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ABSTRACT

Chronic infections present a persistent challenge to the adaptive immune system, requiring prolonged immune
responses that balance pathogen control with immune regulation. Unlike acute infections, chronic infections such
as HIV, tuberculosis (TB), and hepatitis B virus (HBV) persist over time, leading to a complex immune response
that can ultimately result in immune exhaustion and diminished efficacy. Adaptive immunity, driven by T and B
cells, plays a critical role in targeting infected cells and generating immunological memory. However, pathogens
in chronic infections employ a range of evasion strategies, including immune checkpoint manipulation, antigenic
variation, and latency, to evade detection and maintain infection. Prolonged antigen exposure can exhaust immune
cells, reducing their functional capacity and complicating pathogen control. Immunotherapeutic strategies,
including immune checkpoint inhibitors, therapeutic vaccines, and adoptive cell transfer, aim to reinvigorate the
adaptive immune system and improve its ability to combat persistent infections. These approaches are particularly
promising for enhancing T and B cell responses in individuals with weakened immunity due to chronic infections.
This review examines the adaptive immune mechanisms involved in chronic infections, the impact of immune
exhaustion on disease progression, and emerging therapeutic strategies to bolster immune function.
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INTRODUCTION

The adaptive immune system is essential for recognizing and responding to diverse pathogens, including bacteria,
viruses, and parasites [ 1-4]. While acute infections trigger a rapid and robust immune response that clears the
pathogen, chronic infections present a unique challenge, as the pathogen persists for extended periods, often
months to years [5-97. Chronic infections, including human immunodeficiency virus (HIV), hepatitis B virus
(HBV), and Mycobacterium tuberculosis (TB), create complex immune dynamics [37]. The adaptive immune
system relies on T and B cells to develop highly specific responses through the recognition of antigens, which
ideally leads to pathogen clearance and immunological memory. However, chronic infections drive persistent
antigenic stimulation that can exhaust the immune response, compromising the efficiency of T and B cells and
potentially resulting in immune dysfunction [47. Pathogens in chronic infections deploy various mechanisms to
evade immune detection, including antigenic variation, latency, and immune checkpoint manipulation. For
example, HIV and HBV persist by integrating into host genomes, while TB bacteria establish latency, allowing the
pathogen to escape immune surveillance [5, 67]. These adaptations complicate the immune response, leading to the
phenomenon of immune exhaustion, characterized by diminished T cell activity and reduced cytokine production,
which limits the effectiveness of adaptive immunity. Understanding the adaptive immune response in chronic
infections is critical to developing effective therapeutic interventions. Novel immunotherapeutic approaches—such
as immune checkpoint inhibitors, therapeutic vaccines, and adoptive cell transfer—aim to reinvigorate exhausted
immune cells and restore functionality [77]. This review provides an overview of the mechanisms driving adaptive
immunity in chronic infections, explores the challenges posed by immune evasion and exhaustion, and highlights
therapeutic strategies aimed at enhancing adaptive immune responses against chronic pathogens.
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Mechanisms of Adaptive Immunity in Chronic Infections
Adaptive immunity, which involves T and B lymphocytes, is critical for mounting targeted responses against
chronic infections and attempting to control pathogen persistence. Here, we explore the primary adaptive immune
mechanisms involved in responding to chronic infections.
T Cell Responses
T cells play a central role in managing chronic infections through their ability to target and clear infected cells, as
well as coordinate overall immune responses: Cytotoxic T Lymphocytes (CTLs): CD8+ T cells, also known as
CTLs, recognize and kill infected cells. In chronic infections, the continuous exposure to antigens can lead to T
cell exhaustion, a state characterized by reduced proliferation, diminished cytokine production, and decreased
cytotoxicity [87]. Markers such as PD-1 and CTLA-4 are upregulated in exhausted T cells, reflecting their
impaired functionality over time. Helper T Cells: CD4+ T cells support CTLs and B cells by secreting cytokines
that amplify their responses. In chronic infections like HIV, the depletion of CD4+ T cells disrupts immune
coordination, limiting the body's ability to effectively control the infection and contributing to immune
dysregulation [97].
B Cell Responses and Antibody Production
B cells are essential to adaptive immunity due to their ability to produce antibodies that can neutralize or tag
pathogens for destruction: Memory B Cells: In chronic infections, memory B cells are generated to maintain long-
term antibody production. However, persistent immune activation in diseases like chronic hepatitis B can impair
memory B cell function, compromising long-term immune responses 10, 117].
Antibody Maturation: Through somatic hypermutation and affinity maturation, B cells produce high-affinity
antibodies that target pathogens more effectively [12, 187. In chronic infections, these high-affinity antibodies
play a crucial role in neutralizing pathogens and containing infection spread, though the constant antigen
exposure can also disrupt this process.
Immune Memory and Chronic Infections
In chronic infections, immunological memory plays a dual role, contributing to both effective responses and
challenges in controlling persistent pathogens. Memory T and B cells are essential for mounting rapid responses
upon re-exposure to pathogens, yet continuous antigen presence in chronic infections can alter their functionality
[14-197:
Exhaustion of Memory Cells: Persistent antigen stimulation in chronic infections, such as HIV and HBV, can
lead to the exhaustion of memory T cells. Exhausted memory cells exhibit reduced proliferation, impaired cytokine
production, and decreased cytotoxic activity, limiting their effectiveness in controlling the infection [20-237.
Tissue-Resident Memory Cells: Some chronic infections, like tuberculosis (TB), involve tissue-resident memory
T cells that provide localized immune surveillance in affected areas, such as the lungs [24-277. These cells remain
within specific tissues, allowing rapid response to pathogen reactivation while aiding in long-term containment.
Pathogen Evasion Mechanisms in Chronic Infections
Pathogens causing chronic infections employ a range of immune evasion strategies, enabling long-term
persistence within the host: Antigenic Variation: Rapid mutation, as seen in HIV, leads to antigenic variation that
helps pathogens evade recognition by antibodies and cytotoxic T lymphocytes (CTLs), complicating immune
responses [28-317. Inhibitory Signals: Chronic pathogens can induce immune checkpoint pathways, such as PD-
1 and CTLA-4, on T cells, leading to immune suppression [187. Elevated PD-1 expression is associated with T
cell exhaustion in various chronic infections, diminishing T cell effectiveness.
Latency and Immune Privilege: Certain pathogens enter latent states or hide within immune-privileged sites,
evading immune surveillance. For instance, herpesviruses can reside in neurons and avoid immune attack,
reactivating under favorable conditions and causing recurrent infection [32-347].
Impact of Immune Exhaustion in Chronic Infections
Persistent infections can lead to immune exhaustion, a state in which T cells and other immune components lose
their functionality due to prolonged activation. This exhaustion severely limits the adaptive immune system’s
ability to control chronic infections effectively, often contributing to disease progression:
Functional Decline of T Cells: In chronic infections like HBV and HIV, immune exhaustion results in a
significant reduction in T cell effectiveness. Exhausted T cells lose their ability to produce key cytokines, exhibit
reduced proliferation, and have diminished cytotoxic activity, impairing their capacity to clear infected cells and
control the infection [207.
Biomarkers of Exhaustion: Exhausted T cells typically express high levels of inhibitory surface markers, such as
PD-1, TIM-38, and LAG-3, which are associated with reduced immune activity [217]. These markers not only serve
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as indicators of T cell exhaustion but also represent potential targets for immunotherapies that aim to rejuvenate
T cell function in chronic infections.
Impact on Immune Memory: Continuous exposure to antigens in chronic infections can disrupt the formation of
functional memory cells, further compromising the immune system’s ability to respond to re-infection [227]. This
impact on immune memory underscores the need for strategies that address exhaustion to improve immune
resilience in chronic infection contexts. Understanding immune exhaustion’s mechanisms and markers can guide
therapeutic approaches, such as checkpoint inhibitors, to restore immune functionality and improve disease
management in chronic infections.
Therapeutic Approaches to Enhance Adaptive Immunity in Chronic Infections
Therapies targeting adaptive immunity hold promise for managing chronic infections by revitalizing immune
responses and overcoming immune exhaustion:
Immune Checkpoint Inhibitors
Immune checkpoint inhibitors, such as those targeting PD-1 and CTLA-4, aim to reinvigorate exhausted T cells,
restoring their functionality [287. Initially developed for cancer therapy, these inhibitors are now being explored
in chronic infections, including HIV and hepatitis, to boost immune responses against persistent pathogens.
Therapeutic Vaccines
Therapeutic vaccines provide pathogen-specific antigens to stimulate immune memory, aiming to enhance T and B
cell responses in individuals already infected [247]. By boosting the body's adaptive immunity, these vaccines may
offer an additional tool to help control chronic infections.
Adoptive Cell Transfer
Adoptive cell transfer involves expanding pathogen-specific T cells outside the body and reinfusing them into
patients. This approach provides a powerful, targeted immune response, especially beneficial for patients with
significant immune suppression due to chronic infection.
Antiviral and Immunomodulatory Agents
Combining antiviral drugs with immunomodulators can reduce the pathogen burden, giving the immune system a
better chance to mount a sustained adaptive response [257]. Immunomodulatory agents may also help restore
immune balance, supporting the effectiveness of adaptive immunity in controlling the infection. These strategies
highlight the potential of adaptive immunity-based therapies to transform chronic infection management and
improve patient outcomes.
CONCLUSION
Adaptive immunity plays a pivotal role in controlling chronic infections but faces significant challenges due to
persistent pathogen presence and immune evasion mechanisms. Understanding how T and B cells respond to
chronic infections, along with the effects of immune exhaustion, is crucial for developing effective therapies.
Advances in immunotherapies, checkpoint inhibitors, and therapeutic vaccines hold promise for enhancing
adaptive immunity in patients with chronic infections. Future research should continue exploring innovative
strategies to harness the adaptive immune system, offering hope for better management and eventual clearance of
chronic infections.
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