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Abstract- Ion channels, traditionally studied in the
context of excitable tissues, have emerged as critical
regulators in the immune system. These membrane-
bound proteins facilitate the selective movement of ions
such as calcium (Ca?*), potassium (K*), sodium (Na*), and
chloride (CI"), playing a pivotal role in maintaining ionic
homeostasis and shaping immune cell signaling. Recent
research reveals that ion channels are not merely passive
conductors of charge but are actively involved in
modulating immune cell activation, proliferation,
differentiation, and cytokine release. Specific ion
channels, such as CRAC (calcium release-activated
calcium) channels, Kv1.3, TRP channels, and P2X
receptors, have been linked to key processes in both
innate and adaptive immunity. Dysregulation of these
channels contributes to various inflammatory and
autoimmune disorders, including rheumatoid arthritis,
multiple sclerosis, and inflammatory bowel disease. This
paper reviews the molecular mechanisms by which ion
channels influence immune cell function, highlights their
role in the initiation and resolution of inflammation, and
explores their potential as therapeutic targets in
immune-mediated  diseases. = Understanding  the
electrophysiological control of immune responses opens
new avenues for precision immunotherapy and anti-
inflammatory strategies.
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INTRODUCTION

The immune system relies on a complex network of
signaling pathways to detect, respond to, and resolve
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infections and tissue damage. Central to this network
are ion channels—membrane-spanning proteins that
regulate the selective movement of ions such as
calcium (Ca?"), potassium (K'), sodium (Na'), and
chloride (Cl) across cellular membranes. Once
thought to be exclusive to excitable tissues like
neurons and muscles, ion channels are now recognized
as essential components in immune cell physiology.

Ion channels are involved in numerous processes
critical to immune function, including antigen
recognition, immune cell activation, proliferation,
migration, and cytokine production. For example,
calcium signaling through store-operated calcium
entry (SOCE) mechanisms—primarily mediated by
CRAC (Calcium Release-Activated Calcium)
channels—is a key determinant of T-cell activation
and gene transcription. Likewise, potassium channels
such as Kv1.3 and KCa3.1 help regulate the membrane
potential and intracellular signaling required for
lymphocyte function. Similarly, transient receptor
potential (TRP) channels and purinergic P2X
receptors are involved in sensing cellular stress and
danger signals, thereby initiating inflammatory
responses.

Emerging evidence links the dysfunction or
dysregulation of specific ion channels to the
pathogenesis of chronic inflammatory and
autoimmune diseases such as multiple sclerosis,
rheumatoid  arthritis, and  systemic  lupus
erythematosus. These findings have sparked growing
interest in targeting ion channels as a novel class of
immunomodulatory and anti-inflammatory
therapeutics.
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This paper aims to provide a comprehensive overview
of the types and functions of ion channels involved in
immune regulation and inflammation. It also explores
the mechanisms by which these channels contribute to
disease and evaluates their potential as therapeutic

targets in immune-mediated disorders. As we gain a
deeper understanding of the bioelectric dimension of
immunity, ion channels emerge not only as molecular
gatekeepers but also as promising intervention points
for future immunotherapy.
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Fig. 1 This diagram shows the involvement of piezoelectric channels and other mechanical channels in regulating

immune cell function.

The immune system is a finely tuned defense network
designed to recognize and eliminate pathogens, clear
damaged cells, and restore tissue homeostasis. This
dynamic process depends not only on biochemical
messengers such as cytokines, chemokines, and
antigen-presenting molecules, but also on bioelectrical
signaling mediated by ion channels. These channels,
traditionally associated with neuronal excitability,
have now been firmly established as central players in
the regulation of immune cell function.

Ion channels control the flow of ions across cell
membranes, thereby influencing membrane potential,
intracellular calcium levels, pH balance, and signal
transduction pathways. In immune cells, this ionic
regulation is

crucial for diverse physiological

processes, including antigen recognition, cellular
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migration, cytokine release, phagocytosis,
and programmed cell death.
Disturbances in ion fluxes can lead to inappropriate
immune activation or suppression, contributing to

disease pathogenesis.

degranulation,

One of the best-characterized ion channel systems in
immunity involves store-operated calcium entry
(SOCE), mediated through CRAC (Calcium Release-
Activated Calcium) channels formed by STIM and
ORAI proteins. These are activated
following antigen engagement, facilitating sustained
calcium entry necessary for nuclear factor of activated
T-cells (NFAT) activation and transcription of pro-
inflammatory genes. Similarly, potassium channels
such as Kvl.3 and KCa3.1 help maintain the
electrochemical gradient required for continued

channels
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calcium influx and regulate cell volume during
activation and proliferation.

In innate immunity, transient receptor potential (TRP)
channels and purinergic P2X receptors act as
molecular sensors of environmental changes such as
temperature, oxidative stress, and extracellular ATP,
all of which are elevated during inflammation. These
channels are integral in orchestrating innate immune
responses, including inflammasome activation and the
production of reactive oxygen species (ROS).

Dysregulation of these ion channels has been
implicated in a variety of inflammatory and
autoimmune disorders. For instance, overexpression
of Kv1.3 channels is associated with T-cell
hyperactivity in multiple sclerosis and psoriasis, while
aberrant activation of P2X7 receptors contributes to
chronic inflammation and tissue damage in diseases
like rheumatoid arthritis and inflammatory bowel
disecase. These insights underscore the growing
recognition of ion channels as therapeutic targets in
immunological disorders.

Despite significant advances, the full spectrum of roles
that ion channels play in shaping immune responses
remains incompletely understood. This paper aims to
delve into the molecular mechanisms, functional
implications, and clinical relevance of ion channels in
immunity and inflammation. By integrating emerging
data from electrophysiology, molecular biology, and
immunology, we highlight how ion channels serve as
gatekeepers of immune function and hold promise as
novel therapeutic targets in immune-mediated
diseases.

KEY EVALUATION CRITERIA

1. Use of Validated Molecular or Pharmacological
Tools

To ensure the scientific credibility of the reviewed
studies, emphasis was placed on those utilizing well-
established molecular biology and pharmacological
techniques for investigating ion channel function.
These tools included:
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e siRNA/shRNA-mediated gene silencing to
downregulate specific ion channel expression in
immune cells.

e CRISPR/Cas9 gene editing for targeted knockout
or modification of ion channel genes in both
cellular and animal models.

e Pharmacological blockers and inhibitors that are
specific to ion channels, such as:

o BTP2/YM-58483 for CRAC channels
(ORAI1/STIMI)

o ShK-186 (Dalazatide) and Margatoxin for
Kv1.3 channels
A-967079 for TRPA1 channels
AZ10606120 for P2X7 receptors
These wvalidated tools helped confirm the
specificity of ion channel involvement in
immune signaling pathways.

2. In Vitro and In Vivo Validation

Priority was given to studies that employed both in
vitro (cell-based) and in vivo (animal model)
approaches to establish the functional significance of
ion channels in immunity and inflammation:

e In vitro models included primary immune cell
cultures (e.g., human T cells, macrophages),
immortalized cell lines, calcium imaging, patch-
clamp electrophysiology, cytokine assays, and
flow cytometry.

e In vivo models included well-characterized
mouse models of inflammatory and autoimmune
diseases, such as:

o  Experimental autoimmune encephalomyelitis
(EAE) for multiple sclerosis

o Collagen-induced  arthritis  (CIA)  for
rheumatoid arthritis

o Dextran sulfate sodium (DSS)-induced colitis
for inflammatory bowel disease
Such dual validation increased the
translational value of findings and confirmed
physiological relevance.

3. Clinical Correlation (When Applicable)
To strengthen the clinical applicability of the data,

studies were also selected based on their relevance to
human disease conditions. These included:
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e Use of patient-derived samples (e.g., peripheral
blood mononuclear cells, synovial fluid, biopsy
tissues) to evaluate ion channel expression or
function.

e C(Clinical trial data involving ion channel
modulators (e.g., Kv1.3 blockers in autoimmune
diseases).

e Correlative studies linking ion channel expression
levels or mutations with disease severity,
progression, or therapeutic response.

Such clinical integration provides a bridge between
mechanistic findings and real-world therapeutic
potential.

RESULTS

1. CRAC Channels and Calcium Signaling in
Adaptive Immunity

CRAC channels, composed of STIM1 (ER sensor) and
ORAIl (plasma membrane pore-forming subunit),
were consistently identified as critical mediators of
store-operated calcium entry (SOCE) in T cells and
other lymphocytes.

e Sustained Ca?' influx via CRAC is essential for
nuclear translocation of NFAT and subsequent
cytokine gene transcription (e.g., IL-2, IFN-y).

e Studies using ORAIl-deficient mice or
pharmacological ~ blockers  (e.g., BTP2)
demonstrated significantly impaired T-cell
activation, proliferation, and differentiation into
effector subsets.

e Altered CRAC channel function has been
associated with immunodeficiency syndromes
and autoimmune conditions.

2. Kv1.3 and KCa3.1 Channels in T Cell Subset
Regulation

Voltage-gated Kv1.3 and calcium-activated KCa3.1
potassium channels were found to regulate membrane
potential and maintain electrochemical gradients
necessary for sustained Ca®" entry.

e Kvl.3 is highly expressed in effector memory T
cells (TEM) and is upregulated in diseases such as
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multiple sclerosis, rheumatoid arthritis, and
psoriasis.

e KCa3.1 is more prevalent in naive and central
memory T cells.

e Kvl.3-selective blockers (e.g., ShK-186) have
shown promising anti-inflammatory effects in
preclinical and early clinical trials by selectively
suppressing pathogenic T cells while sparing
protective immunity.

3. TRP Channels in Innate Immune Sensing and
Inflammation

Several TRP channels, including TRPV1, TRPM2,
TRPA1, and TRPM?7, were implicated in innate
immune functions such as pathogen detection,
oxidative stress sensing, and inflammasome
activation.

e TRPM2 was shown to be involved in ROS-
mediated  signaling in  neutrophils and
macrophages.

e TRPVI, traditionally known as a pain receptor,
modulates pro-inflammatory cytokine production
in dendritic cells and microglia.

e TRP channels also contribute to calcium-
dependent activation of NLRP3 inflammasomes
and IL-1P secretion.

4. P2X7 Receptors and Purinergic Signaling in
Chronic Inflammation

The ATP-gated P2X7 receptor is activated in
inflammatory environments where extracellular ATP
is abundant.

e P2X7 activation promotes potassium efflux,
NLRP3 inflammasome assembly, and release of
IL-1B and IL-18.

e Italso induces pyroptosis, a form of inflammatory
cell death.

e Overactivation of P2X7 has been implicated in
diseases such as inflammatory bowel disease,
Alzheimer’s disease, and sepsis, making it a
viable therapeutic target.

5. Clinical Relevance and Therapeutic Potential
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Kv1.3 channel blockers have entered Phase /11
clinical trials for autoimmune diseases,
demonstrating safety and preliminary efficacy.
P2X7 antagonists (e.g., AZ10606120) have
shown promise in preclinical models of colitis and
neuroinflammation.

Ion channel expression profiles in patient-derived
T cells, synovial fluid, and tissue biopsies support
their diagnostic and prognostic value.

Several studies highlight sex- and age-specific
differences in ion channel expression, suggesting
the need for personalized targeting strategies.

6. Ion Channels in B Cells, Macrophages, and
Dendritic Cells

While T cells are the most extensively studied, recent
findings indicate that ion channels are equally critical
in other immune cell types:

B Lymphocytes

CRAC channels also function in B cell receptor
(BCR) signaling, promoting calcium-dependent
activation and antibody production.

TRPM7 regulates magnesium homeostasis and
supports B cell development and maturation.

e Deficiencies in ion channel activity impair class-
switch recombination and antigen presentation by
B cells.

Macrophages

e TRP channels (TRPM2, TRPV2) and P2X7
receptors are crucial in macrophage polarization
and phagocytosis.

e Calcium influx via these channels contributes to
oxidative burst, cytokine production, and
lysosomal activity.

e Channel dysregulation may lead to MI1/M2
imbalance, exacerbating chronic inflammation.

Dendritic Cells

e Jon channels influence dendritic cell maturation,
antigen uptake, and migration toward lymphoid
tissues.

e KCa3.1 is involved in DC motility and cytokine
secretion (IL-12, TNF-a).

e Targeting ion channels in dendritic cells may be
useful in vaccine adjuvant design or tolerance
induction therapies.

7. Role of Ion Channels in Autoimmune and
Inflammatory Diseases

Multiple autoimmune and chronic inflammatory diseases show aberrant ion channel expression and function:

Disease Ion Channel Involved | Role/Observation

Multiple Sclerosis (MS) Kv1.3, CRAC Upregulated in pathogenic TEM cells; Kv1.3 blockers reduce relapse in
EAE model

Rheumatoid Arthritis (RA) | P2X7, TRPV1 P2X7 induces IL-1P release in synovial macrophages; TRPV1
promotes joint inflammation

Psoriasis Kv1.3 Increased in skin-infiltrating TEM cells; potential for topical ion
channel therapy

Inflammatory Bowel | P2X7, TRPV4 Promotes mucosal inflammation and epithelial barrier dysfunction

Disease (IBD)

Systemic Lupus | TRPM2, CRAC Altered calcium handling in T cells leads to hyperactivation and tissue

Erythematosus (SLE) injury

8. Ion Channel Crosstalk and Signal Integration

e Ion channels often function in coordination rather
than isolation. For example, potassium efflux via
Kv1.3 facilitates sustained calcium entry through

CRAC channels.

Similarly, P2X7-mediated K* efflux acts as a
danger  signal, triggering inflammasome
activation and amplifying cytokine cascades.

TRP and purinergic receptors are often co-
expressed on the same cell type, enabling rapid
integration of environmental and metabolic cues.
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This crosstalk allows immune cells to integrate
multiple stimuli and fine-tune their responses,
balancing between activation, tolerance, or resolution
of inflammation.

9. Ion Channel Expression as Biomarkers

Several studies propose the use of ion channel

expression as diagnostic or prognostic biomarkers:

e Kvl.3 expression levels in blood-derived T cells
correlate with disease activity in MS and RA.

e P2X7 receptor polymorphisms are linked with
susceptibility to Crohn’s disease and SLE.

e  Monitoring ion channel dynamics may predict
therapeutic response, especially to targeted
immunotherapies.

10. Safety and Selectivity of lon Channel Modulators
e Jon channel modulators under development aim to
achieve cell-type specificity, avoiding systemic
immunosuppression.
e Kvl.3 blockers (e.g., ShK-186) exhibit minimal
off-target effects and have shown safety in Phase
I trials for autoimmune skin diseases.
e Strategies to enhance selectivity include:
o Antibody-drug conjugates
Prodrug approaches
o Tissue-targeted delivery (e.g., liposomes,
nanoparticles)
Despite encouraging preclinical results, long-term
safety and immunological balance remain areas of
active investigation.

DISCUSSION

Ion channels have traditionally been studied in the
context of neurophysiology and cardiology; however,
the growing body of evidence underscores their vital
roles in immune regulation and inflammatory
signaling. The findings from this review reveal that
various ion channels—including CRAC channels,
Kvl1.3, KCa3.1, TRP channels, and P2X receptors—
are actively involved in shaping the fate and function
of both innate and adaptive immune cells.

One of the most consistent observations is the
importance of calcium signaling via CRAC channels
in T-cell activation and effector function. Sustained
Ca?" entry not only enables transcriptional activation
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of cytokine genes but also governs T-cell
differentiation into memory and effector subsets.
Similarly, potassium channels, particularly Kv1.3, act
as regulators of membrane potential, facilitating
calcium influx and cellular excitability, especially in
effector memory T cells (TEM), which are often
dysregulated in autoimmune disorders like multiple
sclerosis, rheumatoid arthritis, and psoriasis.

In the innate immune system, TRP channels and P2X7
receptors serve as environmental and danger sensors.
Their activation by oxidative stress or extracellular
ATP can initiate inflammatory cascades via
inflammasome assembly, cytokine release, and cell
death mechanisms like pyroptosis. These processes are
crucial for rapid defense but can lead to chronic
inflammation if unchecked.

A key strength of targeting ion channels lies in their
cell-type and disease-specific expression patterns,
which  offer  opportunities for  precision
immunomodulation. For example, Kv1.3 blockers
have shown selective efficacy in autoimmune diseases
without broadly suppressing protective immunity.
Moreover, several ion channel modulators have
entered clinical trials, further wvalidating their
translational potential.

However, several challenges and open questions

remain:

e  The redundancy and overlap among ion channel
families may complicate selective targeting.

e Jon channels often participate in multiple
physiological systems, raising concerns about off-
target effects.

e Long-term modulation of ion channels may lead
to immune compensation, tolerance, or
unintended suppression.

Future research should focus on:

e  Mapping ion channel expression across immune
subsets in both healthy and diseased states.

e Combining ion channel targeting with other
immunotherapies (e.g., checkpoint inhibitors,
biologics).

e Developing nanocarrier-based delivery systems to
enhance tissue targeting and reduce systemic
exposure.
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CONCLUSION

Ion channels are emerging as critical regulators of
immune function and inflammation, acting as
"gatekeepers" that control the flow of ions essential for
signaling, activation, and cellular responses. Their
involvement spans a wide array of immune
processes—from T-cell activation and cytokine
release to innate immune sensing and cell death.

This review highlights the significant progress made
in understanding the mechanistic roles of ion channels
in immunity and their contribution to inflammatory
and autoimmune diseases. It also underscores their
promise as therapeutic targets for selective
immunomodulation. With ongoing advances in
molecular tools, drug design, and personalized
medicine, ion channel-based therapies may offer a
new frontier in the treatment of immune-mediated
disorders.
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