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Abstract

Immunometabolism, a field that investigates the relationship between cellular metabolism
and immune cell function, has emerged as a critical area of research in understanding the
pathogenesis of various inflammatory diseases. This paper explores how metabolic pathways
influence immune cell activation, differentiation, and function, and how alterations in these
pathways contribute to the development of inflammatory diseases. We examine key
metabolic pathways, including glycolysis, oxidative phosphorylation, and fatty acid
oxidation, and their roles in immune cell function. Additionally, we discuss how
dysregulation of immunometabolism may lead to chronic inflammatory conditions such as
rheumatoid arthritis, inflammatory bowel disease, and atherosclerosis. Understanding these

processes may provide novel therapeutic targets for managing inflammatory diseases.

Keywords: Immunometabolism, immune cells, inflammatory diseases, glycolysis, oxidative

phosphorylation, fatty acid oxidation, chronic inflammation.
1. Introduction

Immunometabolism, a rapidly developing field at the intersection of immunology and cell
metabolism, provides critical insights into how metabolic changes affect immune cell
function and contribute to inflammatory diseases. Immune cells, including T cells,
macrophages, and dendritic cells, rely on metabolic pathways to generate energy and
maintain cellular processes necessary for their activation, differentiation, and effector
functions. Inflammation, often a response to infection or injury, can become dysregulated in
certain conditions, leading to chronic inflammation and tissue damage. Recent research has
shown that metabolic reprogramming in immune cells plays a pivotal role in regulating
immune responses, and understanding this link is crucial for developing new therapeutic

strategies to manage inflammatory diseases.
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2. The Role of Metabolic Pathways in Immune Cell Function

Immune cells undergo significant metabolic shifts in response to activation. These shifts
ensure that immune cells have the necessary energy to carry out their functions, such as
cytokine production, phagocytosis, and cell proliferation. Key metabolic pathways involved
in immune cell function include glycolysis, oxidative phosphorylation (OXPHQOS), and fatty
acid oxidation. These metabolic processes are critical in determining immune cell fate and
function during inflammation. Metabolism plays a fundamental role in immune cell
activation, differentiation, and function. Immune cells, such as T cells, macrophages, and
dendritic cells, rely on specific metabolic pathways to generate energy and sustain the cellular
processes necessary for immune responses, such as proliferation, cytokine production, and
tissue repair. The reprogramming of these metabolic pathways during immune activation is
essential for the successful immune response. Below is a detailed exploration of key

metabolic pathways involved in immune cell function:
2.1. Glycolysis

Glycolysis is one of the most prominent metabolic pathways involved in immune cell
function, especially during activation. It is the process by which glucose is converted into
pyruvate, producing a small amount of ATP. Under normal resting conditions, immune cells
predominantly rely on oxidative phosphorylation (OXPHOS) for energy. However, upon
activation, such as when T cells or macrophages encounter a pathogen, they shift towards

glycolysis, even in the presence of oxygen—this is known as the "Warburg effect.”

e Role in Immune Cells: Activated immune cells, particularly T cells, macrophages, and
dendritic cells, rely on glycolysis to meet the increased energy demands associated with
immune responses, such as rapid proliferation, cytokine production, and the biosynthesis
of cellular components. The shift to glycolysis ensures that sufficient energy and
biosynthetic intermediates are available to support these processes. The increased lactate
production from glycolysis also has an immunomodulatory effect, influencing the local

immune environment (Vats et al., 2006).

e Impact on Inflammation: Inflammatory macrophages, for example, are characterized by

high glycolytic activity, which supports the production of pro-inflammatory cytokines
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such as TNF-a, IL-1B, and IL-6. This shift towards glycolysis is critical for sustaining

inflammatory responses in diseases like rheumatoid arthritis and inflammatory bowel
disease (Jones et al., 2017).

2.2. Oxidative Phosphorylation (OXPHOYS)

Oxidative phosphorylation is a metabolic pathway that occurs in the mitochondria and
generates ATP through the electron transport chain. OXPHOS is highly efficient in producing
energy compared to glycolysis and is the primary energy source in resting, naive immune
cells. However, upon activation, immune cells like T cells and macrophages often increase

glycolysis and decrease OXPHOS to meet the demands of immune responses.

e Role in Immune Cells: While glycolysis is favored during activation, certain immune
cells, especially memory T cells and regulatory T cells, rely on OXPHQOS for long-term
energy production. OXPHOS is essential for maintaining the function of these cells
during chronic inflammation or persistent infections. For example, memory T cells use
OXPHOS to maintain energy levels for rapid responses to subsequent pathogen

encounters (Pearce et al., 2013).

e Regulation and Immune Function: In certain immune cells, such as dendritic cells, the
balance between OXPHOS and glycolysis is carefully regulated. Dendritic cells rely on
OXPHOS for antigen presentation and activation of T cells, which is essential for the
adaptive immune response (Kroemer et al., 2017). Thus, a shift away from OXPHOS can
impair the immune response, suggesting that this pathway plays a crucial role in immune

cell longevity and efficiency.
2.3. Fatty Acid Oxidation (FAO)

Fatty acid oxidation (FAO) is another key metabolic pathway used by immune cells,
particularly during periods of prolonged activation or when glucose availability is limited. In
FAO, fatty acids are broken down in the mitochondria to generate acetyl-CoA, which enters

the citric acid cycle to produce ATP.

e Role in Immune Cells: Memory T cells, for example, depend on FAO to sustain energy

production during persistent infections or in response to vaccines. FAO is also important
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in maintaining macrophage function, particularly in the resolution of inflammation.

During the resolution phase of inflammation, macrophages shift from glycolysis to FAO
to reduce pro-inflammatory cytokine production and promote tissue repair (Maclver et
al., 2013). Additionally, some regulatory T cells also rely on FAO to maintain their

function in suppressing inflammation.

e Impact on Chronic Inflammation: Disruptions in FAO can impair the resolution of
inflammation, leading to chronic inflammation. For example, in diseases like
atherosclerosis and certain autoimmune diseases, dysregulated FAO can exacerbate
inflammation and tissue damage (Buchanan et al., 2020).

2.4. Amino Acid Metabolism

Amino acids also play a crucial role in immune cell function, influencing both the energy
metabolism and signaling pathways necessary for immune responses. Glutamine, the most
abundant amino acid in the bloodstream, is particularly important for immune cells.
Glutamine is used to generate ATP, biosynthetic intermediates, and also serves as a signaling

molecule in immune cell activation.

e Role in Immune Cells: T cells and macrophages rely on glutamine for energy and
biosynthesis. In T cells, glutamine metabolism supports the synthesis of nucleotides,
which are necessary for cell proliferation during activation. Similarly, macrophages use
glutamine to support the production of reactive oxygen species (ROS) and pro-
inflammatory cytokines. In the absence of sufficient glutamine, immune cell function is

impaired, which can lead to a weakened immune response (Buchanan et al., 2020).
2.5. Mitochondrial Dynamics

Mitochondria are central to cellular energy metabolism and are also involved in regulating
immune cell function. The shape, number, and function of mitochondria are dynamically
regulated in immune cells based on their activation state. Mitochondrial biogenesis, fission,

and fusion are processes that determine the energy-producing capacity of immune cells.

e Role in Immune Cells: Mitochondria undergo dynamic changes during immune cell

activation. For example, upon T cell activation, mitochondrial biogenesis is upregulated
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to supply the increased energy demands. Mitochondrial fusion helps maintain the

integrity of the mitochondrial network, while fission is involved in generating
mitochondria with specialized functions, such as ROS production for pathogen killing or

cytokine production (Pearce et al., 2013).

e Impact on Immune Responses: Dysregulation of mitochondrial dynamics can impair
immune function. For instance, mitochondrial dysfunction is associated with the
development of autoimmunity and chronic inflammation, as seen in diseases such as

systemic lupus erythematosus and rheumatoid arthritis (Kroemer et al., 2017).

The metabolic pathways—glycolysis, oxidative phosphorylation, fatty acid oxidation, and
amino acid metabolism—are all critical for immune cell function. The ability of immune cells
to adapt their metabolism in response to activation or environmental cues is essential for an
effective immune response. Moreover, dysregulation of these metabolic pathways can
contribute to the development of chronic inflammatory diseases, highlighting the importance
of metabolic regulation in maintaining immune homeostasis. Targeting these metabolic
pathways holds promise for developing novel therapeutic strategies to modulate immune

function and treat inflammatory conditions.
3. Immunometabolism and Inflammatory Diseases

Chronic inflammation is a hallmark of various inflammatory diseases, including rheumatoid
arthritis (RA), inflammatory bowel disease (IBD), and atherosclerosis. Dysregulation of
immunometabolism plays a critical role in the pathogenesis of these diseases. Below, we
discuss how metabolic changes contribute to inflammation in specific diseases.
Immunometabolism is an emerging field that examines the interplay between immune cell
metabolism and immune system function. It focuses on how metabolic changes influence
immune responses and how dysregulation of metabolic processes contributes to the
development and progression of inflammatory diseases. Inflammatory diseases, such as
rheumatoid arthritis, inflammatory bowel disease (IBD), and atherosclerosis, are often
characterized by persistent immune activation and tissue damage. Recent research highlights
that alterations in immune cell metabolism are central to the pathogenesis of these diseases.
This section will explore how dysregulation of key metabolic pathways in immune cells

contributes to chronic inflammation and autoimmune disorders.
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3.1. Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by joint
inflammation, pain, and irreversible joint damage. It is primarily driven by the aberrant
activation of T cells and macrophages in the synovial tissue of the joints. Recent studies have
shown that metabolic reprogramming of immune cells plays a central role in the pathogenesis
of RA.

e Metabolic Shifts in RA: In RA, there is a marked shift in the metabolism of immune
cells, particularly macrophages and T cells. These cells exhibit increased glycolytic
activity, which supports the production of pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-1f (IL-1pB), and IL-6. This glycolytic shift is
often referred to as the “Warburg effect,” where immune cells prioritize glycolysis over
oxidative phosphorylation (OXPHOS) even in the presence of oxygen. This metabolic
shift provides the energy and biosynthetic intermediates necessary for immune cell

activation, proliferation, and cytokine production (Jones et al., 2017).

e Impact on Inflammation: The enhanced glycolytic activity of synovial macrophages in
RA leads to the production of large amounts of pro-inflammatory cytokines, which
sustain and amplify the inflammatory response. Moreover, T cells in RA patients also
undergo metabolic reprogramming, shifting from OXPHOS to glycolysis upon activation.
This metabolic alteration contributes to the chronic activation of T cells, exacerbating the
inflammatory environment and joint damage (Li et al., 2020). Thus, targeting the
metabolic pathways involved in this process could provide new therapeutic strategies for

controlling RA inflammation.
3.2. Inflammatory Bowel Disease (IBD)

Inflammatory bowel disease (IBD), which includes Crohn's disease and ulcerative colitis, is
characterized by chronic inflammation of the gastrointestinal (GI) tract. The etiology of IBD
involves complex interactions between immune cells, the intestinal microbiota, and the
epithelial lining of the gut. Dysregulated immune responses play a crucial role in the chronic

inflammation seen in IBD.
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Metabolic Reprogramming in IBD: In IBD, immune cells such as macrophages,

dendritic cells, and T cells in the gut-associated lymphoid tissue (GALT) exhibit altered
metabolic profiles. Inflammatory macrophages in the gut show increased glycolysis,
which fuels the production of pro-inflammatory cytokines that perpetuate the
inflammatory response (Sadeghi et al., 2020). Moreover, dendritic cells, which are key
players in antigen presentation, undergo metabolic shifts during IBD. Their glycolytic
activity is upregulated to support their role in initiating adaptive immune responses.
However, the excessive glycolysis in these cells can contribute to the hyperactivation of T

cells, further driving inflammation.

Impact on Gut Homeostasis: The metabolic dysregulation in IBD leads to an imbalance
in immune cell function, where inflammation persists and gut tissue damage occurs.
Additionally, there is evidence that disruptions in the microbiome can influence the
metabolic state of immune cells, promoting inflammation (Codo et al., 2017). Restoring
metabolic balance in immune cells could thus be an important therapeutic approach for

managing I1BD.

3.3. Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arterial walls, characterized by the

accumulation of lipid-rich plaques and the infiltration of immune cells. This disease is driven

by an inflammatory response to endothelial cell injury, oxidative stress, and the accumulation

of oxidized low-density lipoproteins (LDL). The recruitment of immune cells, particularly

macrophages, into the arterial plaques plays a key role in the development and progression of

atherosclerosis.

Metabolic Changes in Atherosclerosis: Macrophages in atherosclerotic plaques undergo
metabolic reprogramming in response to local inflammatory signals. These macrophages
show an increase in glycolysis, which supports their pro-inflammatory functions,
including the production of cytokines and reactive oxygen species (ROS) that promote
plague instability (Kabel et al., 2018). Furthermore, a shift from OXPHOS to glycolysis
in these macrophages contributes to a sustained inflammatory response, driving the

progression of atherosclerosis.

161 | Page


https://scholarsdigest.org.in/index.php/sdji

Scholar’s Digest : Journal of Immunology
Vol. 1, No. 1, Year 2025
Website : https://scholarsdigest.org.in/index.php/sdji
PUBLISHED: 2025-04-16
e The Role of Fatty Acids: Fatty acid metabolism also plays an important role in

atherosclerosis. In macrophages, impaired fatty acid oxidation (FAO) has been associated
with increased inflammation and foam cell formation. These foam cells contribute to
plaque buildup and destabilization, increasing the risk of cardiovascular events like heart
attacks and strokes (Buchanan et al., 2020).

e Therapeutic Implications: Targeting metabolic pathways in macrophages, such as
inhibiting glycolysis or promoting fatty acid oxidation, could help reduce the
inflammatory burden in atherosclerosis. By normalizing immune cell metabolism, it may
be possible to prevent the progression of atherosclerotic plaques and reduce the risk of

cardiovascular events.
3.4. Other Inflammatory Diseases

In addition to RA, IBD, and atherosclerosis, dysregulated immunometabolism has been
implicated in a wide range of other inflammatory diseases, including systemic lupus

erythematosus (SLE), psoriasis, and asthma.

e Systemic Lupus Erythematosus (SLE): In SLE, autoimmune T cells and macrophages
exhibit altered metabolism, with an increased reliance on glycolysis. This metabolic
reprogramming supports the production of pro-inflammatory cytokines and contributes to
the tissue damage seen in lupus (Kroemer et al., 2017). Targeting the metabolic pathways
in these cells could be a promising strategy for controlling the inflammation and

autoimmunity in SLE.

e Psoriasis: Psoriasis is a chronic inflammatory skin condition that involves
hyperproliferation of keratinocytes and inflammation driven by immune cells. In
psoriasis, T cells show metabolic changes that support their activation and inflammatory
functions. The glycolytic shift in these T cells drives the release of cytokines that
contribute to skin inflammation (Maclver et al., 2013). Targeting metabolic pathways

involved in T cell activation could be an effective way to manage psoriasis.

Immunometabolism plays a critical role in the regulation of immune responses and the
pathogenesis of inflammatory diseases. Dysregulation of metabolic pathways in immune

cells, such as T cells, macrophages, and dendritic cells, can lead to chronic inflammation and
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tissue damage, as seen in diseases like rheumatoid arthritis, inflammatory bowel disease, and

atherosclerosis. Understanding the link between immunometabolism and inflammation opens
up new avenues for therapeutic intervention, including targeting specific metabolic pathways
to modulate immune cell function and reduce chronic inflammation. Future research into the
precise metabolic changes in immune cells during disease states will help to identify novel

strategies for treating inflammatory diseases and autoimmunity.
4. Targeting Immunometabolism for Therapeutic Interventions

Understanding the link between immunometabolism and inflammatory diseases offers new
avenues for therapeutic intervention. Modulating metabolic pathways to restore normal
immune function could provide effective treatments for chronic inflammatory diseases. For
instance, inhibitors of glycolysis or agents that enhance OXPHOS may help reduce excessive
inflammation in diseases such as RA and IBD. Additionally, targeting specific enzymes
involved in fatty acid metabolism could provide a strategy for controlling inflammation in
atherosclerosis (Buchanan et al., 2020). The relationship between metabolism and immune
cell function, known as immunometabolism, has become a critical area of study in the
development of new therapies for inflammatory and autoimmune diseases. As research
continues to uncover how metabolic pathways influence immune cell activation,
differentiation, and inflammatory responses, it has become clear that targeting these
metabolic processes offers a promising strategy for treating diseases characterized by chronic
inflammation, such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), and
atherosclerosis. This section discusses the potential of targeting immunometabolism for
therapeutic interventions, focusing on the modulation of key metabolic pathways to restore

immune homeostasis and mitigate inflammatory responses.
4.1. Targeting Glycolysis

Glycolysis, a metabolic pathway that converts glucose into pyruvate, plays a central role in
immune cell activation. Activated immune cells, particularly macrophages and T cells,
undergo a metabolic shift toward glycolysis, even in the presence of oxygen, to meet the
increased energy demands associated with immune responses. This shift, often referred to as

the "Warburg effect,” is essential for sustaining immune cell proliferation and cytokine
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production during inflammation. However, excessive glycolysis can contribute to persistent

inflammation and tissue damage.

Therapeutic Potential: Inhibiting glycolysis in immune cells has emerged as a potential
therapeutic strategy for controlling chronic inflammation. Specific enzymes involved in
the glycolytic pathway, such as hexokinase 2 (HK2) and lactate dehydrogenase (LDH),
have been identified as potential drug targets. By blocking glycolysis, it may be possible
to reduce the production of pro-inflammatory cytokines and limit immune cell activation
in diseases like RA and IBD.

o Example: The use of 2-deoxyglucose (2-DG), a glycolysis inhibitor, has shown
promise in preclinical models of cancer and autoimmune diseases. By inhibiting
glycolysis, 2-DG reduces the inflammatory response and immune cell activation,
which could be beneficial in treating inflammatory diseases like RA (Li et al.,
2020).

Challenges: While glycolysis inhibitors show promise, they must be used with caution, as
glycolysis is crucial for the rapid activation and function of immune cells in response to
infections. Therefore, selective targeting of glycolytic enzymes in inflammatory diseases

without compromising the immune system’s ability to respond to pathogens is key.

4.2. Promoting Oxidative Phosphorylation (OXPHOS)

Oxidative phosphorylation (OXPHQOS) is a highly efficient metabolic pathway that generates

ATP in the mitochondria and plays a central role in energy production in immune cells.

While glycolysis is often favored during acute immune activation, immune cells such as

memory T cells, regulatory T cells, and dendritic cells rely on OXPHQOS for sustained energy

production during long-term immune responses. In diseases where metabolic reprogramming

leads to an over-reliance on glycolysis, promoting OXPHOS may help restore immune cell

function and reduce chronic inflammation.

Therapeutic Potential: Agents that enhance mitochondrial function and promote
OXPHOS could offer therapeutic benefits by restoring metabolic balance in immune
cells. For example, compounds that increase mitochondrial biogenesis, such as

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-la)
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activators, could help promote OXPHOS in immune cells. Additionally, small molecules

that improve mitochondrial function and increase ATP production could support the
function of regulatory T cells and memory T cells, both of which require OXPHQOS for

long-term immune surveillance and resolution of inflammation.

o Example: The use of compounds like bezafibrate, which activate PGC-1a, has
shown promise in preclinical models of autoimmune diseases. By enhancing
mitochondrial function and OXPHQOS, these compounds may help reduce chronic
inflammation by restoring the function of immune cells like regulatory T cells
(Kroemer et al., 2017).

Challenges: Promoting OXPHOS in immune cells may have unintended consequences,
as enhanced mitochondrial activity could lead to increased reactive oxygen species (ROS)
production, which could exacerbate tissue damage. Therefore, careful regulation of
OXPHOS is needed to avoid oxidative stress.

4.3. Modulating Fatty Acid Oxidation (FAO)

Fatty acid oxidation (FAQ) is an essential metabolic pathway that provides a long-term

source of energy for immune cells, especially during prolonged activation or in environments

where glucose availability is limited. Memory T cells and macrophages involved in the

resolution of inflammation rely on FAO to maintain their function and energy balance.

However, dysregulation of FAO, particularly in macrophages, can contribute to persistent

inflammation and tissue damage, as seen in diseases like atherosclerosis.

Therapeutic Potential: Targeting FAO could help modulate immune responses and
reduce chronic inflammation. Inhibiting key enzymes involved in FAO, such as carnitine
palmitoyltransferase 1 (CPT1), has been proposed as a strategy for reducing macrophage-
driven inflammation in atherosclerosis and other chronic inflammatory diseases. On the
other hand, promoting FAO in regulatory T cells or memory T cells could enhance their

function and help resolve inflammation in autoimmune diseases.

o Example: The use of CPT1 inhibitors or agents that modulate lipid metabolism
has shown promise in preclinical models of atherosclerosis, reducing macrophage

accumulation in plaques and limiting inflammation (Buchanan et al., 2020).
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Challenges: Modulating FAO in immune cells must be done carefully, as an over-

reliance on FAO in pro-inflammatory macrophages could suppress their ability to resolve
inflammation. Additionally, FAO plays a critical role in maintaining the energy balance
of various immune cells, and disrupting this pathway could have unintended effects on

immune function.

4.4. Regulating Amino Acid Metabolism

Amino acids, particularly glutamine, play a critical role in immune cell metabolism.

Glutamine is a key fuel source for immune cells, and its metabolism supports cellular

biosynthesis, energy production, and immune cell activation. Dysregulated amino acid

metabolism can contribute to immune cell dysfunction, as seen in inflammatory diseases like

rheumatoid arthritis, where glutamine metabolism supports the production of pro-

inflammatory cytokines.

Therapeutic Potential: Targeting enzymes involved in amino acid metabolism, such as
glutaminase (GLS) and branched-chain amino acid transaminase (BCAT), could provide
therapeutic benefits by modulating immune cell activation and inflammation. Inhibiting
glutamine metabolism in T cells or macrophages could reduce their activation and
cytokine production, helping to control chronic inflammation.

o Example: The use of glutaminase inhibitors, which block the conversion of
glutamine to glutamate, has shown potential in preclinical models of autoimmune
diseases. By inhibiting glutamine metabolism, these agents reduce the
inflammatory response and promote immune cell homeostasis (Maclver et al.,
2013).

Challenges: Amino acid metabolism is essential for immune cell function, and broad
inhibition of amino acid pathways could impair the immune system's ability to respond to
infections. Therefore, selective targeting of specific enzymes involved in amino acid

metabolism is necessary to avoid compromising immune defense mechanisms.

4.5. Targeting Mitochondrial Function
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Mitochondria are the central hubs for cellular energy production and play a critical role in

regulating immune cell function. Mitochondrial dysfunction is implicated in a wide range of
inflammatory diseases, including autoimmune disorders and cardiovascular diseases.
Modulating mitochondrial function could help restore immune cell balance and reduce

chronic inflammation.

e Therapeutic Potential: Enhancing mitochondrial biogenesis, improving mitochondrial
dynamics, or reducing mitochondrial ROS production could offer therapeutic strategies
for controlling inflammation. Compounds that improve mitochondrial function, such as
mitochondrial-targeted antioxidants or activators of PGC-1a, could be used to support
immune cell function and resolve inflammation in diseases like RA, IBD, and

atherosclerosis.

o Example: The use of mitochondrial-targeted antioxidants, such as MitoQ, has
shown promise in reducing mitochondrial ROS production and modulating
immune cell activation in preclinical models of autoimmune diseases (Kroemer et
al., 2017).

« Challenges: While enhancing mitochondrial function could benefit immune cells, it is
essential to balance mitochondrial activity to prevent oxidative stress, which could

exacerbate tissue damage and inflammation.

Targeting immunometabolism holds significant potential for the treatment of chronic
inflammatory diseases and autoimmune disorders. By modulating key metabolic pathways
such as glycolysis, oxidative phosphorylation, fatty acid oxidation, and amino acid
metabolism, it is possible to restore immune cell function and reduce excessive inflammation.
However, therapeutic strategies must be carefully tailored to avoid disrupting the immune
system’s ability to respond to infections. Further research into the precise mechanisms of
immunometabolism will be crucial for the development of targeted therapies that can

modulate immune cell metabolism in a controlled and effective manner.
5. Conclusion
Immunometabolism plays a pivotal role in immune cell function and the development of

inflammatory diseases. By understanding the metabolic reprogramming that occurs in
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immune cells during inflammation, we can identify new therapeutic targets to manage

chronic inflammatory conditions. Future research should focus on elucidating the specific
metabolic pathways involved in immune cell dysfunction and their contribution to disease

pathogenesis.
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