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This literature review summarizes recent studies on T cell exhaustion and its role in post-acute

infection syndromes (PAIS), including Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)

and Long COVID. It synthesizes the current evidence on how persistent immune dysfunction

contributes to the chronic symptoms seen in these conditions. T cell exhaustion, marked by continuous

antigen exposure, diminished effector function, and increased expression of inhibitory receptors such

as PD-1, CTLA-4, TIM-3, and TIGIT, is increasingly recognized as a key factor in the pathogenesis of

PAIS. Clinical and molecular studies have revealed altered T cell populations, impaired proliferative

responses, and metabolic dysregulation in affected patients. Persistent viral antigens are implicated in

maintaining this exhausted state, whereas neuroimmune interactions and autoimmune processes may

further sustain symptomatology. Although this review did not employ a formal systematic

methodology, it integrated �ndings from multiple studies to provide a comprehensive overview of the

�eld. Challenges remain regarding standardized diagnostic criteria and biomarkers; however, advances

in immune exhaustion markers present the potential for improved diagnosis and targeted treatments.

Emerging therapeutic approaches include immune checkpoint modulation, metabolic interventions,

antiviral therapy, and immunomodulation. Further research is needed to clarify the mechanisms,

validate the biomarkers, and develop effective clinical interventions. Recognizing T cell exhaustion as a

central mechanism offers a foundation for advancing our understanding and management of PAIS.
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Introduction

Post-Acute Infection Syndromes (PAIS) are a group of conditions characterized by persistent, often

disabling symptoms following the resolution of an acute infection  [1][2]. Historically, Myalgic

Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) has served as a prototypical example of PAIS, with

documented outbreaks and patient clusters described over several decades [3]. ME/CFS is characterized by

chronic fatigue, post-exertional malaise, cognitive impairment, sleep disturbances, and autonomic

dysfunction, often following a viral illness [2][4][5].

The COVID-19 pandemic has brought unprecedented attention to this class of disorders through the

recognition of Long COVID, which shares many clinical features with ME/CFS but occurs following SARS-

CoV-2 infection [1][2]. The global scale of Long COVID has highlighted the public health impact of PAIS and

accelerated research into its underlying mechanisms [4].

Recent advances in immunology have identi�ed immune dysregulation as a central feature of PAIS, with

particular attention focused on T cell exhaustion, a dysfunctional state resulting from chronic antigen

exposure, as a possible unifying mechanism underlying symptom persistence and multisystem

involvement [5][6][7][8]. This review synthesizes the current evidence implicating T cell exhaustion in PAIS

pathogenesis, with an emphasis on ME/CFS and Long COVID.

Methods

This literature review was conducted by searching major biomedical databases, including PubMed, Google

Scholar, and Scopus, to identify relevant studies on T cell exhaustion in post-acute infection syndromes

(PAIS), with a speci�c focus on ME/CFS and Long COVID. Searches were performed using combinations of

keywords such as “T cell exhaustion,” “post-acute infection syndrome,” “ME/CFS,” “Long COVID,” and

“immune dysfunction.” The search included peer-reviewed articles published up to June 2025.

Studies were selected based on their relevance to the role of T cell exhaustion in PAIS, emphasizing clinical,

molecular, and immunological �ndings. Inclusion criteria encompassed original research articles, review

papers, and clinical studies addressing immune mechanisms or therapeutic approaches related to T cell

exhaustion in PAIS. Exclusion criteria included non-peer-reviewed articles, studies not available in English,

and publications focusing on unrelated conditions or acute infections only.

Data extraction involved manually screening titles and abstracts for relevance, followed by a full-text

review of selected articles. Key information regarding study design, patient populations, immune
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parameters, and main �ndings was summarized narratively. Owing to the heterogeneity of the available

literature and the scope of this review, no formal risk of bias assessment or protocol registration was

conducted.

Given the emerging and heterogeneous nature of research on T cell exhaustion in PAIS, this literature

review aims to provide an accessible synthesis of the current �ndings without performing a full systematic

review. The objective of this study was to synthesize the current understanding and highlight emerging

themes in the immunopathology of PAIS related to T cell exhaustion.

Immunopathological Mechanisms in PAIS

Overview of Immune Dysfunction

The fundamental immunological abnormalities in PAIS involve complex dysregulation of multiple immune

components. Evidence has consistently pointed to chronic immune activation, in�ammation,

autoimmunity, and impaired cellular immune function [9][10]. Speci�cally, alterations in cytokine pro�les,

reduced natural killer (NK) cell cytotoxicity, and T cell abnormalities have been documented in both

ME/CFS and Long COVID [5][11].

Persistent antigen exposure after an acute infection drives T cell exhaustion, leading to immune

dysfunction and the core symptoms of PAIS (Figure 1).

Figure 1. Persistent antigen exposure after an acute infection drives T cell exhaustion, leading to immune

dysfunction and core symptoms of PAIS.
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T cell Exhaustion: De�nition and Signi�cance

T cell exhaustion is a progressive dysfunction arising from persistent antigen stimulation and chronic

in�ammation, originally described in chronic viral infections [8][12][3]. This adaptive mechanism limits T

cell activity to prevent immunopathology but impairs pathogen and tumor clearance when sustained [3][13]

[14][15]. Exhausted T cells show diminished proliferation despite antigen exposure, elevated expression of

inhibitory receptors (e.g., PD-1, CTLA-4, LAG-3, TIM-3, and TIGIT), and markedly reduced cytokine

production, notably IFN-γ, TNF-α, and IL-2 [8][9][14][15]. At the molecular level, transcription factors, such as

TOX, drive distinct transcriptional and epigenetic programs that stabilize exhaustion and hinder

functional restoration  [15][16][16][17][18]. Metabolic dysfunction, including impaired mitochondrial activity

and altered glucose and fatty acid metabolism, further compromises T cell responses  [14]. Importantly,

exhausted T cells fail to develop into effective memory cells, contributing to persistent immune

impairment [8][3]. These integrated phenotypic, molecular, and metabolic alterations underpin the immune

dysfunction observed in chronic infections and conditions like Post-Acute Infection Syndromes (PAIS)[5][7]

[17].

Molecular Characteristics of T cell Exhaustion

Exhausted T cells display distinct transcriptional and epigenetic programs compared to effector and

memory T cells  [3]. The transcription factor TOX plays a central role in initiating and maintaining

exhaustion, with contributions from Eomes, T-bet, and NFAT [13][16]. This altered transcriptional landscape

drives the increased expression of inhibitory receptors such as PD-1, CTLA-4, LAG-3, TIM-3, and TIGIT [15]

[18].

Epigenetically, exhausted T cells develop a unique chromatin accessibility pro�le that becomes

increasingly �xed over time, limiting the potential for functional restoration, even with checkpoint

blockade therapy  [3][13]. Metabolically, these T cells exhibit impaired mitochondrial function, reduced

glucose metabolism, and diminished fatty acid oxidation capacity, all of which contribute to their

decreased immune responsiveness  [14]. Such metabolic dysfunction may be particularly relevant in PAIS,

where systemic metabolic alterations have been observed.
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Evidence for T cell Exhaustion in PAIS

Emerging evidence supports the central role of T cell exhaustion in the pathogenesis of PAIS, including

ME/CFS and Long COVID. Alterations in T cell subsets have been consistently observed. Early-stage

ME/CFS patients often exhibit reduced CD8+ T cell counts, whereas chronic cases show decreased CD4+ T

cells and lower CD4:CD8 ratios, accompanied by impaired proliferative capacity and effector function [7][13].

These immune changes are characteristic of the exhausted T-cell phenotype.

Persistent viral antigen stimulation is a key driver of this exhaustion. Chronic infections with viruses such

as Epstein-Barr Virus (EBV) and enteroviruses (notably Coxsackie B) have been implicated in sustaining

antigenic pressure on T cells, promoting their dysfunction  [19][20][21][22]. The chronic presence of viral

antigens provides a continuous stimulus that can lock T cells into a hyporesponsive state, impeding

effective immune clearance and perpetuating symptoms.

Study Patient Group Markers/Features Assessed Main Findings

Cliff et al., 2019 [18] ME/CFS
PD-1, CTLA-4, TIM-3 (�ow

cytometry)

Increased inhibitory receptor expression;

impaired function

Saito et al., 2024 [7]
Long COVID w/

CFS

CD4+, CD8+ counts; cytokine

pro�le

Decreased T cell counts, chronic

in�ammation

Eaton-Fitch et al.,

2024 [6]

ME/CFS, Long

COVID

PD-1, TIGIT levels;

proliferation

Elevated exhaustion markers; reduced T cell

proliferation

Loretelli et al.,

2021 [11]
Post-COVID

PD-1 expression; cytokine

secretion

Persistent high PD-1 after infection, reduced

IFN-γ

Wiech et al.,

2022 [23]
Long COVID

T cell subsets; exhaustion

markers

Remodeling toward exhaustion

proportional to severity

Iu et al., 2024 [24] ME/CFS TOX, Eomes (transcriptional)
Transcriptional priming for exhaustion

phenotype

Table 1. Summary of Evidence for T Cell Exhaustion in ME/CFS and Long COVID

Supporting this, recent studies have demonstrated elevated expression of multiple inhibitory receptors—
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such as PD-1, CTLA-4, TIM-3, and TIGIT—on circulating T cells from both ME/CFS and Long COVID

patients relative to recovered controls [5][6][17][10][11]. This upregulation of inhibitory receptors is a hallmark

of T-cell exhaustion and correlates with impaired immune responsiveness. Together, these �ndings

provide compelling immunological evidence that T cell exhaustion driven by persistent viral stimuli is the

fundamental mechanism underlying PAIS.

Neuroimmune Interactions in PAIS

Neuroimmune communication plays an important role in sustaining T cell exhaustion and symptom

persistence in patients with PAIS. Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis,

commonly observed in ME/CFS and Long COVID, can alter immune responses by affecting cortisol levels,

which in turn in�uence T cell function and may reinforce exhaustion [5][23].

Autonomic nervous system dysfunction, including increased sympathetic activity, affects immune

regulation. Adrenergic signaling can modulate T cell activity and contribute to the exhausted phenotype,

creating a feedback loop between the nervous and immune systems  [5][25]. Neuroin�ammation,

characterized by microglial activation, further exacerbates this crosstalk by releasing proin�ammatory

cytokines that affect both central and peripheral immune cells, potentially sustaining T cell

dysfunction [26][27].

Molecular Mimicry and Autoimmunity

Molecular mimicry, in which pathogen-derived antigens resemble host tissues, may trigger autoimmune

responses in patients with PAIS. This mechanism can promote autoreactive immune activity when

exhausted T cells fail to maintain proper immune regulation. Chronic in�ammation driven by T cell

exhaustion may facilitate epitope spreading, worsening the autoimmune phenomena observed in some

patients with PAIS [28][29][30].

Clinical Manifestations of PAIS

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and Long COVID exhibit remarkably

similar clinical features, indicating shared underlying biological mechanisms. Recent research has

implicated T cell exhaustion as a central driver of these syndromes, contributing to the multisystem

symptoms observed in affected individuals [31][32].
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Profound fatigue, which is a persistent and disabling tiredness that is not alleviated by rest, is a hallmark of

both ME/CFS and Long COVID. This symptom is thought to re�ect chronic systemic in�ammation and

impaired cellular energy homeostasis, both of which may be consequences of sustained immune activation

and mitochondrial dysfunction [33].

Another de�ning feature is post-exertional malaise (PEM), characterized by a marked exacerbation of

symptoms after physical or cognitive exertion. Patients often experience worsening fatigue, pain, and

cognitive impairment after minimal activity. This phenomenon is hypothesized to arise from

dysfunctional energy metabolism within exhausted immune cells, resulting in an inability to meet the

increased energy demands during exertion [34].

Cognitive dysfunction, frequently described as “brain fog,” is highly prevalent among individuals with

ME/CFS and those with Long COVID. Patients reported dif�culties in memory, attention, and processing

speeds. Neuroin�ammation, driven by immune dysregulation and aberrant cytokine signaling, has been

proposed as the underlying mechanism of these cognitive impairments [35].

Sleep disturbances are also commonly reported, with patients experiencing unrefreshed sleep and

disrupted sleep architecture. Altered cytokine pro�les, particularly those involved in sleep regulation, such

as interleukin-6 and tumor necrosis factor-alpha, may contribute to these abnormalities[32].

In addition to these core symptoms, patients often report widespread musculoskeletal pain, autonomic

dysfunction (including orthostatic intolerance and postural orthostatic tachycardia syndrome), and

immune-related symptoms such as �u-like feelings, lymph node tenderness, and increased sensory

sensitivity. The breadth of these manifestations suggests persistent neuroimmune interactions and

in�ammatory signaling associated with T cell exhaustion and broader immune dysregulation[32][34].

Together, these �ndings underscore the complex interplay between immune dysfunction,

neuroin�ammation, and metabolic disturbances in the pathogenesis of ME/CFS and Long COVID. Ongoing

investigations into the speci�c immunological pathways involved may provide new insights into

therapeutic targets for these debilitating conditions.

Conventional Clinical Approach

Diagnostic Evaluation

Currently, PAIS diagnosis relies mainly on clinical assessment and the exclusion of other conditions, as

speci�c biomarkers are lacking  [36][37]. Symptom-based criteria guide diagnosis; however, objective tests
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re�ecting immune exhaustion or the underlying pathophysiology have not yet been established.

Therapeutic Approaches

Treatment is primarily supportive and symptom-focused  [36][38]. Common strategies include pacing

activities, cognitive behavioral therapy (CBT), and graded exercise therapy (GET). However, the

effectiveness of CBT and GET is debated, especially because they do not address the underlying immune

dysfunction and may worsen symptoms in some patients [39][40]. No approved therapies speci�cally target

T cell exhaustion or other immune abnormalities in patients with PAIS. Care aims to improve the quality of

life, while research continues to explore targeted interventions.

Diagnostic Approaches and Biomarkers

Potential T cell Exhaustion Biomarkers

Research on diagnostic markers for PAIS has focused on identifying the signatures of T cell exhaustion.

Elevated expression of inhibitory receptors such as PD-1, CTLA-4, TIM-3, and TIGIT on peripheral T cells

serves as accessible markers of immune dysfunction  [5][6][17]. Transcriptional pro�ling of exhaustion-

associated genes like TOX and Eomes provides detailed molecular insights [3][13][41]. Functional assays that

measure T cell proliferation, cytokine production, and metabolic capacity further characterize immune

competence and exhaustion  [14][17]. Integrative multi-omics approaches combining transcriptomics,

epigenetics, and metabolomics are emerging to develop comprehensive biomarker panels that enable

accurate diagnosis, patient strati�cation, and longitudinal monitoring [3][13][14].

Challenges in Biomarker Development

T cell exhaustion exists along a spectrum, with marker expression in�uenced by disease stage, infection,

and individual variability, complicating the establishment of diagnostic criteria. The clinical heterogeneity

of PAIS implies that no single biomarker can reliably capture all cases. Therefore, robust diagnosis and

monitoring will likely require multiparameter panels that combine inhibitory receptor levels,

transcriptional signatures, functional assays, and metabolic indicators. Ongoing research aims to validate

these panels across diverse patient populations to ensure clinical applicability [5][6][3].
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Therapeutic Implications of T cell Exhaustion in PAIS

Several therapeutic strategies targeting T cell exhaustion in PAIS have been explored previously.

Checkpoint inhibition, which involves blocking inhibitory receptors such as PD-1 and CTLA-4, has the

potential to restore the function of exhausted T cells; however, this approach requires careful dosing and

monitoring to avoid autoimmune side effects  [6][24]. Metabolic support strategies focus on improving

mitochondrial function and glucose metabolism and providing alternative energy sources to aid T cell

recovery. Nutritional supplements such as coenzyme Q10, L-carnitine, and B vitamins have shown promise

but require further investigation  [5][14]. Antiviral therapies targeting persistent infections, such as those

caused by Epstein-Barr virus (EBV), enteroviruses, and SARS-CoV-2, may reduce chronic antigen

stimulation, thus alleviating immune exhaustion  [20][42]. Additionally, immunomodulatory treatments,

including low-dose naltrexone (LDN), aim to rebalance the immune environment without causing broad

immunosuppression; other immunomodulators are also under study  [6][42][43]. Given the complexity of

PAIS, the combination of checkpoint inhibitors with metabolic support, antivirals, and immunomodulators

may provide synergistic bene�ts and improve patient outcomes [6][24].

Challenges and Future Directions

Understanding and effectively treating T cell exhaustion in PAIS remains a signi�cant challenge owing to

several critical knowledge gaps. A key question is whether T cell exhaustion acts as a primary driver of

symptom persistence or emerges as a consequence of ongoing disease processes. Clarifying this causal

relationship requires carefully designed longitudinal studies that track exhaustion markers over time, from

acute infection through PAIS development and progression [6][7][12].

Moreover, the interplay between T cell exhaustion and other systemic dysfunctions, such as autonomic

nervous system abnormalities frequently observed in PAIS, remains poorly understood. Exploring how

these systems in�uence each other could reveal important mechanistic connections and therapeutic

targets [5][19][25]. Another unresolved issue is whether distinct infectious triggers induce unique exhaustion

phenotypes, which would have implications for personalized treatment strategies [19][20].

Genetic and host factors likely modulate individual susceptibility to T cell exhaustion and PAIS

development. Identifying relevant genetic variants may help stratify patients and effectively tailor

interventions [41]. To address these complexities, future research should emphasize longitudinal immune

pro�ling that integrates immunological, metabolic, and neurological parameters using a systems biology
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approach. Developing animal models that accurately recapitulate PAIS features is crucial for mechanistic

studies and preclinical therapeutic testing [13][14].

Finally, clinical trials targeting exhaustion pathways are urgently needed to translate mechanistic insights

into effective treatments. Parallel efforts must focus on validating robust biomarker panels capable of

diagnosing PAIS and monitoring treatment response across diverse patient populations to enable precision

medicine approaches [5][6][41].

This multifaceted research agenda offers the best path to unraveling the complexities of T cell exhaustion

in PAIS and improving outcomes for affected individuals.

Discussion

This literature review highlights the emerging role of T cell exhaustion as a central immunological

mechanism potentially driving Post-Acute Infection Syndromes (PAIS), including ME/CFS and Long COVID.

Multiple studies have reported consistent alterations in T cell populations, characterized by increased

expression of inhibitory receptors such as PD-1, CTLA-4, and TIM-3, alongside impaired proliferative

responses and cytokine production  [6][17][10]. These �ndings align with earlier studies describing T cell

dysfunction in chronic viral infections and immune-mediated conditions [8][12].

Persistent antigen exposure, for example from Epstein-Barr virus or SARS-CoV-2, has been proposed as a

unifying driver of sustained immune exhaustion that underlies key PAIS symptoms, including profound

fatigue, cognitive impairment, and autonomic dysfunction  [1][20][31]. Neuroimmune interactions further

complicate this pathophysiology, where dysregulation of the hypothalamic-pituitary-adrenal axis and

autonomic nervous system may contribute to the maintenance of T cell exhaustion and symptom

persistence [23][25].

While this literature synthesis provides valuable insights into the complex immunopathology of PAIS,

several limitations must be acknowledged. The heterogeneity of study designs, patient populations, and

immunological assays limits direct cross-study comparisons [7][11]. Moreover, as this is a literature review

without a formal systematic methodology or risk-of-bias assessment, de�nitive conclusions regarding

causality or treatment ef�cacy cannot be drawn from the results.

Future research should prioritize prospective longitudinal studies using standardized immune

phenotyping and functional assays to clarify the temporal dynamics and speci�c mechanisms of T cell

exhaustion in PAIS  [6][41]. Additionally, clinical trials targeting exhaustion pathways, such as immune
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checkpoint inhibitors or metabolic modulators, are essential to translate these immunological �ndings

into effective therapies [24][42].

Limitations

This literature review did not include a formal risk-of-bias assessment or prospective protocol registration.

Therefore, relevant studies may have been missed, and selection bias could not be excluded. Readers

should interpret the �ndings considering these limitations of the study.

Conclusion

T cell exhaustion presents a promising target for understanding and potentially treating the persistent

immune dysfunction characteristic of PAIS. Integrating clinical and molecular evidence underscores the

critical need for rigorous, systematic investigations to validate biomarkers and develop targeted

immunotherapies aimed at the underlying immune impairment.
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Abbreviations and De�nitions

Abbreviation Full Term Explanation

CBT Cognitive Behavioral Therapy

A psychological intervention aiming to change patterns of

thinking or behavior that contribute to a patient’s

symptoms.

CD4+
Cluster of Differentiation 4 positive T

cell

A subset of T lymphocytes (helper T cells) involved in

immune system regulation and activation.

CD8+
Cluster of Differentiation 8 positive T

cell

A subset of T lymphocytes (cytotoxic T cells) that directly

kill infected or cancerous cells.

CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
An inhibitory receptor on T cells that downregulates

immune responses to prevent excessive activation.

EBV Epstein-Barr Virus

A herpesvirus associated with infectious mononucleosis

and implicated in various chronic illnesses, including

ME/CFS.

GET Graded Exercise Therapy

A structured physical activity program where exercise is

gradually increased, sometimes used in ME/CFS and Long

COVID management.

HPA axis Hypothalamic-Pituitary-Adrenal axis

A complex set of interactions among the hypothalamus,

pituitary gland, and adrenal glands regulating stress

response and immunity.

IFN-γ Interferon gamma
A cytokine critical for innate and adaptive immunity

against viral and intracellular bacterial infections.

IL-2 Interleukin 2
A cytokine that plays a central role in the activation and

proliferation of T cells.

LAG-3 Lymphocyte Activation Gene-3
An inhibitory receptor on T cells associated with

regulation and exhaustion.

ME/CFS
Myalgic Encephalomyelitis/Chronic

Fatigue Syndrome

A chronic, debilitating illness characterized by fatigue,

post-exertional malaise, cognitive dysfunction, and other

symptoms.
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Abbreviation Full Term Explanation

NK cell Natural Killer cell

A type of cytotoxic lymphocyte critical to the innate

immune system, involved in controlling viral infections

and tumor growth.

PAIS Post-Acute Infection Syndrome

Disorders with persistent symptoms following the

resolution of an acute infection, including ME/CFS and

Long COVID.

PD-1 Programmed Death-1

An inhibitory receptor on T cells, upregulated during

chronic antigen exposure, leading to reduced immune

function (exhaustion).

PEM Post-Exertional Malaise
Worsening of symptoms following physical or mental

exertion, a hallmark of ME/CFS and Long COVID.

POTS
Postural Orthostatic Tachycardia

Syndrome

A form of autonomic dysfunction characterized by an

increased heart rate upon standing and associated

symptoms.

SARS-CoV-2
Severe Acute Respiratory Syndrome

Coronavirus 2

The virus responsible for COVID-19, implicated in Long

COVID.

TIGIT
T cell immunoreceptor with Ig and ITIM

domains

An inhibitory receptor on T cells involved in the regulation

of immune responses and exhaustion.

TIM-3
T cell immunoglobulin and mucin-

domain containing-3

Another inhibitory receptor associated with T cell

exhaustion and immune regulation.

TNF-α Tumor Necrosis Factor alpha
A pro-in�ammatory cytokine involved in systemic

in�ammation and immune regulation.

TOX
Thymocyte selection-associated high

mobility group box protein

A transcription factor critical for establishing and

maintaining T cell exhaustion programs.

Note:

Some abbreviations refer to protein markers (e.g., PD-1, CTLA-4), others to syndromes (e.g., ME/CFS, PAIS),

therapies (CBT, GET), or physiological systems (HPA axis).

All abbreviations above are explained as used in the context of the article.
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