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Abstract: Obesity is characterized by excessive fat accumulation that triggers chronic low-
grade inflammation and systemic immune dysregulation, significantly increasing the risk
of metabolic disorders including insulin resistance, type 2 diabetes, and cardiovascular
disease. This review examines the bidirectional relationship between obesity and immune
dysfunction, focusing on how immune cell infiltration in adipose tissue drives inflammatory
processes. We highlight the phenotypic shifts in key immune populations—macrophages
polarized toward proinflammatory M1 phenotypes, T cell exhaustion occurrs, and alter-
ations appear in B cells, natural killer (NK) cells, and dendritic cells—that collectively
contribute to metabolic deterioration. The gut microbiome emerged as a critical mediator
in this relationship, influencing both immune responses and metabolic regulation through
gut-liver and gut-brain axes. We explore emerging immunomodulatory therapeutic strate-
gies, including anti-inflammatory agents, microbiota interventions, and targeted immune
therapies such as innovative nanomedicine approaches. The review also addresses the
challenges of immunotherapy in obesity, particularly the paradoxical effects observed in
cancer immunotherapy outcomes and the need for personalized treatment approaches.
Artificial intelligence is highlighted as a potential tool to enhance patient stratification
and treatment optimization in future immunomodulatory interventions. Understanding
these immunometabolic interactions provides a foundation for developing more effective
therapeutic strategies that could transform obesity management and reduce the burden of
obesity-related metabolic diseases.

Keywords: obesity; chronic inflammation; immune dysregulation; adipose tissue

macrophages; gut microbiota; metabolic disorders; immunomodulation

1. Introduction

The Global Burden of Disease Obesity Collaborators has reported that over 603.7 million adults
are obese [1]. Obesity has emerged as a critical public health challenge globally, charac-
terized by an excessive accumulation of body fat that poses significant risks for various
metabolic disorders, including type 2 diabetes mellitus (T2DM), cardiovascular diseases
(CVD), and non-alcoholic fatty liver disease (NAFLD) [2,3]. The pathophysiology of obesity
is complex and multifactorial, involving genetic, environmental, and behavioral factors [4].
However, an increasingly recognized component of obesity is the role of the immune
system, particularly the diverse array of immune cells that infiltrate adipose tissue and
modulate metabolic processes [5].
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Recent studies have elucidated the dual role of immune cells in the context of obesity.
On one hand, certain immune cells, such as macrophages, T cells, and B cells, can adopt
proinflammatory phenotypes that exacerbate insulin resistance and promote the devel-
opment of obesity-related complications [5,6]. For instance, the accumulation of M1-like
macrophages in adipose tissue is associated with increased secretion of proinflammatory
cytokines, which contribute to systemic inflammation and metabolic dysregulation [7,8].
Conversely, other immune cells, including regulatory T cells (Tregs) and alternatively
activated macrophages (M2), exhibit anti-inflammatory properties that can mitigate the
adverse effects of obesity and promote metabolic health [9,10].

The interplay between these proinflammatory and anti-inflammatory immune cells
is critical in determining the overall inflammatory milieu of adipose tissue and its sys-
temic consequences. This dynamic balance suggests that targeted modulation of specific
immune cell populations may offer a novel therapeutic strategy for addressing obesity and
its associated comorbidities. By selectively enhancing the activity of anti-inflammatory
immune cells or inhibiting the proinflammatory pathways, it may be possible to improve
metabolic outcomes and provide symptomatic relief from diabetes, cardiovascular disease,
and liver disease.

Moreover, the implications of immune cell involvement in obesity extend beyond
metabolic disorders to other non-metabolic diseases, including cancer. Chronic inflamma-
tion, driven by dysregulated immune responses, has been implicated in tumorigenesis and
cancer progression. Therefore, understanding the intricate relationship between immune
cells and obesity not only sheds light on potential therapeutic interventions for metabolic
diseases but also opens avenues for exploring their role in cancer prevention and treatment.

Based on these emerging insights, this review aims to reinterpret obesity from the
perspective of immune dysfunction and chronic inflammation, thereby providing a more
comprehensive understanding of the pathophysiological mechanisms of obesity. We sys-
tematically identify the key immune cells involved in obesity, highlighting their dual roles
in disease progression and metabolic regulation. Furthermore, we explore novel therapeu-
tic strategies targeting immune mechanisms, emphasizing their potential to revolutionize
obesity treatment. By integrating these perspectives, this review not only advances our fun-
damental knowledge of obesity but also lays the foundation for innovative, immune-based
interventions to mitigate its health consequences.

2. The Interaction Between Obesity and the Immune System
2.1. The Effects of Obesity on Immune Disregulation

The interaction between obesity and the immune system has garnered significant
attention, particularly regarding its impact on various health outcomes, including increased
susceptibility to infections, chronic inflammation, and abnormal immune responses in
pathological states [11-13]. Research has indicated that obesity triggers a series of immune
dysregulations characterised by chronic low-grade inflammation, which fundamentally
alter the interactions between immune cells [14,15].

First, obesity has been associated with a proinflammatory state driven by multiple
factors, including abnormal adipokine secretion and elevated levels of inflammatory cy-
tokines [16,17]. Studies have confirmed that elevated levels of leptin and C-reactive protein
(CRP) enhance inflammatory signalling pathways and amplify immune responses [18,19].
Specifically, the interaction between leptin and immune function plays a key role in mediat-
ing inflammatory responses; leptin is not only a key regulator of metabolism but also acts
as a proinflammatory cytokine to activate immune cells [20,21]. This disruption involves
both the innate and adaptive immune systems. Studies have shown that impaired immune
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function, such as reduced chemotaxis and abnormal macrophage differentiation, leads to
an immunosuppressed state, which is common in obese individuals [22-24].

Furthermore, specific mechanisms by which obesity influences immune responses
have been identified. For example, adipose tissue macrophages (ATMs) are important
immune cells significantly affected during obesity, and their polarization changes enhance
inflammatory responses. These ATMs promote systemic inflammation by increasing the
production of cytokines such as tumor necrosis factor-alpha (TNF-o) and interleukin 6
(IL-6), thereby maintaining a vicious cycle of immune dysfunction [25]. Additionally,
evidence suggests that obesity impairs the generation and function of antigen-specific T
cells, which are crucial for effective immune memory, thereby weakening the host’s ability
to mount an effective immune response to infections [26]. This phenomenon is particularly
pronounced in the context of viral infections, where obese individuals exhibit exacerbated
immune responses leading to adverse outcomes, as was observed during the Coronavirus
Disease 2019 (COVID-19) pandemic [27]. Additionally, studies have shown that adipocytes
secrete proinflammatory cytokines that disrupt immune homeostasis, resulting in impaired
T cell function and weakened B cell-mediated antibody responses [28,29]. Furthermore,
dendritic cells, which play a crucial role in initiating and regulating immune responses,
exhibit dysfunction in obese individuals. These cells increase in number within adipose
tissue and exhibit enhanced activation states, leading to impaired differentiation of helper
T cells and dysfunction of CD4+ T cells [30]. Furthermore, immune responses in obesity
are exacerbated by abnormal cytokine secretion from adipose tissue stromal cells (e.g.,
interleukin 33 (IL-33)), which impairs the development and functional capacity of Tregs
and B cells in an inflammatory environment [31,32]. These findings collectively indicate
that obesity could profoundly reshape immune responses through mechanisms involving
multiple immune cells, highlighting the importance of understanding these interactions for
developing clinical strategies to improve obesity-related diseases and immunotherapies.

Additionally, emerging research has highlighted the impact of obesity on complex
interactions within the immune ecosystem. For example, changes in the infiltration and
functional adaptability of immune cells (such as natural killer cells (NK cells) and T cells)
suggest that obesity increases susceptibility to infection by disrupting their training and
activation processes [33,34]. Macrophage polarization, particularly towards the M1 inflam-
matory phenotype, is directly associated with enhanced inflammatory responses, revealing
that obesity exacerbates the pathological processes of chronic diseases such as diabetes and
cardiovascular disease through distinct mechanisms [35]. To better illustrate the distinct
roles of these immune cells in obesity-related inflammation, Table 1 summarizes their
key functions, alterations in the obesity status, and the resulting impact on metabolic and
immune homeostasis.

Table 1. Role of immune cells in obesity.

Immune Cell Types Mechanisms Changes in Obesity Status  Influences Study Type References
Mediates %tg;?mféa;n ﬁ;tory Chronic In vitro studies,
Macrophages adipose tissue phenotype 1, inflammation and  animal studies, [36]
. . anti-inflammatory . . . - .
inflammation insulin resistance and clinical studies
phenotype |
Modulating the Impaired CD4+ and CD8+ T i??;git?g?iﬁf In vitro studies,
T Cells immune cell function, 1 PD-1 function and animal studies, [37-39]
response receptor expression and clinical studies
numbers
Produces Abnormal antibody Chronic In vitro studies,
B Cells antibodies, production and imbalance ) . animal studies, [40]
inflammation

regulates T cells

in T cell regulation

and clinical studies
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Table 1. Cont.

Immune Cell Types Mechanisms Changes in Obesity Status  Influences Study Type References
Tumour Promotin In vitro studies,

NK Cells surveillance and  Functional decline . & animal studies, [41]

. inflammation L. .

antiviral and clinical studies
Antigen Abnormal antigen Tumour immunity  In vitro studies,

Dendritic Cells presentation and  presentation, inflammatory  and reduced animal studies, [42]
T cell activation signal release antiviral capacity and clinical studies

Abbreviations: PD-1, programmed cell death protein 1; CD4+, cluster of differentiation 4 positive; CD8+, cluster
of differentiation 8 positive. Symbols: 1, increased /upregulated; |, decreased /downregulated.

Overall, the relationship between obesity and immunity is determined by complex
interactions that promote chronic inflammation and altered immune function, potentially
leading to increased susceptibility to infection and chronic diseases. Understanding these
mechanisms is crucial for developing targeted therapeutic strategies to mitigate the adverse
health outcomes associated with obesity.

Recent studies have further revealed the fine-grained mechanisms of metabolic re-
programming of immune cells in the obese state [43-45]. Single-cell RNA sequencing
and spatial transcriptomics analyses reveal that different immune cell subpopulations
in adipose tissue undergo specific metabolic alterations, including enhanced glycolysis,
mitochondrial dysfunction, and lipid metabolic remodeling, which directly influence their
functional polarization and inflammatory responses [43,46-48]. In addition, emerging
evidence suggests that extracellular vesicles and adipose tissue senescence-associated
secretory phenotype (SASP) play key roles in mediating adipocyte-immune cell-to-cell
communication [44,49].

2.2. The Effects of Immune Disregulation on Obesity

While obesity clearly induced inflammatory responses, accumulating evidence sug-
gested that inflammation itself is not merely a consequence of obesity but actively con-
tributes to its development and maintenance, creating a bidirectional relationship that
perpetuated metabolic dysfunction. This section examines how inflammation promotes
and sustains obesity through multiple mechanisms.

Inflammatory signaling directly influenced adipose tissue function and energy home-
ostasis. Activation of inflammatory pathways, particularly those involving inhibitor of
nuclear factor kappa-B kinase subunit beta/nuclear factor kappa B (IKK{3/NF-kB) and
c-Jun N-terminal kinase (JNK), has been shown to interfere with insulin signaling and
adipocyte function [50,51]. While initially thought to directly promote adiposity, the rela-
tionship is more complex. In transgenic mouse models, the hepatic activation of NF-«B
pathway leads to systemic insulin resistance; however, tissue-specific effects vary consider-
ably [52]. Proinflammatory cytokines such as TNF-« and IL-1f3 have been demonstrated
to alter adipocyte metabolism, primarily by inhibiting adipogenesis and impairing mi-
tochondrial function and fatty acid oxidation [53,54]. Contrary to earlier assumptions,
most studies indicate that TNF-« actually suppresses rather than enhances lipogenesis
by downregulating adipogenic genes such as peroxisome proliferator-activated receptor
gamma (PPAR-y) and CCAAT/enhancer-binding protein alpha (C/EBP«) while promot-
ing lipolysis [16]. IL-6, another key inflammatory mediator elevated in obesity, exhibits
complex and sometimes contradictory effects on adiposity. While acute IL-6 signaling could
promote energy expenditure through central mechanisms, chronic elevation of IL-6 has
been associated with metabolic dysfunction, though its direct effects on adipocyte lipid
metabolism remain debated [55,56].
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A hallmark of obesity is the altered composition and function of immune cells
within adipose tissue. In lean individuals, adipose tissue contains primarily M2-polarized
macrophages, regulatory T cells (Tregs), and type 2 innate lymphoid cells (ILC2s), which
collectively maintain an anti-inflammatory environment conducive to metabolic home-
ostasis [57,58]. With obesity progression, this immune profile shifts dramatically. Adipose
tissue becomes infiltrated with CD8+ T cells and neutrophils, which precede and facilitate
the recruitment of proinflammatory M1 macrophages [59,60]. These M1 macrophages
form characteristic crown-like structures around dying adipocytes and secrete proinflam-
matory cytokines that further promote immune cell recruitment and inflammation [61].
Simultaneously, regulatory immune populations such as Tregs and eosinophils decrease,
exacerbating the inflammatory imbalance [62,63]. Recent studies using single-cell RNA
sequencing revealed even greater complexity in adipose tissue immune populations during
obesity, identifying novel subsets of macrophages beyond the simple M1/M2 dichotomy.
For example, lipid-associated macrophages (LAMs) expressing Trem?2 have been identified
as playing important roles in metabolic homeostasis [64]. Other research has defined addi-
tional macrophage populations with distinct functional profiles that evolve during obesity
progression [65].

Inflammation extends beyond peripheral tissues in obesity, significantly affecting
central nervous system regulation of energy balance. Hypothalamic inflammation, par-
ticularly in the arcuate nucleus, emerges early in diet-induced obesity and contributes to
leptin and insulin resistance, disrupting the central regulation of food intake and energy
expenditure [66,67]. High-fat diet consumption activates microglia and astrocytes in the
hypothalamus, leading to local production of inflammatory cytokines that impairs the func-
tion of anorexigenic pro-opiomelanocortin (POMC) neurons while enhancing the activity
of orexigenic Neuropeptide Y/Agouti-Related Peptide (NPY/AgRP) neurons [68]. Interest-
ingly, this neuroinflammation can be observed as early as 24 h after high-fat diet initiation,
preceding significant weight gain, suggesting it may be a cause rather than consequence of
obesity [66]. This neuroinflammation creates a vicious cycle where impaired hypothalamic
signaling promotes hyperphagia and reduces energy expenditure, further exacerbating
weight gain and systemic inflammation [69].

In summary, obesity triggers a series of immune dysregulations characterised by a
chronic low-grade inflammatory state that disrupts immune homeostasis through a variety
of mechanisms, including aberrant adipokine secretion, elevated levels of inflammatory
cytokines, and alterations in the function of a wide range of immune cells. At the same time,
inflammation itself is not solely a consequence of obesity, but is an active contributor to its
development, creating a vicious cycle by affecting adipose tissue function, energy balance,
and hypothalamic regulation. This complex interaction leads to increased susceptibility
to infection and elevated risk of chronic disease, and understanding these mechanisms is
critical to developing targeted therapeutic strategies to help improve obesity-related dis-
eases and immunotherapy outcomes. Figure 1 illustrates these complex immunometabolic
interactions in obesity, highlighting the bidirectional relationship between obesity and
immune dysregulation, from adipose tissue expansion and immune cell polarization to
systemic inflammation and the establishment of a self-perpetuating pathological cycle.
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Figure 1. Immunometabolic interactions in obesity and bidirectional relationship with immune dys-
regulation. (A) Adipose tissue expansion: Obesity-induced adipocyte hypertrophy leads to tissue
hypoxia, cell necrosis, free fatty acid (FFA) release, damage-associated molecular patterns (DAMPs)
production, and extracellular matrix (ECM) remodeling, creating a proinflammatory microenviron-
ment. (B) Macrophage polarization: Adipose tissue macrophages (ATMs) undergo polarization from
the anti-inflammatory M2 phenotype to the proinflammatory M1 phenotype, with increased CCL2
expression facilitating macrophage recruitment and formation of crown-like structures (CLS) around
dying adipocytes, characterized by CD11c+ ATMs accumulation. (C) T cell dysregulation: Obesity
disrupts T cell subset balance, characterized by decreased regulatory T cells (Tregs|) and increased
proinflammatory T cell populations (Th1t, CD8+1, Th171), along with elevated PD-1 expression and
increased production of inflammatory mediators (IFN-yT, IL-171). (D) Inflammatory cytokine network:
Adipose tissue becomes the central hub of inflammatory signaling, with increased production of proin-
flammatory cytokines (TNF-«, IL-6, IL-13, CCL2) and decreased anti-inflammatory cytokines (IL-10,
IL-4). This is accompanied by altered adipokine secretion (leptint, adiponectin]), TLR4/NF-«B pathway
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activation, and reactive oxygen species (ROS) generation. (E) Systemic inflammation and metabolic
consequences: Obesity-induced chronic inflammation affects multiple target organs including muscle,
liver, pancreas, and blood vessels, leading to insulin resistance and the development of metabolic
diseases including type 2 diabetes, NAFLD, and cardiovascular disease through interconnected
pathological pathways. (F) Bidirectional relationship forming a vicious cycle: Obesity and im-
mune dysregulation create a self-perpetuating cycle where obesity promotes inflammation through
adipokine dysregulation and tissue dysfunction, inflammation disrupts immune cell function and
promotes further metabolic dysfunction, and hypothalamic inflammation impairs central energy reg-
ulation (POMCJ, NPY/AgRP?), leading to increased food intake and decreased energy expenditure.
This energy imbalance exacerbates obesity, completing the vicious cycle. Arrows: — indicate direct
effects or pathways; <> indicate reciprocal interactions; symbols: 1 indicates increased /upregulated;
J indicates decreased /downregulated. Figure designed by authors.

3. Gut Flora and Immune Regulation

The gut microbiome is increasingly recognized as a pivotal component in the regula-
tion of immune responses and carries significant implications for the pathophysiology of
obesity. Recent studies have underscored that obesity could lead to a reconfiguration of
the microbial ecosystem along the gut-liver axis [70]. This transformation contributes to al-
tered immune responses that foster systemic inflammation and metabolic dysfunction [71].
Specifically, research conducted by Galaris et al. demonstrated that the microbiome charac-
teristic of obesity enhances energy extraction from dietary sources, which in turn promotes
fat accumulation and aggravated obesity-related health conditions. Moreover, Santos-Paulo
etal. spotlighted the therapeutic promise of interventions aimed at microbiome modulation,
such as fecal microbiota transplantation (FMT) and dietary modifications, which show
potential in ameliorating metabolic issues in individuals diagnosed with obesity [72]. Their
analysis revealed that microbiome modulation approaches such as FMT from lean donors
demonstrated significant improvements in peripheral insulin sensitivity and glycemic con-
trol (reduced HbA1c) in metabolic syndrome patients. Dietary interventions, particularly
those rich in microbiota-accessible carbohydrates, could reshape gut microbial populations
by increasing beneficial bacteria associated with metabolic health. The review also noted
that specific probiotic strains (particularly Lactobacillus gasseri) showed efficacy in reducing
abdominal visceral fat by 4.6% and waist circumference by 1.8% in clinical trials.

Examining the intricate relationship between gut flora and immune regulatory mech-
anisms reveals how the microbiome participates in the maintenance of metabolic health.
Hossain et al. illustrated that obesity disrupts bile acid metabolism, which subsequently in-
fluences the farnesoid X receptor (FXR) in the liver [73]. This modulation could profoundly
affect insulin sensitivity and immune responses within the body. Notably, specific gut
bacteria, such as Akkermansia muciniphila, has been correlated with enhanced metabolic pa-
rameters and heightened insulin sensitivity, indicating that distinct microbial compositions
might have offered protective effects against the development of obesity and its associated
complications [74].

The role of the gut microbiome further extended to the regulation of appetite and
satiety through pathways linked to the gut-brain axis. Research by Longo et al. explored
the intricate relationships among the vagus nerve, gut microbiota, and metabolic regulation,
underscoring the potential for dietary interventions and the use of probiotics to rehabilitate
a balanced gut microbiome [75]. The interconnectedness of these pathways exemplifies the
multifaceted mechanisms by which gut microbiota influence not only obesity and metabolic
dysfunction but also immune responses. This intricate interplay highlights the necessity
for further research in understanding the gut microbiome’s role in metabolic health, as
summarized in Figure 2. It is worth noting that metabolic abnormalities have reached
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epidemic levels, and the complex and dynamic nature of the gut microbiota, a key player
in its pathophysiology, could initiate a range of physiological processes and disruptions to
the microbiome that could have a detrimental effect on overall health [76].

Gut-Brain Axis
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Figure 2. Multi-axial mechanisms of gut microbiota regulation of obesity and therapeutic intervention
strategies. This figure illustrates key pathways through which gut microbiota influences metabolic
health via neural and hepatic pathways. The gut-brain axis affects metabolic function through
vagus nerve signaling, appetite regulation, and energy balance, while the gut-liver axis participates
in metabolic risk regulation through bile acid metabolism, FXR regulation, and insulin sensitivity.
Gut microbiota dysbiosis can lead to obesity dysfunction, which in turn triggers various metabolic
diseases such as T2DM, NAFLD, and CVD. Right side of the figure presents therapeutic intervention
strategies targeting gut microbiota, including dietary modifications, probiotic supplementation,
Akkermansia, fecal microbiota transplantation, and microbiota balancing. These interventions can
reduce inflammatory responses and improve metabolic outcomes. Figure designed by authors.

4. Immunomodulation in Metabolic Diseases

The role of immune regulation in obesity-related metabolic diseases encompasses
various conditions, notably T2DM, NAFLD, dyslipidemia, hypertension, CVD, polycystic
ovary syndrome (PCOS), chronic kidney disease (CKD), and obstructive sleep apnea (OSA).
The complex interplay between chronic inflammation, immune dysfunction, and metabolic
processes is pivotal in the pathogenesis of these diseases.

In T2DM, the chronic state of low-grade inflammation is intimately linked to insulin
resistance. Immune cells, particularly macrophages, produce proinflammatory cytokines
that disrupt insulin signaling pathways, thereby exacerbating metabolic dysregulation [77].
The release of these cytokines is often reflective of an imbalance in T cell subsets, which
could be influenced by obesity-related factors [78]. Indeed, immunosenescent T cells
have been associated with heightened inflammation in hypertensive states and forms of
metabolic dysfunction [79].

Dyslipidemia, commonly associated with the metabolic syndrome, has been linked
to immune dysregulation. Although Chen et al. did not directly address dyslipidemia,
their discussion of the metabolic syndrome and its relationship to systemic inflamma-
tion suggests that targeting inflammatory pathways might help manage lipid profiles
and reduce cardiovascular risk [80]. The role of immune mechanisms in hypertension
has also come under scrutiny, with recent findings suggesting that inflammation leads to
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vascular dysfunction, which in turn triggers hypertension [81]. This highlights the poten-
tial for immunomodulatory therapies to alleviate hypertension by targeting underlying
inflammatory processes.

NAFLD is characterized by an abnormal immune response that leads to hepatic in-
flammation and fibrogenesis, where immune cells infiltrate liver tissues in response to
lipotoxicity and other metabolic disruptions [82]. The activation of these immune cells con-
tributes further to the steatotic condition, which is commonly seen in obese individuals [83].
Chronic inflammation and dysregulated immune signaling pathways play crucial roles in
hepatic insulin resistance and lipid metabolism disturbances, reinforcing the connection
between obesity and NAFLD [84].

Hypertension, often correlated with obesity, provides another perspective on immune
dysregulation. Hypertensive conditions have been noted to involve the activation of in-
nate immune responses that, alongside neuroimmune communications, contribute to the
regulation of blood pressure [85]. Specifically, T lymphocytes have been implicated in
modulating vascular tone and inflammatory responses, suggesting that targeting immune
pathways could offer new therapeutic strategies for managing hypertension [86]. Further-
more, myeloid-derived suppressor cells have been shown to exert regulatory effects on
blood pressure, providing further evidence of the intricate link between the immune system
and cardiovascular health [87].

In the context of PCOS, the intersection of hormonal imbalance and immune dysfunc-
tion is critical. Women with PCOS display a chronic inflammatory state that is linked to
insulin resistance and features of metabolic syndrome [88]. Dysregulation of immune re-
sponses has also been observed alongside variations in the levels of androgens, establishing
a feedback loop where immune dysfunction exacerbates both metabolic and reproductive
issues [89]. Moreover, altered T cell activity and the presence of myeloid-derived suppres-
sor cells has been documented in PCOS, suggesting a significant role for immune cells in
the pathophysiology of this condition [90].

CKD also illustrates the impact of immune regulation in obesity-related diseases.
In CKD, inflammation often correlates with renal injury, which can be exacerbated by
obesity-induced immune cell activation [91]. The relevance of immune dysregulation in
CKD is underscored by the promotion of vascular inflammation, which further complicates
hypertension and cardiovascular complications in these patients [92].

Lastly, OSA, though less frequently discussed in the context of immune regulation,
also shares common pathways with obesity and inflammation. The intermittent hypoxia
associated with OSA can induce a systemic inflammatory response, altering immune
function and potentially leading to further metabolic complications, including T2DM and
cardiovascular issues [93].

Overall, the regulation of immune responses plays a fundamental role in various
obesity-related metabolic diseases, highlighting the potential for therapeutic strategies
that target immune pathways. Continued research into these interactions is crucial for
developing targeted interventions that address both the metabolic and inflammatory com-
ponents of these multifaceted conditions. Figure 3 illustrates how obesity-induced chronic
inflammation acts as a hub connecting multiple metabolic conditions through shared in-
flammatory pathways. Table 2 provides a systematic summary of the immune mechanisms
of various obesity-related metabolic diseases and their potential immunomodulatory ther-
apeutic approaches, which provides a comprehensive reference framework for clinical
decision-making and future research directions.



Biomedicines 2025, 13, 1429 10 of 23

p LDL
/ he) \
/ \
/ \
\ /
\ / N
\\ Dyslipidemia /\ Systemic Inflammation X
A /,// ™ affects lipid profiles ( ’
h g and metabolism Macrophages disrupt
S insulin signaling via
N N \ cytokine production
> 4
/ \ Immune cells infiltrate
/[ \ liver in response to
/ \ lipotoxicity
|
\ e s
\ Intermittent hypoxia |
AN OSA induces systemic
\\ . inflammatoryresponse J

T cells modulate
vascular tone and
inflammatory responses

Hypertension
& CVD

o T-cell Iimbalance
o Macropﬁage infiltration

Inflammation promotes
renal injury and
vascular inflammation

Hormonal imbalance
interacts with immune
dysfunction

Key Immune Cells
o Macrophages (M1/M2)
o T cells (Th1/Th2/Treg)

. e MDSCs

[ Obesity & Inflammation [ Type 2 Diabetes NAFLD Hypertension & CVD PCOS [ cKkp

OSA Dyslipidemi - Infl y Pathway

Figure 3. Inmunomodulation in obesity-related metabolic diseases. Diagram illustrates how obesity-
induced chronic inflammation serves as a central driver for multiple metabolic disorders through
immune dysregulation pathways. Obesity triggers adipose tissue inflammation characterized by
macrophage infiltration, T cell imbalance, and proinflammatory cytokine production, which radi-
ates outward to impact multiple organ systems. Key conditions affected include T2DM (insulin
signaling disruption), NAFLD (liver lipotoxicity and immune cell infiltration), dyslipidemia (al-
tered lipid metabolism), hypertension and cardiovascular disease (vascular inflammation), PCOS
(hormonal-immune interactions), CKD (renal inflammation), and OSA (intermittent hypoxia-induced
inflammation). Figure designed by authors.

Table 2. Obesity-related metabolic diseases: immune mechanisms and potential therapies *.

Disease Immune Mechanism Potential . Study type References
Immunomodulation
Sodium-glucose In vitro studies
ToDM Inﬂammatlon — Insulin f:othapspOITter 2 (SG.LTZ). animal studies, and [94]
resistance inhibitors improve insulin . . :
e clinical studies
sensitivity
Inflammatory cytokines e . .
NAFLD s Liver fat accumulation SGLT2 inhibitors reduce In vitro studies and [95]

and fibrosis

liver fat and inflammation

clinical studies
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Table 2. Cont.
. . Potential
Disease Immune Mechanism . Study type References
Immunomodulation
Dyslipidemia Inflammation = Lipid Q\rel;la-mﬂ;rgmi?rtlorr}gve Clinical stud [96]
ystp imbalance ({LDL, {HDL) .. py may imp y
lipid levels
. .. . In vitro studies,
. Inflammation — Vascular  Targeting inflammation . .
Hypertension d . animal studies, and [97]
ysfunction may lower blood pressure L
clinical
. . . In vitro studies,
Chronic inflammation -  Immune modulation may : .
CVD . . . animal studies, and [98]
Atherosclerosis reduce heart disease risk L .
clinical studies
Inflammation — Insulin ~ Immunotherapy may In vitro studies,
PCOS resistance and hormonal regulate metabolism and  animal studies, and [99]
imbalance reproduction clinical studies
. . Anti-inflammatory . .
CKD Inflammation — Kidney strategies may slow CKD Ch.mcal stuc'hes and [100]
damage : animal studies
progression
Inflammatory response—  Inflammation control may In vitro studies and
OSA Worsened insulin improve OSA-related [101]

resistance and CVD risk

outcomes

animal studies

* All abbreviations are defined in the main text and abbreviations list. Symbols: 1, increased; |, decreased.

5. Inmunomodulation as a Novel Target for Obesity Treatment

The investigation of immunomodulation as a novel target for obesity treatment is
rapidly evolving, revealing the intricate relationship between immune system dysfunction
and metabolic disorders. Current research indicates that immune dysregulation is a hall-
mark of obesity, characterized by chronic low-grade inflammation and disrupted immune
cell function that both drives obesity pathogenesis and complicates management of related
comorbidities, including diabetes and cancer [102]. While chronic inflammation contributes
significantly to these complications, it is crucial to recognize the variability in inflamma-
tory profiles among individuals with obesity, highlighting the multifactorial nature of this
complex disease influenced by genetic, behavioral, hormonal, and environmental factors.
Recent findings underscore the critical role of specific immune cell subsets in adipose tissue
inflammation, with studies by Liu et al. (2018) demonstrating how obesity alters T cell
function and how different T cell subsets can either worsen or alleviate inflammation within
adipose tissue [5]. Similarly, Piening et al. (2024) established that obesity-associated T cell
dysfunction impairs immunosurveillance and increases cancer risk, emphasizing the need
for comprehensive immunomodulatory strategies that address broader aspects of immune
dysfunction [34].

Beyond immune cell dynamics, recent research has illuminated the role of adipokines,
particularly leptin, in modulating immune responses, with Vick et al. (2023) noting that
elevated leptin levels during diet-induced obesity might reduce the efficacy of certain can-
cer immunotherapies [103]. Additional pathways, such as inhibition of the IKK{ /NF-«xB
signaling cascade, offer promising therapeutic targets for ameliorating obesity-induced
inflammation [104]. The “obesity paradox”—where moderate obesity might correlate with
improved outcomes in specific cancer treatments while severe obesity predicts poorer
prognoses—further complicates our understanding [105]. This paradoxical observation
highlights the complexity of immune responses in obesity and their implications for im-
munotherapy efficacy, suggesting that a deeper understanding of obesity’s effects on
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immune mechanisms could lead to more tailored treatment strategies for patients with
both obesity and cancer.

Furthermore, innovative approaches such as the use of nanotechnology for im-
munotherapy are being explored. Yan et al. proposed a method using gold nanobipyramids
to modulate macrophage activity in adipose tissue, thereby enhancing the clearance of
excess adipocytes and potentially improving metabolic health [106]. This represents a novel
intersection of immunology and nanomedicine in the fight against obesity.

Fecal microbiota transplantation (FMT), an innovative therapeutic strategy for micro-
biome modulation, has shown great potential in the treatment of obesity [107]. Clinical
studies have shown that transplantation of gut microbes from lean individuals could
significantly improve metabolic markers, modulate immune function, and potentially at-
tenuate obesity-related chronic inflammatory responses [108]. Specifically, by remodeling
gut microbiota diversity, FMT could directly influence host metabolic processes, includ-
ing improving insulin sensitivity, modulating lipid metabolism, and attenuating systemic
inflammation [109]. Although FMT has shown encouraging promise in the treatment of
obesity, large-scale clinical studies are needed to validate its long-term efficacy and safety,
especially in terms of individualized response in different populations.

The current cutting-edge literature indicates a growing understanding of the role of the
immune system in obesity, and immune modulation is seen as an emerging and promising
target for the treatment of obesity. By gaining a deeper understanding of the complex
interactions between immune cells, adipokines, and metabolic pathways, researchers are
paving the way for the development of innovative therapeutic strategies that are expected
to significantly improve the prognosis of obese patients and their comorbidities. Table 3
summarizes a comparative analysis of the current major immunomodulatory therapeutic
strategies, including their mechanism of action, clinical or experimental evidence, strengths
and limitations, and potential synergies with existing treatments, providing a compre-
hensive frame of reference for clinical decision-making and future research directions.
Due to the heterogeneity of inflammatory profiles, genetic factors, and comorbidities in
obese patients, optimal immunomodulatory strategies vary from individual to individual.
Artificial intelligence approaches help to identify patients who are best suited to receive
specific immunomodulatory interventions, thereby supporting more personalized treat-
ment regimens. Available evidence suggests that combination therapeutic regimens that
simultaneously target inflammatory and metabolic components of obesity might provide
superior therapeutic outcomes over single-target therapies [110,111].

To better understand the application of immunomodulatory treatment strategies in
clinical practice, we searched the WHO International Clinical Trials Registry Platform
(ICTRP) database (https:/ /trialsearch.who.int/Default.aspx) for the latest studies. Table 4
summarizes the main clinical trials registered in 2025 related to immunomodulatory ther-
apy for obesity. These trials reflect a wide range of treatment modalities, from traditional
herbal medicines (such as puerarin) to modern biopharmaceuticals (such as GLP-1 receptor
agonists), as well as diverse strategies ranging from single interventions to combination
therapies. Notably, these clinical studies demonstrate the emerging trend of immunomod-
ulatory therapy in the translational application of obesity treatment. For example, the
NCT06968208 trial explored the potential of puerarin to achieve weight loss by regulat-
ing inflammatory factors, while the NCT06863363 study on the combination therapy of
PEG-thGH and semaglutide represented a new strategy of multi-pathway synergistic
regulation. These clinical studies not only enriched the evidence base for immunomodu-
latory therapy in obesity but also provided important references for future personalized
precision treatment.


https://trialsearch.who.int/Default.aspx

Biomedicines 2025, 13, 1429 13 of 23
Table 3. Inmunomodulatory treatment strategies for obesity.
Comparative Analysis of Mechanisms, Evidence, Advantages, Limitations, and Synergistic Potential
Mechanism of Action g‘lllircllleclil/eExperlmental Advantages Limitations Potential Synergies  Study Type References
. TNF-« inhibitors show Direct targeting of key  Increased infection Animal study
. Neutralize ) . . . S
Cytokine . . efficacy in inflammatory inflammatory risk; (IL-1B inhibitors);
o proinflammatory cytokines - . . . . ) . GLP-1 receptor .
Inhibitors . . diseases but variable mediators; established ~ immunosuppressive . . clinical study [112,113]
elevated in obesity-related . - . : agonists; metformin
(TNF-«, IL-13) . . results in metabolic safety profile from effects; possible (TNF-«
inflammation . R . N
improvement other indications metabolic side effects inhibitors)
Modulate T cell T cell dysregulation Highly specific Complex T cell
subpopulations to restore  directly linked to targeting of key subset interactions; Anti-inflammatory
T Cell-Targeted . . . . . .
Approaches balance between pro-and  obesity-related immune regulators; potential for agents; microbiome Animal study [114,115]
PP anti-inflammatory inflammation and addresses root immune  autoimmune modulators
responses metabolic dysfunction pathology complications
Shift adipose tissue M1 macrophage Targets primary Difficulty achieving
Macrophage macrophages from infiltration in adipose cellular drivers of tissue specificity; Insulin sensitizers; .
L - . . . - . . . In vitro study
Polarization proinflammatory M1 to tissue correlates with adipose inflammation;  potential anti-inflammatory . [116]
. . ) . ) . : . and animal study
Strategies anti-inflammatory M2 insulin resistance and potential for Immunosuppressive  treatments
phenotype metabolic dysfunction tissue-specific effects effects
S Targets intersection . .
Adipokine R'egulc?lte adipokine Elevated leptin levels in between metabolism Complex plelc')troplc
signaling to reduce . . . effects; potential Cancer .
Modulators (e.g., . obesity promote and immunity; . . . . Animal study
. proinflammatory effects ) - . . impact on appetite immunotherapies; .. [117]
Leptin . . inflammation and impair addresses . . and clinical study
. and improve metabolic . . o regulation and metabolic regulators
Antagonists) . . immunotherapy responses  obesity-specific .
signaling . energy homeostasis
pathophysiology
Inhibit IKKp /NF-xB . Targets key upstream Risk of broad Animal studies,
. . NF-«B activation central to  inflammatory . . . o . .
signaling cascade that . . ) . immunosuppression; Insulin sensitizers; in vitro studies
NF-«B Pathway . . obesity-induced mediator; potential for . -
i mediates inflammatory - . . . potential toxicity due targeted and a small [104]
Inhibitors . - inflammation and insulin ~ broad L . .
responses in multiple to ubiquitous NF-kB ~ immunotherapies number of

tissues

resistance

anti-inflammatory
effects

functions

clinical studies
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Table 3. Cont.
Comparative Analysis of Mechanisms, Evidence, Advantages, Limitations, and Synergistic Potential
. . linical/Experimental e s . .
Mechanism of Action gvi declic/eE perimenta Advantages Limitations Potential Synergies  Study Type References
Use englr}eered Gold nanobipyramids Highly targeted Farly stage of
nanoparticles (e.g., gold . development; . .
.. . . demonstrated to promote approach; potential for Conventional weight .
Nanomedicine nanobipyramids) to . . . unknown long-term . In vitro study
adipocyte clearance via reduced systemic . loss therapies; . [106]
Approaches modulate macrophage S . . safety profile; . and animal study
. macrophage modulation in  effects; innovative : metabolic regulators
function and enhance . . . manufacturing
. experimental models delivery mechanisms .
adipocyte clearance complexity
Gut microbiome Inter-individual
. . Modulate gut microbiota alterations linked to Non-invasive; . . . . Animal studies,
Microbiome- . . . variability; complex Dietary interventions; . . .
to reduce systemic obesity-related potentially addresses . . .. in vitro studies,
Based . . . . . . microbiome anti-inflammatory .. [118,119]
. inflammation and improve  inflammation; specific root causes; favorable . . and clinical
Interventions .. . . . . interactions; agents .
metabolic signaling bacteria (e.g., Akkermansia)  safety profile s studies
. . durability of effects
show metabolic benefits
.Integrate Emerging evidence that Addressgs multiple Increased potential . . .
. immunomodulatory - . pathogenic Al-guided treatment ~ Animal studies,
Combination Im- . . combined targeting of . for adverse effects; . L .
. approaches with metabolic . . mechanisms; selection; in vitro studies,
munometabolic inflammation and L complex drug ; - [120,121]
. regulators (e.g., GLP-1 . . personalization . . . personalized and clinical
Therapies metabolism provides interactions; higher studies

agonists) for synergistic
effects

superior outcomes

potential; improved
efficacy

treatment costs

medicine approaches

Abbreviations: GLP-1, glucagon-like peptide 1.
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Table 4. Clinical trials related to obesity immunomodulatory therapy registered on WHO platform
by 2025.

Trial ID

Public Title Date of Registration Study Type

NCT06968208

Randomized Controlled Trial of Puerarin for

Obesity Treatment 5 May 2025 Interventional

CTRI/2025/04/085671

Obesity treated with Ashuwathi chooranam

and siddhar yoga therapy 25 April 2025 Interventional

NCT06974851

A Phase III Study Evaluating the Efficacy and
Safety of HRS9531 Injection in Subjects With 24 April 2025 Interventional
Obstructive Sleep Apnea (OSA) and Obesity

ChiCTR2500100289

A Multicenter, Randomized, Open-label,
Parallel-controlled Phase III Study Comparing
the Efficacy and Safety of Semaglutide
Injection and Wegovy® for Weight Loss in
Obese Subjects

7 April 2025 Interventional

NCT06863363

PEG-thGH and Semaglutide Combination

Therapy in Non-Diabetic Obese Adults 28 February 2025 Interventional

NCT06874270

Metabolic Phenotyping for Personalized

Obesity Therapy 27 February 2025 Observational

NCT06809166

Metabolic and Behavioural Effects of
CONTRAVE as Potential Mechanisms of 22 January 2025 Interventional
Weight Loss in Adults With Obesity

NCT06761703

A Study to Determine the Feasibility of Online
Recruitment of People Using an Anti-Obesity 1 January 2025 Observational
Medication for Weight Loss

6. Future Research Directions and Challenges in Obesity and
Immunomodulation

The ongoing exploration of immunomodulatory treatment strategies focused on the
inflammatory state of obesity underscores the complexity and multifactorial nature of this
condition. Chronic low-grade inflammation (CLGI) is indeed a hallmark of obesity, but it is
crucial to recognize that not all individuals with obesity present the same inflammatory
profiles. Factors such as genetic predispositions, behavioral patterns, hormonal influences,
and environmental conditions can significantly impact the immune response and overall
health outcomes of obese patients [122,123]. Thus, while inflammation-targeted therapies
could promise benefits, a more nuanced understanding and approach are likely required
for effective obesity management.

The complexity of obesity necessitates comprehensive treatment strategies that inte-
grate immunomodulatory therapies with existing pharmacotherapies, such as metformin
and GLP-1 receptor agonists, known for their efficacy in managing obesity and its metabolic
consequences [124,125]. Studies indicate that combining these therapies could potentially
enhance treatment outcomes by addressing not only inflammation but also other under-
lying biological and sociological factors related to obesity [126,127]. For instance, the
obesity paradox—where increased adiposity correlates with better outcomes in certain
immunotherapy contexts—reveals a need for tailored treatment regimens rather than a
one-size-fits-all approach [128,129]. Such combinations could mitigate the side effects
associated with immunotherapy—namely, the heightened risk of infections due to immuno-
suppressive agents like tumor necrosis factor alpha (TNF-o) and interleukin 1 beta (IL-1§3)
inhibitors [130,131].

Immunotherapies can lead to significant adverse effects, particularly immunosup-
pression, which may elevate the risk of opportunistic infections, as evidenced by studies
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linking TNF-« inhibitors with increased susceptibility to infections [132]. Conversely, while
IL-1f3 inhibitors might pose fewer risks, their clinical efficacy remains variable [133]. As
such, personalized treatment plans that incorporate patients” unique immune profiles
and metabolic conditions are essential. Ongoing research into immunophenotyping may
offer valuable insights for developing these personalized strategies, ultimately improving
therapeutic outcomes and minimizing adverse effects.

Furthermore, the integration of artificial intelligence (Al) into the design and applica-
tion of immunotherapies holds potential for optimizing patient selection for treatments.
Al models could analyze extensive datasets to discern patterns in how specific immune
responses correlate with treatment success, potentially identifying subsets of patients
more likely to derive benefit from targeted therapies [134,135]. This predictive modeling
could significantly enhance the effectiveness of personalized immunotherapy regimens
and inform the development of future pharmacological approaches. With the deepening
understanding of obesity-related immune disorders, Al technologies offer new possibil-
ities for the design of personalized immunotherapy regimens; as shown in Figure 4, an
Al-assisted decision-making framework integrating multi-omics data, patient stratification,
and treatment optimization may significantly improve the precision of obesity immunother-
apy. Notably, microRNAs (miRNAs) show great potential in the diagnosis of non-alcoholic
steatohepatitis (NASH), dyslipidemia, obesity, and their associated metabolic diseases,
where they can not only serve as potential biomarkers, but also provide key molecular
insights into disease progression and therapeutic response [136].

Al-Guided Personalization of Obesity Inmunotherapy
o Data Collection e Al Integration & Analysis e Patient Stratification

Multi-omics Data Lyl Machine Learning Analysis Lyl Patient Categorization

-

Genomics - Inflammatory Genes Pattern Recognition Ir y Profile Classif ion

Transcriptomics - Adipose Tissue Predictive Modeling Immune Cell Function Status

Immunophenotyping Inflammatory Phenotype Classification Risk Assessment

Clinical Parameters Treatment Response Prediction Comorbidity Evaluation

1
Centjnuous

Fdedback &
REfinement
o Personalized Treatment & Monitoring ,'

Immunotherapy Selection

SafetylSiEfficacyiMonitoring Al-Guided Optimization

S

TNF-a Inhibitors IL-1B Inhibitors Infection Risk Assessment * Risk/Benefit Analysis

T-Cell Modulation  Macrophage Targeting Inflammatory Biomarker Tracking ° Dosage Adjustment

» Therapy Combination

Combination Therapy Strategy T o A « GLP-1/Metformin Integration

Figure 4. Al-assisted personalized decision-making framework for obesity immunotherapy. Frame-
work achieves precision therapy through four key stages: (A) data collection stage, which integrates
multi-omics data such as genomics, transcriptomics, immunophenotyping, and clinical parameters;
(B) Al integration and analysis stage, which leverages machine learning for pattern recognition,
predictive modelling, classification of inflammatory phenotypes, and prediction of therapeutic
response; (C) patient stratification stage, which provides individual classification based on inflam-
mation profiles, immune cell functional status, risk assessment, and comorbidity assessment; and
(D) personalized treatment and monitoring phase, guiding immunotherapy selection (e.g., TNF-a
inhibitors, IL-1f3 inhibitors, etc.), safety monitoring and treatment efficacy assessment, and Al-guided
risk-benefit analysis, dosage adjustment, and optimization of combination therapy strategies. A con-
tinuous feedback and optimization mechanism (dotted line on the right) ensures that treatment
regimens are dynamically adjusted according to patient response. Figure designed by authors.
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In summary, while immunomodulatory therapies continue to exhibit significant po-
tential in obesity treatment and associated metabolic disorders, their implementation must
be approached carefully, considering safety, efficacy, and the need for personalized care. As
researchers delve into the interplay of obesity, inflammation, and cancer, bridging the gap
between clinical practice and emerging therapeutic strategies will be crucial for advancing
patient care in this complex and burgeoning field.

7. Conclusions

Immunomodulatory strategies represent promising approaches for obesity manage-
ment, including anti-inflammatory agents, microbiome interventions, and immune cell-
targeted therapies. However, challenges remain, particularly regarding immunotherapy
side effects and the need for personalized treatment approaches. Future research should
focus on developing precision immunotherapies utilizing artificial intelligence to opti-
mize patient selection and treatment protocols. A deeper understanding of obesity’s
immunometabolic mechanisms will facilitate the development of innovative therapeutic
strategies that address both the inflammatory and metabolic components of this com-
plex condition, ultimately improving patient outcomes and reducing the global burden of
obesity-related diseases.
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