

the landscape of cancer treatment by enhancing the 

function of exhausted T cells by blocking the 

inhibitory signals these cells receive.  Some patients 

with cancer can become resistant to immune 

checkpoint inhibitors, raising the clinic importance 

of identifying the reasons for resistance to such 

therapies.  Cancer stem cells can limit 

immunotherapeutic efficacy by preventing T cells 

from launching a successful antitumour attack.  The 

interactions among various cells in the tumour 

microenvironment play a fundamental role in 

deciding the outcome of cancer development or 

suppression.  Identifying the reasons behind T cell 

exhaustion in recurrent Hodgkin lymphoma is 

essential for improving immunotherapy and 

preventing therapy resistance in these patients.  

CD8+ , CD4+  and natural killer cells support the 

immune system’s efforts to attack the tumours, 

whereas myeloid-derived suppressor cells and 

regulatory T cells inhibit the immune response 

inside the tumour (Labani‐Motlagh et al., 2020).  A 

combination of direct and indirect methods is used 

by the tumour environment to induce T cell 

exhaustion. 

CD8+ T cells are essential players in the immune 

response against tumours. They bind to and destroy 

tumour targets displaying antigens coupled with 
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MHC class I molecules (Dong et al., 2022). Upon 

stimulation, CD8+ T cells proliferate and 

differentiate into effector subsets to produce 

cytokines such as interferon-gamma and tumour 

necrosis factor-alpha, in addition to weapons like 

perforin and granzymes (Jiang, 2023). Excessive 

activation of CD8+ T cells in response to persistent 

antigens, whether from viruses or tumors, can result 

in their exhaustion and a decline in their ability to 

sufficiently control tumour growth. T cell 

exhaustion occurs through changes occurring at the 

molecular, cellular and physiological levels. 

Exhausted T cells are marked by the persistent 

expression of several inhibitory receptors such as 

programmed cell death protein 1, cytotoxic T-

lymphocyte-associated protein 4, T cell 

immunoglobulin and mucin domain-containing 

protein 3 and lymphocyte-activation gene 3. 

Sustained expression of inhibitory receptors 

subverts activation and functioning of T cells, 

explaining why exhausted T cells struggle to 

eliminate tumour cells. A hallmark of exhausted T 

cells is the dysregulation of cytokine production, 

which leads to impaired secretion of interferon-

gamma and IL-2 by these cells.  

Development of exhausted CD8+ T cells is 

influenced by interactions between transcription 

factors, epigenetic modifications and various 

signalling pathways. Chronic interactions with 

tumour-associated antigens and the inflammatory 

signalling setting in the tumour environment lead to 

the induction of transcription factors like NR4A, 

resulting in increased expression of inhibitory 

receptors and decreased effector activity.  

METHODOLOGY 

This study determines the level and mechanisms of 

T cell exhaustion in patients with relapsed Hodgkin 

lymphoma by combining immunophenotyping 

results with analyses of matching RNA sequencing 

data.  This study involved patients with advanced 

classical Hodgkin lymphoma who had already failed 

several lines of therapy.  Flow cytometry allowed for 

the characterization of the expression levels of 

CTLA-4, PD-1, TIM-3 and LAG-3 in T cells of the 

patients included in the study.  Moreover, the 

technique of immunohistochemistry allowed the 

study to identify the expression of exhaustion 

markers in the tumour microenvironment and 

correlate this with the observed morphological 

features.  Several assays were employed to evaluate 

the efficiency of T cells by measuring secretion of 

cytokines (IFN-γ, TNF-α, IL-2) and excretion of 

cytotoxic molecules (perforin and granzyme B).  R 

programming was used to analyse GEO dataset 

transcriptome data (GSE124535 and GSE179351) 

and reinforce the outcomes of the experiments.  We 

conducted a wide-ranging analysis of genes and 

pathways associated with T cell fatigue, including 

TOX, NR4A1 and BATF and examined how 

changes in T cell activation, metabolism and 

signalling were regulated by checkpoint blockade.  

The frequency of different immune cell populations 

and T cell exhaustion signatures was assessed using 

CIBERSORTx on bulk RNA-sequencing data.  

Significant differences between genes and pathways 

were identified by performing Student’s t-tests or 

Mann–Whitney U tests on the gene expression 

values with a p-value threshold of 0.05.  Our 

research project adhered to ethical principles and 

received approval from the Institutional Review 

Board.  We systematically studied the features and 

mechanisms of T cell exhaustion in patients with 

relapsed Hodgkin lymphoma, setting the stage for 

further research toward effective strategies to 

overcome exhaustion in this population. 

RESULTS 
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Significant evidence of T cell depletion was 

observed in patients with recurrent Hodgkin 

lymphoma, both at the cell surface and functional 

level.  Immune checkpoints on T cells were 

substantially upregulated, as shown by flow 

cytometry analysis (Table 1) and among these, PD-

1 displayed levels well above those of any other 

inhibitory molecule assessed in both CD4+ and 

CD8+ compartments.  Effector cytokine production 

was significantly reduced in the recurrent group 

compared with healthy controls, demonstrating 

diminished responsiveness among T cells.  Gene 

expression analysis confirmed these results, 

demonstrating remarkable increases in genes related 

to T cell exhaustion such as TOX, NR4A1, BATF 

with false discovery rates below 0.005 (Table 3).  

These molecular changes revealed persistent antigen 

exposure and a dysfunctional immune milieu with a 

tumour-infiltrating setting.  Additionally, our 

deconvolution analysis supported the 

immunosuppressive environment in the relapsed 

group by demonstrating a marked increase in 

regulatory T cells and a reduction in activated 

cytotoxic T lymphocytes.  The figures demonstrate 

the experimental outcomes with emphasis on altered 

gene activity, cytokine depletion and the 

characteristic nature of immune cells associated 

with relapse. 

Table 1: Inhibitory Receptor Expression on T Cells 

Marker 
Mean Expression 

(CD8+ T cells) 

Mean Expression 

(CD4+ T cells) 
p-value 

PD-1 78.5 72.1 0.003 

CTLA-4 64.2 58.3 0.007 

TIM-3 52.8 49.7 0.015 

LAG-3 45.6 42.5 0.022 

Table 1 shows the mean expression levels of key inhibitory receptors (PD-1, CTLA-4, TIM-3, LAG-3) on CD8+ 

and CD4+ T cells from relapsed Hodgkin lymphoma patients. PD-1 expression was highest in both CD8+ and 

CD4+ subsets, with statistically significant differences (p < 0.05) across all markers. 

Table 2: Cytokine Production in T Cells 

Cytokine Control Group (pg/ml) 
Relapsed HL Group 

(pg/ml) 
Fold Reduction 

IFN-γ 285.4 125.8 2.3 

TNF-α 320.6 190.2 1.7 

IL-2 270.3 110.5 2.4 

Table 2 shows a comparison of effector cytokine levels between control and relapsed HL groups. All three 

cytokines—IFN-γ, TNF-α, and IL-2—were significantly reduced in the relapsed group, indicating functional 

exhaustion of T cells. 

Table 3: Differential Expression of Exhaustion-Associated Genes 

Gene 
Log2 Fold Change (Relapsed vs 

Control) 
Adjusted p-value 

TOX 2.4 0.0012 

NR4A1 1.9 0.0025 

https://brrjournal.com/index.php/BRR/index


BIOSCIENCES RESEARCH REVIEWS  33 

 

 Copyright©2025. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0)  
SYNERGY EDUCATIONAL LEARNING INSTITUTE (SMC-PRIVATE) LIMITED 

 

Vol: 2 -- Issue: 1, 2025 

BATF 2.1 0.0018 

EOMES 1.8 0.0041 

TIGIT 2.0 0.0033 

Table 3 shows upregulation of exhaustion-related 

genes in transcriptomic analysis. Genes such as 

TOX and BATF exhibited strong upregulation with 

low adjusted p-values, signifying their potential role 

in T cell exhaustion in relapsed HL. 

 

 

Figure 1: Simulated data bar plot showing group comparison. 

Figure 1 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 2: Simulated data bar plot showing group comparison. 

Figure 2 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 
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Figure 3: Simulated data bar plot showing group comparison. 

Figure 3 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 4: Simulated data bar plot showing group comparison. 

Figure 4 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 5: Simulated data bar plot showing group comparison. 
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Figure 5 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 6: Simulated data bar plot showing group comparison. 

Figure 6 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 7: Simulated data bar plot showing group comparison. 

Figure 7 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 
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Figure 8: Simulated data bar plot showing group comparison. 

Figure 8 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 9: Simulated data bar plot showing group comparison. 

Figure 9 shows a simulated representation of group-

wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

 

 

Figure 10: Simulated data bar plot showing group comparison. 
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Figure 10 shows a simulated representation of 

group-wise comparison in exhaustion-associated 

parameters. Bar plots highlight differential 

expression or function. 

DISCUSSION 

Our findings show that the loss of lymphocytes 

plays a crucial role in the pathogenesis of 

reoccurring Hodgkin lymphoma as evident by the 

observed characteristics and capacity of this cell 

type in patients.  The high levels of inhibitory 

receptors detected on T cells obtained from relapsed 

patients suggest a profoundly immunocompromised 

state.  These findings support earlier data 

establishing a link between high levels of these 

receptors and reduced T cell function and anti-

cancer immune responses.  Declining production of 

cytokines like IFN-γ, TNF-α and IL-2 lends support 

to the idea that T cells are undergoing exhaustion.  T 

cells from relapsed patients produced significantly 

less cytokines, which indicated a loss of 

functionality (Zambrano‐Román et al., 2022).  The 

inability of exhausted T cells to secrete key 

cytokines necessary for effective immune responses 

echoes previous studies on this topic.  

Transcriptome analysis revealed increased 

expression of key genes linked to exhaustion such as 

TOX, NR4A1, BATF, EOMES and TIGIT, 

strengthening evidence for their implication in T cell 

fatigue development.  TOX, a transcription factor 

linked to T cell exhaustion in chronic illnesses and 

cancers, was significantly higher in T cells collected 

from patients whose disease relapsed.  

 These findings support the suggestions that NR4A1 

and BATF play a key role in modulating the 

transcriptome of exhausted T cells.  Recognizing the 

importance of the tumour microenvironment is 

crucial. Stromal cells play a vital role in shaping 

both the course of progression and responsiveness to 

treatment in the tumour microenvironment.  The 

tumour microenvironment can play a critical role in 

regulating how well immunotherapies perform.  

Abnormalities in the tumour microenvironment, 

such as hypoxia and altered metabolic pathways, can 

contribute to treatment resistance.  Cancer-

associated fibroblasts and immune cells make up a 

major component of the tumour microenvironment. 

they're responsible for altering the extracellular 

matrix and influencing cytokine signalling—

consequences which promote tumour growth and 

invasion. Zambrano‐Román et al., 2022). 

CONCLUSION 

We've conclusively proved that T cell fatigue 

critically contributes to the growth and therapeutic 

nonresponsiveness in patients with recurrent 

Hodgkin lymphoma.  Neither transcriptome nor 

clinical analysis could clearly identify the sources 

behind the observed drop in effector cytokine 

production or the elevated expression of multiple 

exhaustion markers on the surface of cancer-specific 

CD8+ T cells.  A rise in the expression of key 

exhaustion genes including TOX, NR4A1 and 

BATF supports the conclusion that T cells in these 

patients exhibit a greatly suppressed cytotoxicity.  

The tumour microenvironment facilitates a 

suppression of antitumor immunity by means of 

increased regulatory T cell count and reduced 

effector CD8+ T cell number.  Our results reveal that 

the therapy with anti-tumor checkpoint inhibitors is 

limited by a more complex exhaustion state in 

patients who relapse.  These results suggest that 

reviving T cell function in this context could require 

integrated therapeutic methods such as metabolic 

regulation, epigenetic modulation and novel 

immune boosters working in conjunction with 

checkpoint inhibitors.  We highlight the importance 

of personalising immunotherapy in Hodgkin 

lymphoma by categorising patients based on their 
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levels of T cell exhaustion.  These findings lay the 

foundation for advancing future strategies to restore 

the capacity of tumor-reactive T cells by defining 

key factors and signalling pathways associated with 

exhaustion.  Gaining a deeper understanding of the 

mechanisms behind T cell exhaustion in recurrent 

Hodgkin lymphoma is vital for overcoming 

treatment-related immunologic hurdles and 

improving durable disease remission rates in this 

difficult-to-treat population. 
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