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Valeric acid as a promising modulator 
of tumor immunity: Targeting HDAC2, 
GPR41/43, and Rho-GtPases in cancer 
Immunotherapy

Introduction

Cancer patients often experience poor immune function and a compromised 
immune environment [1-3]. Their immune systems are generally less effective 
at recognizing and eliminating cancer cells, which can be attributed to several 
factors. For example, cancer cells release specific substances, such as cytokines, 
growth factors, and regulatory T cells, that suppress the immune response, pre-
venting it from effectively targeting the tumor. In addition, the  tumor micro-
environment (TME) plays a significant role in inhibiting the immune response. 
The tumor actively recruits immune-suppressive cells, such as Myeloid-Derived 
Suppressor Cells (MDSCs) and Tumor-Associated Macrophages (TAMs), which 
reduce immune activity and contribute to tumor progression. T cells, which are 
crucial for recognizing and destroying cancer cells, can become  dysfunction-
al or exhausted in cancer patients. This exhaustion results in a reduced ability 
to target and eliminate cancer cells. Moreover, antigen-presenting cells (APCs), 
which present tumor antigens to T cells and initiate the immune response, may 
also be impaired, further diminishing T cell activation and weakening the im-
mune defense. Chronic inflammation is another contributing factor to cancer 
progression. Inflammatory cytokines and chemokines produced in response to 
tumors create an environment that promotes tumor growth while simultane-
ously suppressing immune function [4].

Valeric acid, a Short-Chain Fatty Acid (SCFA) with a five-carbon structure, is 
primarily known for its presence in valerian root and its role in various biological 
processes. Recent research has highlighted its potential in cancer therapy due 
to its ability to modulate the tumor microenvironment and influence cellular 
processes related to tumor progression. Valeric acid exerts anti-tumor effects 
through mechanisms such as inducing apoptosis, inhibiting cell proliferation, 
and promoting differentiation in cancer cells. It can also influence the immune 
system by regulating immune cell function and inflammatory responses. As a 
SCFA, valeric acid is capable of modulating gene expression through histone 
deacetylase (HDAC) inhibition, leading to alterations in chromatin structure and 
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Valeric Acid (VA), a short-chain fatty acid, has 
garnered attention for its potential in cancer 
immunotherapy due to its ability to modulate 
key immune-regulatory mechanisms within 
the Tumor Microenvironment (TME). This 
review explores the anti-tumor effects of VA by 
focusing on its interaction with critical molecular 
targets, such as histone deacetylase 2 (HDAC2), 
GPR41/43 receptors, and Rho-GTPases. VA 
influences various immune processes, including 
immune cell function, cytokine production, and 
metabolic reprogramming. By targeting HDAC2, 
VA enhances immune cell recognition, restores 
T cell function, and improves the efficacy of 
immune checkpoint inhibitors. Additionally, 
VA’s activation of GPR41/43 enhances metabolic 
reprogramming and inflammation modulation, 
boosting immune surveillance. Furthermore, VA 
modulates Rho-GTPases, promoting immune cell 
infiltration and polarization, thereby reshaping 
the TME and enhancing both innate and adaptive 
anti-tumor immune responses. Collectively, 
these findings highlight VA as a promising 
therapeutic agent in cancer immunotherapy, 
offering novel strategies to enhance existing 
treatments and overcome immune resistance 
mechanisms. Further research is needed to 
validate these effects in clinical settings.
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the activation of tumor suppressor genes. This epigenetic mod-
ulation enhances the body’s immune response against cancer 
cells and reduces the ability of tumors to evade immune de-
tection. Additionally, valeric acid has been shown to affect the 
metabolic activity of cancer cells, limiting their energy produc-
tion and slowing down tumor growth. Its role in influencing the 
gut microbiome and systemic inflammation further contributes 
to its potential anti-tumor properties, making valeric acid an 
intriguing compound for further research in cancer prevention 
and treatment [5-7].

Here, we summarize and discuss recent mechanisms by 
which Valeric Acid (VA) regulates anti-tumor immunity, focusing 
on therapeutic targets such as HDAC2, GPR41/43, and Rho-GT-
Pase, providing new insights and perspectives for the potential 
application of VA in cancer immunotherapy.

Therapeutic target of VA: HDAC2

Histone deacetylase 2 (HDAC2) is an important member of 
the histone deacetylase family, which plays a crucial role in reg-
ulating gene expression through the removal of acetyl groups 
from histones. HDAC2 is involved in chromatin remodeling and 
transcriptional repression, influencing a wide array of cellular 
processes such as proliferation, differentiation, and apoptosis. 
In the context of cancer, HDAC2 has been linked to the modu-
lation of tumor progression, immune evasion, and the tumor 
microenvironment (TME). Recent evidence has present that 
HDAC2 can be significantly regulated by VA, making HDAC2 a 
potential therapeutic target of VA [8].

HDAC2 and immune evasion mechanisms

HDAC2 has been implicated in driving immune evasion in tu-
mors by influencing the expression of immune regulatory mol-
ecules and modulating immune cell function [9,10].

Regulation of immune checkpoint molecules

HDAC2 has been shown to directly regulate the expression of 
immune checkpoint molecules such as PD-L1. Through deacety-
lation of histones at the PD-L1 promoter, HDAC2 represses or 
promotes its transcription depending on the cellular context. 
High PD-L1 expression in tumor cells inhibits T cell function by 
engaging with PD-1, leading to immune suppression and allow-
ing tumors to escape immune surveillance [9,10].

Downregulation of antigen presentation

HDAC2 activity has been linked to the downregulation of 
major histocompatibility complex (MHC) molecules, which are 
essential for presenting tumor antigens to cytotoxic T cells. By 
repressing the transcription of MHC class I molecules, HDAC2 
can limit the ability of tumor cells to be recognized by the im-
mune system, contributing to immune escape mechanisms in 
the TME [11].

Modulation of tumor-associated immune cells

HDAC2 plays a key role in modulating the activity of various 
immune cells within the tumor microenvironment, influencing 
both immune suppression and activation [11].

Regulation of Myeloid-Derived Suppressor Cells (MDSCs): 
MDSCs are a critical population of immune suppressive cells in 
the TME, and HDAC2 has been implicated in promoting their 
accumulation and suppressive activity. HDAC2 drives the ex-
pression of factors that attract MDSCs to the tumor site and 
supports their immune-suppressive functions, including the in-

hibition of T cell activation.

Influence on Regulatory T Cells (Tregs): HDAC2 also mod-
ulates the activity of Tregs, which suppress effector T cell re-
sponses and contribute to immune evasion in tumors. HDAC2 
promotes the expansion and suppressive function of Tregs by 
influencing the transcription of key regulatory genes that main-
tain Treg identity and function. This, in turn, creates an immu-
nosuppressive TME that supports tumor growth [12].

HDAC2 and inflammatory cytokine production

HDAC2 regulates the production of pro-inflammatory and 
anti-inflammatory cytokines, which shape the immune land-
scape of the TME.

Suppression of pro-inflammatory cytokines: HDAC2 can 
repress the production of pro-inflammatory cytokines such 
as TNF-α, IL-6, and IL-12, which are critical for mounting effec-
tive anti-tumor immune responses. These cytokines help recruit 
and activate immune cells like dendritic cells (DCs), natural killer 
(NK) cells, and cytotoxic T cells. By repressing these cytokines, 
HDAC2 can dampen the immune response and allow tumors to 
evade immune-mediated destruction.

Promotion of anti-inflammatory cytokines: HDAC2 has also 
been linked to the upregulation of anti-inflammatory cytokines 
such as IL-10 and TGF-β, which contribute to the immunosup-
pressive nature of the TME. These cytokines help maintain the 
function of Tregs and MDSCs, further promoting tumor immune 
evasion and inhibiting effector immune responses.

HDAC2 and T cell function

HDAC2 influences the activation and function of T cells, 
which are key players in the anti-tumor immune response.

Inhibition of T cell activation: HDAC2 represses the expres-
sion of genes critical for T cell activation and differentiation, 
such as those involved in the IL-2 signaling pathway. By limiting 
the production of IL-2, a cytokine essential for T cell prolifera-
tion and survival, HDAC2 impairs the expansion of cytotoxic T 
lymphocytes (CTLs), reducing the immune system’s ability to 
target and eliminate tumor cells.

Regulation of T cell exhaustion: HDAC2 has been implicated 
in promoting T cell exhaustion, a state where T cells lose their 
ability to function effectively against tumors. This is achieved 
through the upregulation of exhaustion markers such as  PD-
1,  CTLA-4, and  TIM-3  on T cells. By driving T cell exhaustion, 
HDAC2 reduces the effectiveness of anti-tumor immune re-
sponses, allowing tumors to progress unchecked [12,13].

Potential of HDAC2 modulation in cancer therapy

By targeting HDAC2, tumor outcomes can potentially be im-
proved through the following mechanisms:

Enhancing the efficacy of immune checkpoint inhibition: 
Since HDAC2 promotes the expression of immune checkpoint 
molecules such as PD-L1, targeting HDAC2 could enhance the 
efficacy of Immune Checkpoint Inhibitors (ICIs), such as anti-
PD-1/PD-L1 therapies. Inhibiting HDAC2 in combination with 
ICIs may increase the immunogenicity of tumors by reducing 
PD-L1 expression and improving antigen presentation. This 
would enable T cells to recognize and attack tumor cells more 
effectively, potentially overcoming resistance to immune check-
point blockade therapies.
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Restoring T cell activation and function: Targeting HDAC2 
may help restore T cell function by reversing T cell exhaustion 
and improving T cell activation. HDAC2 inhibition may reduce 
the expression of exhaustion markers on T cells, such as PD-1 
and CTLA-4, thus restoring their cytotoxic activity and enhanc-
ing the immune response against tumors. In addition, by inhibit-
ing HDAC2, the production of key cytokines like IL-2 can be en-
hanced, promoting the activation and proliferation of effector 
T cells. This can lead to more robust immune-mediated tumor 
destruction.

Modulating the tumor microenvironment: Targeting HDAC2 
may help reshape the tumor microenvironment by reducing im-
mune suppression and enhancing anti-tumor immune activity. 
Inhibiting HDAC2 can reduce the recruitment and activity of im-
munosuppressive cells such as MDSCs and Tregs, allowing ef-
fector T cells and NK cells to infiltrate the tumor and exert their 
anti-tumor functions. Moreover, HDAC2 inhibition may lead to 
increased production of pro-inflammatory cytokines like TNF-α 
and IL-12, which can boost immune cell recruitment and activa-
tion within the TME.

Synergizing with other cancer therapies: HDAC2 inhibitors 
can be combined with other cancer therapies such as chemo-
therapy, radiotherapy, and adoptive cell therapies to enhance 
their effectiveness. HDAC2 inhibition can sensitize tumors to 
chemotherapy or radiotherapy by enhancing the immune sys-
tem’s ability to recognize and destroy tumor cells. This is par-
ticularly important in tumors that exhibit resistance to conven-
tional therapies due to immune suppression. In CAR-T or TCR-T 
cell therapies, inhibiting HDAC2 can enhance the persistence 
and function of adoptively transferred T cells, improving their 
ability to eliminate tumor cells.

Therapeutic target of VA: GPR41/43 (FFAR3/FFAR2)

GPR41 and GPR43 are free fatty acid receptors primarily 
activated by short-chain fatty acids (SCFAs), such as acetate, 
propionate, and butyrate. SCFAs are metabolic products of the 
gut microbiota and have been shown to play important roles 
in regulating gut immunity, metabolism, and systemic immune 
responses. By modulating GPR41 and GPR43, these SCFAs can 
influence anti-tumor immune responses, providing new poten-
tial targets for cancer therapy. GPR41 and GPR43 are also the 
potential therapeutic targets of VA in regulating anti-tumor im-
munity [14].

Regulation of immune cell metabolism and function

SCFAs activate GPR41 and GPR43 to directly regulate the me-
tabolism and function of immune cells, particularly enhancing 
the anti-tumor activity of T cells through butyrate and propio-
nate [9,15].

Metabolic reprogramming: SCFAs, through the activation of 
GPR41/43, can reprogram the metabolism of T cells and other 
immune cells. For instance, butyrate, acting as a histone deacet-
ylase (HDAC) inhibitor, can influence the transcriptional state of 
T cells, increasing their production of anti-tumor cytokines like 
IFN-γ. This metabolic reprogramming enables T cells to more 
effectively recognize and eliminate tumor cells.

Inhibition of regulatory T cells (Tregs): Tregs are suppressive 
immune cells that promote immune escape within the tumor 
microenvironment. SCFAs, by modulating GPR41/43, inhibit 
the expansion and activity of Tregs, allowing effector T cells to 
dominate within the tumor environment, thereby enhancing 

the anti-tumor immune response.

Regulation of inflammatory responses and the tumor 
microenvironment

The Tumor Microenvironment (TME) is often populated 
by immunosuppressive cells and associated inflammatory re-
sponses. Modulating GPR41 and GPR43 can regulate immune 
cell-mediated inflammation, reshaping the TME to strengthen 
anti-tumor immunity [16,17].

Enhancing neutrophil and macrophage activity: SCFAs, 
through GPR43 activation, promote the chemotaxis and activity 
of neutrophils, inducing them to produce reactive oxygen spe-
cies (ROS), which can kill tumor cells. Additionally, macrophages 
are influenced by SCFAs, polarizing towards the M1 type and 
increasing the production of pro-inflammatory cytokines, such 
as TNF-α and IL-12, which enhance anti-tumor effects.

Modulation of the tumor microenvironment: SCFAs regulate 
immune cell activity within the TME, reducing the number of 
immunosuppressive cells (such as Tregs and M2 macrophages) 
and enhancing the anti-tumor function of effector T cells and 
neutrophils. SCFAs can also decrease lactate accumulation in 
the TME, mitigating immune suppression.

Regulation of gut microbiota and their metabolic products

The gut microbiota plays a critical role in regulating the host 
immune system. By modulating GPR41/43, SCFAs can enhance 
the metabolism of the gut microbiota, further improving the 
host’s immune status. Through influencing the composition of 
the gut microbiota, the GPR41/43 signaling pathway can regu-
late systemic immune responses. Research has shown that a 
diet rich in fiber increases the production of SCFAs, which acti-
vate GPR41/43 and boost anti-tumor immunity [18].

Potential of GPR41/43 in anti-tumor therapy

Based on evidence present above, by modulating the 
GPR41/43 signaling pathway, tumor treatment outcomes could 
be effectively improved through the following mechanisms:

Enhancing the efficacy of immune checkpoint inhibitors: 
Immune checkpoint inhibitors (e.g., PD-1, CTLA-4 antibodies) 
have shown significant efficacy in treating various cancers. How-
ever, some patients develop resistance or show no response 
to such therapies. Studies have shown that SCFAs, by activat-
ing GPR41/43, can enhance the function of effector T cells and 
reduce the number of Tregs, thus improving the tumor’s sen-
sitivity to immune checkpoint inhibitors. Therefore, GPR41/43 
could be a powerful co-target for immune checkpoint inhibition 
therapy.

Targeting gut microbiota modulation: By targeting 
GPR41/43, host immune status can be improved through diet 
or fecal microbiota transplantation (FMT). For instance, increas-
ing a fiber-rich diet can elevate SCFAs levels, thereby activating 
GPR41/43 and enhancing anti-tumor immune responses. This 
strategy of modulating the gut microbiota to indirectly enhance 
anti-tumor immunity holds potential, especially in patients with 
weakened immune function.

Targeting metabolic pathways to improve the tumor 
microenvironment: By targeting GPR41/43, metabolic changes 
in the TME can be regulated. For example, by reducing lactate 
accumulation, GPR41/43 can decrease immunosuppressive 
effects and improve the function of effector T cells. Additionally, 
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SCFAs through the GPR41/43 signaling pathway can promote 
the metabolic adaptation of immune cells, improving their 
persistence and function within the TME.

Therapeutic target of VA: Rho-GTPases

Rho-GTPases are small GTP-binding proteins that regulate 
multiple cellular processes, including cytoskeletal organization, 
cell migration, proliferation, and survival. They play key roles 
in the behavior of immune cells within the Tumor Microenvi-
ronment (TME), influencing the immune response to tumors. 
Rho-GTPases, particularly members such as RhoA, Rac1, and 
Cdc42, modulate various functions of Dendritic Cells (DCs), 
macrophages, and T cells, making them critical regulators in the 
anti-tumor immune response. Below is an analysis of how Rho-
GTPases regulate anti-tumor immunity and their potential ap-
plications in cancer therapy [18].

Regulation of immune cell migration and activation

Rho-GTPases are essential for controlling the migration and 
activation of immune cells in response to tumor cells. By orches-
trating the remodeling of the actin cytoskeleton, Rho-GTPases 
regulate how immune cells navigate through tissues to reach 
the tumor site.

Dendritic cell migration and antigen presentation: Rho-GT-
Pases, particularly Rac1 and Cdc42, are critical for dendritic cell 
migration to lymph nodes, where they present tumor antigens 
to T cells. This activation of T cells is essential for initiating an ef-
fective anti-tumor immune response. Rac1 and Cdc42 promote 
actin polymerization at the leading edge of dendritic cells, en-
hancing their ability to migrate towards chemotactic signals.

T cell activation and cytoskeletal remodeling: Rac1 is crucial 
for T cell activation by mediating T cell receptor (TCR) signaling. 
Once activated, Rac1 promotes cytoskeletal rearrangements in 
T cells, facilitating their migration and increasing their ability to 
exert cytotoxic functions against tumor cells. Inhibiting Rac1 has 
been shown to impair T cell responses, underscoring its impor-
tance in maintaining an effective anti-tumor response.

Regulation of macrophage polarization and function

Rho-GTPases, particularly RhoA and Rac1, regulate macro-
phage polarization, which plays a critical role in shaping the tu-
mor microenvironment [19].

M1 and M2 macrophage polarization: Macrophages can po-
larize into two main phenotypes: M1, which is pro-inflammato-
ry and anti-tumor, and M2, which is anti-inflammatory and pro-
motes tumor growth. RhoA and Rac1 regulate the cytoskeletal 
dynamics associated with macrophage activation. RhoA activa-
tion promotes M1 polarization, leading to enhanced produc-
tion of inflammatory cytokines such as TNF-α and IL-12, which 
support anti-tumor immune responses. Conversely, inhibition 
of RhoA can lead to M2 macrophage polarization, which favors 
tumor growth and immune suppression.

Tumor-Associated Macrophages (TAMs): In the TME, Rho-
GTPases regulate the function of TAMs, which are often skewed 
towards the M2 phenotype, supporting tumor progression. 
Targeting RhoA or Rac1 in TAMs may shift their polarization to-
wards the M1 phenotype, improving their anti-tumor activity 
and reducing immune suppression within the TME.

Regulation of T cell migration and effector functions

T cells must efficiently migrate to the tumor site and exert 
their cytotoxic functions to eliminate tumor cells. Rho-GTPases, 
especially Rac1 and Cdc42, are involved in modulating these 
processes [20].

T cell trafficking to tumor sites: Rho-GTPases regulate the 
trafficking of cytotoxic T lymphocytes (CTLs) to the tumor site. 
Rac1 plays a crucial role in the chemotaxis of T cells toward che-
mokines released by tumor cells or immune cells in the TME. 
By controlling actin dynamics, Rac1 ensures that T cells can ef-
ficiently migrate through the extracellular matrix to reach the 
tumor and exert their cytotoxic effects.

Effector T cell functions: In addition to controlling migration, 
Rho-GTPases regulate the cytotoxic functions of T cells. Rac1 
and Cdc42 contribute to the formation of the immunological 
synapse between CTLs and tumor cells, allowing the delivery of 
cytotoxic granules that induce tumor cell death. Deficiency in 
Rho-GTPase signaling impairs the ability of T cells to kill tumor 
cells effectively.

Regulation of Natural Killer (NK) cell functions

Natural killer (NK) cells are critical components of the innate 
immune response against tumors. Rho-GTPases regulate NK 
cell-mediated cytotoxicity and their ability to infiltrate the tu-
mor. RhoA and Rac1 modulate NK cell migration towards tumor 
cells and their subsequent cytotoxic response. Similar to T cells, 
NK cells require Rac1 to form an effective immunological syn-
apse, allowing them to release perforin and granzymes that kill 
tumor cells. Targeting Rho-GTPases to enhance NK cell function 
could improve their anti-tumor activity, particularly in immuno-
suppressive TMEs.

Potential of Rho-GTPase modulation in cancer therapy

Modulating the Rho-GTPase signaling pathway offers several 
promising strategies for improving cancer therapy outcomes 
[21].

Enhancing immune cell infiltration and function: In many 
cancers, poor infiltration of immune cells into the tumor is a key 
factor contributing to immune escape. By targeting Rho-GTPas-
es, particularly Rac1, immune cell migration and infiltration into 
the tumor can be enhanced.

Improving T cell and NK cell trafficking: Activating Rac1 in T 
cells and NK cells may enhance their ability to infiltrate tumors. 
This strategy could be combined with immune checkpoint in-
hibitors (such as anti-PD-1 or anti-CTLA-4 antibodies) to im-
prove T cell presence in tumors, thereby enhancing the overall 
anti-tumor immune response.

Overcoming tumor-associated immunosuppression: By re-
programming TAMs through RhoA inhibition, immune suppres-
sion within the TME can be reduced. This could shift the im-
mune balance within tumors from a pro-tumor to an anti-tumor 
state, leading to better therapeutic outcomes [22].

Targeting immune cell cytoskeletal dynamics

Since Rho-GTPases play a crucial role in controlling cytoskel-
etal dynamics, targeting them may improve immune cell func-
tion in tumors [23].

Enhancing effector T cell functions: Rho-GTPase modulation 
could improve the formation of the immunological synapse in 
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T cells and NK cells, increasing their cytotoxic activity against 
tumors. Inhibiting negative regulators of Rho-GTPase signal-
ing, such as RhoA, may further amplify T cell effector functions, 
leading to enhanced tumor clearance.

Improving antigen presentation by dendritic cells: Targeting 
Rac1 and Cdc42 in dendritic cells could improve their ability to 
migrate, present antigens, and activate T cells, boosting the ini-
tiation of adaptive immune responses against tumors.

Combining with existing immunotherapies

Rho-GTPase modulators could be combined with existing 
cancer immunotherapies, such as immune checkpoint inhibi-
tors or CAR-T cell therapy, to improve their efficacy [24,25].

Combination with immune checkpoint blockade: Rho-GT-
Pase modulation could improve the efficacy of immune check-
point inhibitors by enhancing the infiltration and function of T 
cells and other immune effectors. For instance, enhancing Rac1 
activity in tumor-infiltrating lymphocytes may increase their 
ability to overcome tumor-mediated suppression [25-27].

Improving CAR-T cell therapy: CAR-T cell therapy could 
benefit from Rho-GTPase modulation, as enhancing Rac1 and 
Cdc42 signaling in CAR-T cells may improve their migration, per-
sistence, and cytotoxic activity within the TME [28-30].

HDAC2, GPR41/43, and Rho-GTPases all play critical roles in 
regulating anti-tumor immunity within the Tumor Microenvi-
ronment (TME). HDAC2 is involved in immune evasion, cytokine 
production, and immune cell function, and its modulation can 
enhance immune cell recognition, restore T cell function, and 
improve the efficacy of immunotherapies like immune check-
point inhibitors. Targeting HDAC2 offers a promising strategy 
for reprogramming the TME and enhancing anti-tumor immu-
nity. Similarly, GPR41 and GPR43 regulate anti-tumor immunity 
through metabolic reprogramming, inflammation modulation, 
and gut microbiota regulation, helping the immune system bet-
ter recognize and eliminate tumors. Modulating the GPR41/43 
pathway or Short-Chain Fatty Acid (SCFA) levels could be a new 
direction in cancer immunotherapy, enhancing the efficacy of 
existing therapies. Additionally, Rho-GTPases are key regulators 
of immune cell migration, polarization, and effector functions 
within the TME. Modulating Rho-GTPase signaling can improve 
immune cell infiltration, reprogram the TME, and enhance both 
innate and adaptive immune responses, offering a promising 
approach to improve cancer immunotherapies and overcome 
immune resistance mechanisms in tumors.

Conclusion

In conclusion, VA demonstrates significant potential in mod-
ulating anti-tumor immunity through various molecular tar-
gets, such as HDAC2, GPR41/43, and Rho-GTPases. By targeting 
HDAC2, VA can reprogram the tumor microenvironment (TME), 
reduce immune evasion, and enhance immune cell functions, 
thus improving the efficacy of immunotherapies like immune 
checkpoint inhibitors. GPR41/43 activation by VA influences 
metabolic reprogramming and inflammation modulation, im-
proving the immune system’s capacity to recognize and destroy 
tumors. Additionally, VA’s impact on Rho-GTPases helps im-
prove immune cell infiltration, polarization, and effector func-
tions, which can reprogram the TME and enhance both innate 
and adaptive anti-tumor responses. Collectively, these findings 
suggest that VA holds promise as a therapeutic agent in cancer 
immunotherapy, offering novel strategies for enhancing cur-

rent treatment approaches and addressing immune resistance 
mechanisms in tumors. Further research is needed to fully ex-
plore the therapeutic potential of VA in clinical settings.
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