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Abstract

Introduction. Obesity is an established independent risk factor for hepatocellular carcinoma, the
third leading cause of cancer-related mortality worldwide. In Kazakhstan, where obesity affects over 20 %
of the adult population and liver cancer incidence has risen steadily, this association carries urgent public
health significance. Despite a well-documented epidemiological link, the mechanisms by which obesity
undermines antitumor immunity and reshapes the hepatic microenvironment remain incompletely char-
acterized. This review analyses how innate and adaptive immune populations are remodeled across the
NAFLD-to-HCC continuum under chronic metabolic stress.

Objective. Analysis of current scientific evidence on the role of immune and inflammatory mecha-
nisms in the development of liver cancer in the context of obesity, and systematization of data on how
metabolic disturbances influence antitumor immune responses and the hepatic microenvironment.

Materials and methods. A systematic literature search was conducted across PubMed, Google
Scholar, Scopus, and Web of Science databases, covering international and domestic publications from
2000 to 2026.

Results. Obesity-associated hepatocellular carcinoma develops through a progressive immunometa-
bolic cascade in which visceral adipose tissue assembles an immunosuppressive microenvironment — via
expansion of myeloid-derived suppressor cells, NK cell dysfunction, and CD8* T cell exhaustion — before
malignant transformation occurs. Tregs are depleted in obese adipose tissue yet accumulate in hepatocel-
lular carcinoma; NK cell activation in NASH drives hepatocyte damage rather than tumor protection. Func-
tional polarisation state, not cellular abundance, determines the pathological outcome.

Conclusions. Obesity promotes HCC through chronic adipose inflammation, insulin resistance, and
metabolic reprogramming of the tumor microenvironment, exhausting cytotoxic CD8" T cells and NK cells
while expanding immunosuppressive Tregs and MDSCs. Liver cancer progression is driven not only by vi-
ral or toxic factors but by obesity-induced immune imbalance in which systemic metabolic stress becomes
a key enabler of tumor immune evasion.

Keywords: Obesity, liver cancer, immune response, hepatocellular carcinoma, nonalcoholic fatty
liver disease.

Introduction

The estimates for global levels of over-
weight and obesity (Body Mass Index > 25kg/m?),
also referred to as high Body Mass Index (hereinaf-
ter — BMI) throughout this Atlas, suggest that over
4 billion people may be affected by 2035, compared
with over 2.6 billion in 2020. This reflects an in-
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crease from 38 % of the world’s population in 2020
to over 50 % by 2035 (figures exclude children un-
der 5 years old). The prevalence of obesity (BMI
>30kg/m?) alone is anticipated to rise from 14 %
to 24 % of the population over the same period, af-
fecting nearly 2 billion adults, children, and ado-
lescents by 2035. The rising prevalence of obesity
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is expected to be steepest among children and ado-
lescents, rising from 10 % to 20 % of the world’s
boys during the period 2020 to 2035, and rising
from 8 % to 18 % of the world’s girls [1]. Given
the vast socio-economic diversity across Asia, the
burden and management of liver cancer vary sig-
nificantly between subregions. Among these, Cen-
tral Asia stands out as a region where multiple risk
factors and determinants of liver cancer interact in
complex ways [2]. Across regions, the highest av-
erage all-cause mortality rates from 2014 to 2023
were in East Kazakhstan (7.29 per 100,000), West
Kazakhstan (7.26 per 100,000), and Pavlodar (6.50
per 100,000)regions. The regions with the lowest
mortality rates were Astana (3.40 per 100,000) and
Almaty (3.87 per 100,000). (Mortality-to-incidence
ratios) MIR values were high, averaging 0.85, and
increased from 0.67 to 0.88 over the study period [3].

Materials and methods

A narrative literature review informed by a
systematic literature search was conducted to ex-
amine the role of immune cells in the development
of obesity-associated liver cancer. The literature
search was performed using the PubMed, Google
Scholar, Scopus, and Web of Science databases and
covered publications published between 2000 and
2026.

Peer-reviewed original research articles and
review papers were considered for inclusion. Eli-
gible studies reported on immune and inflammatory
mechanisms involved in obesity-related liver can-
cer, the impact of metabolic disturbances on anti-
tumor immune responses, functional alterations in
immune cell populations-including CD4* and CD8"*
T lymphocytes, natural killer (NK) cells, regula-
tory T cells (Tregs), myeloid-derived suppressor
cells (MDSCs), macrophages, and dendritic cells-
as well as the pathogenesis of nonalcoholic fatty
liver disease (hereinafter — NAFLD), nonalcoholic
steatohepatitis (hereinafter - NASH), and their pro-
gression to hepatocellular carcinoma (hereinafter —
HCC).

The search strategy included the following
keywords and their combinations: «liver cancer»,
«obesity», «hepatocellular carcinomay, «nonalco-
holic fatty liver disease», «immune cellsy, «hepa-
titis B virusy», and «hepatitis C virus». Conference
abstracts without full-text availability, non-peer-re-
viewed publications, and studies not relevant to the
objectives of this review were excluded.

A total of more than 350 publications were
initially identified across all databases. After re-
moving duplicate records and screening titles and
abstracts for relevance, 92 articles underwent full-
text assessment. Ultimately, 68 publications that
met the eligibility criteria and most comprehen-
sively reflected the current evidence on obesity-
related liver cancer and immune mechanisms were
included in the final qualitative synthesis.

Results

Obesity arises from a chronic imbalance be-
tween energy intake and expenditure, yet framing
it purely as a behavioral failure obscures the struc-
tural determinants — limited access to nutritious
food, inadequate physical activity infrastructure,
and weak regulatory environments — that system-
atically predispose populations to excess adiposity
[4]. The global epidemiological shift is analytically
telling: obesity, once considered a disease of af-
fluence, is now rising fastest in low- and middle-
income countries, where it paradoxically coexists
with undernutrition — a dual burden that challenges
both causal narratives and intervention frameworks
simultaneously.

Kazakhstan-specific data illustrate this
complexity in a national context. While over 20 %
of the adult population is affected, the officially reg-
istered pediatric caseload appears disproportionate-
ly low relative to the reported tenfold increase in
childhood prevalence over four decades [5], sug-
gesting systematic underdiagnosis rather than gen-
uine epidemiological containment. The strong pa-
rental transmission signal — up to tenfold increased
risk when both parents are obese [6] — remains
mechanistically ambiguous: cross-sectional study
designs cannot disentangle genetic predisposition
from shared dietary environments, and longitudinal
evidence capable of separating these pathways is
absent from the Kazakhstani literature.

At the pathophysiological level, obesity’s
heterogeneity is underappreciated in population-lev-
el analyses. Monogenic, polygenic, and syndromic
forms differ fundamentally in their environmental
modifiability [7; 8], yet surveillance data and inter-
vention studies rarely stratify by obesity subtype.
The insulin resistance pathway — through which pro-
inflammatory cytokines promote chronic low-grade
inflammation in adipose tissue and create conditions
permissive for tumor initiation [9; 10] — represents
the most evidentially developed mechanistic link
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to cancer risk, though the relative contributions of
hyperinsulinemia, dyslipidaemia, and gut microbi-
ota-mediated energy dysregulation [11] to down-
stream malignancy risk have not been systematically
ranked, leaving the causal architecture insufficiently
resolved for precision prevention.

Liver cancer

Obesity is increasingly recognized as an in-
dependent driver of hepatocellular carcinoma, op-
erating through multiple intersecting mechanisms
— impaired antitumor immunity, altered tissue bio-
mechanics, and metabolic dysregulation involving
hyperinsulinemia, pro-inflammatory cytokines, and
adipokines — with visceral fat accumulation appear-
ing particularly implicated in disease progression
[12; 13]. This mechanistic complexity sits in pro-
ductive tension with epidemiological data: while
traditional risk factors such as HBV, HCV, alcohol
use, and cirrhosis account for the vast majority of
cases (notably, cirrhosis underlies nearly 90 % of
HCC diagnoses), the rising obesity epidemic intro-
duces a partially independent causal pathway that
existing surveillance frameworks may inadequately
capture [14; 15].

Global incidence trends reveal an important
asymmetry: liver cancer mortality has reversed in
men. However, it continues to rise in women, a di-
vergence that remains insufficiently explained and
points to gaps in understanding sex-specific meta-
bolic and hormonal mediators of obesity-related
hepatocarcinogenesis [16]. Kazakhstan-specific
data reinforce rather than resolve this complexity —
a decade-long upward trend in incidence and mor-
tality, heavy concentration in the 60-74 age group,
and frequent comorbidities including diabetes and
hypertension suggest a converging metabolic-in-
fectious risk profile, yet the causal weight of obe-
sity relative to viral hepatitis in this population has
not been systematically disentangled [17; 18].

A further unresolved question concerns tu-
mor heterogeneity: emerging evidence of monoclo-
nal origin in combined HCC—cholangiocarcinoma
suggests that microenvironmental factors — poten-
tially including obesity-driven inflammation — may
shape subtype divergence, with direct implications
for treatment response that remain poorly charac-
terized [19].

Association between obesity and liver cancer

The pathway from obesity to hepatocellu-
lar carcinoma is increasingly understood as a con-
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tinuum mediated by metabolic dysfunction rather
than a single causal mechanism. Nonalcoholic fatty
liver disease (hereinafter — NAFLD) — defined by
hepatic triglyceride accumulation exceeding 5 % in
the absence of alcohol or viral etiology — serves
as the critical inflection point: while the majority of
NAFLD cases remain stable, progression to nonal-
coholic steatohepatitis (NASH) occurs in approxi-
mately one-fifth of patients, introducing necroin-
flammation and fibrosis that may ultimately culmi-
nate in cirrhosis and HCC [20; 21]. What remains
analytically underexplored is why only a subset of
obese individuals with NAFLD undergo this transi-
tion — a gap that points to the insufficiency of BMI-
based risk stratification alone.

Several converging mechanisms have been
proposed, yet their relative contributions remain
contested. TNF-a, elevated in obesity, implicates
inflammatory signaling across multiple carcino-
genic stages [22], while hyperinsulinemia and IGF-
1 pathway activation introduce a distinct mitogenic
dimension [23]. Notably, cholesterol emerges as an
underappreciated lipotoxic driver: experimental ev-
idence demonstrates that dietary cholesterol — rath-
er than fat intake alone — is sufficient to sequentially
induce steatosis, steatohepatitis, fibrosis, and HCC
in animal models [24], a finding that challenges the
conventional focus on caloric excess and warrants
greater translational attention. The diabetes—can-
cer relationship adds further complexity: evidence
suggests that cancer risk elevation is concentrated
within the first three months following a diabetes
diagnosis rather than accumulating progressively
[25] — a counterintuitive temporal pattern that ques-
tions whether diabetes itself is causal or whether
shared upstream metabolic dysregulation drives
both conditions simultaneously.

A largely neglected dimension of this cas-
cade is the role of sarcopenia: cirrhosis-associated
muscle wasting may compound HCC prognosis
independently of tumor characteristics [26], yet it
is rarely integrated into obesity-liver cancer risk
models — representing a meaningful gap in both re-
search design and clinical risk assessment.

Immune cells

The liver occupies a uniquely paradoxi-
cal immunological position: its tightly regulated
tolerogenic environment — maintained through the
dynamic balance between immunosuppressive cells
(Tregs, MDSCs) and effector populations (CD8+ T
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cells, NK cells) — is essential for homeostasis, yet
this same tolerance-promoting architecture creates
conditions that tumors can exploit [27]. In HCC and
cholangiocarcinoma, the tumor immune microenvi-
ronment (hereinafter — TIME) reflects this duality:
the cellular machinery designed to prevent autoim-
mune damage to the liver becomes repurposed to
facilitate immune escape, directly limiting the ef-
ficacy of immunotherapy and worsening survival
outcomes [28].

What remains analytically underresolved
is the precise sequence by which chronic inflam-
matory insults — whether viral, lipotoxic, or iron-
mediated — erode immunosurveillance capacity
and cross the threshold into tolerogenesis, thereby
permitting tumor establishment [29]. These trig-
gers are mechanistically distinct yet produce con-
vergent outcomes, raising an important unresolved
question: whether the immunosuppressive TIME in
obesity-related HCC is qualitatively different from
that driven by viral hepatitis, or whether both ulti-
mately converge on the same tolerogenic endpoint
through different upstream pathways. This dis-
tinction carries direct therapeutic implications, as
immunotherapy response rates vary substantially
across HCC aetiologies — a heterogeneity that cur-
rent trial designs insufficiently account for and that
represents one of the most consequential gaps in
translational liver cancer research.

T cells

T lymphocytes occupy a central yet mecha-
nistically ambiguous role in the obesity—liver can-
cer axis. In visceral adipose tissue (hereinafter —
VAT), T cells are recruited early in response to a
high-fat diet — notably before macrophage infiltra-
tion — suggesting they act as initiators rather than
mere amplifiers of metabolic inflammation [30].
This temporal primacy is analytically significant:
it repositions T cells from secondary responders to
upstream orchestrators of the chronic inflammatory
milieu that ultimately drives hepatic pathology.

However, the T-cell response in this context
is not uniformly pathological. The core issue is a
shift in subset equilibrium: the expansion of pro-
inflammatory CD4" and CD8" populations, along-
side the depletion of regulatory T cells (Tregs),
tips the balance toward sustained inflammation in
VAT [31]. In the liver, CD8* T cells drive NASH
progression through macrophage recruitment and
hepatic stellate cell activation [32] — yet the same

T-cell populations are essential for antitumor im-
munosurveillance. This creates a fundamental para-
dox: the chronic activation that promotes fibrosis
may simultaneously exhaust the cytotoxic T-cell
compartment, impairing the immune response pre-
cisely when tumor control becomes critical.

A further unresolved tension concerns di-
rectionality. Evidence indicates that T cells promote
fibrosis progression, while advancing cirrhosis, in
turn, impairs T-cell function [33] — a bidirectional
feedback loop whose net effect on HCC susceptibil-
ity has not been formally modeled. Whether inter-
ventions targeting T-cell subset rebalancing in early
metabolic disease could interrupt this cascade be-
fore irreversible fibrotic remodeling occurs remains
an open and therapeutically consequential question.

CD4"

CD4" T cells present one of the more ana-
lytically complex pictures in obesity-related hepa-
tocarcinogenesis, precisely because their functional
role shifts — sometimes reverses — depending on
disease stage and tissue compartment. Under ho-
meostatic conditions, Th1l-polarised CD4* cells co-
ordinate antitumor immunity by driving cytotoxic
T lymphocyte expansion and sustaining pro-inflam-
matory cytokine signaling within the tumor micro-
environment [34]. Yet this protective capacity is
systematically undermined by obesity: high-fat diet
conditions reduce circulating CD4* populations,
accelerate tumor growth, and drive exhaustion of
residual cells [35] — establishing a metabolic immu-
nosuppression that precedes, and likely facilitates,
malignant progression.

The NASH context introduces a further
paradox. CD4" T cell recruitment to the liver ac-
tively promotes hepatic inflammation and fibrosis,
and their depletion ameliorates NASH pathology in
experimental models [36]. This stands in direct ten-
sion with evidence that CD4"-mediated senescence
surveillance of premalignant hepatocytes is a criti-
cal tumor-suppressive mechanism [37]: the same
population that drives fibrotic injury also clears
early malignant cells. This dual role has not been
reconciled in the literature and represents a funda-
mental gap: targeting CD4" cells therapeutically
risks dismantling a key antitumor checkpoint while
relieving the inflammatory burden.

Human-tissue data further sharpen this
complexity: within established HCC tumors, CD4*
cells paradoxically display high activation along-
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side pronounced exhaustion, while their recruitment
to the tumor core — relative to peritumoral tissue — is
impaired [38]. This spatial and functional dissocia-
tion suggests that the relevant question is not sim-
ply whether CD4" cells are present, but whether the
tumor microenvironment selectively excludes func-
tional effectors while permitting dysfunctional ones
— a distinction with direct implications for immuno-
therapy design that remains insufficiently explored.

Regulatory T cells (Tregs)

Regulatory T cells (Tregs) exemplify the
interpretive difficulty that pervades obesity-related
liver immunology: their functional consequences
vary fundamentally depending on tissue compart-
ment, disease stage, and the specific inflammatory
context in which they operate. In visceral adipose
tissue, Treg depletion under high-fat diet condi-
tions shifts the immune balance toward pro-inflam-
matory effector dominance [39], positioning Tregs
as guardians of metabolic homeostasis. Yet in the
established HCC microenvironment, Treg accumu-
lation suppresses antitumor effector responses and
facilitates immune escape [40] — making the same
population a driver of tumor progression. This con-
text-dependency is not merely a biological nuance;
it represents a fundamental obstacle to therapeutic
targeting, as interventions that restore Treg activity
in metabolic disease may simultaneously accelerate
tumor immune evasion.

The literature further reveals unresolved
contradictions within specific disease stages. In
adult NAFLD, hepatic FOXP3* Tregs are de-
creased while Th17 cells expand [41] — a pro-in-
flammatory configuration consistent with fibrotic
progression. Yet in NASH mouse models on high-
fat/high-carbohydrate diets, intrahepatic Tregs are
paradoxically elevated [42]. Whether this discrep-
ancy reflects genuine species differences, dietary
composition effects, or methodological inconsis-
tency across studies has not been systematically
addressed. Compounding this, the observation that
pediatric NAFLD shows a higher Treg proportion
than adults [43] introduces a developmental dimen-
sion that existing mechanistic frameworks do not
adequately incorporate.

Collectively, the Treg/effector ratio — span-
ning Th17, CD8*, and Thl populations — emerges
as a dynamic and spatially heterogeneous variable
whose net immunological effect cannot be inferred
from any single tissue measurement, underscoring
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the need for longitudinal, multi-compartment studies
that current research designs have yet to deliver [44].

Natural killer

Natural killer cells present a particularly in-
structive case of functional duality in obesity-relat-
ed liver pathology: they are simultaneously deplet-
ed and dysfunctional in ways that undermine tumor
surveillance, yet in certain contexts their activation
actively drives hepatic damage rather than prevent-
ing it. In obesity, NK cells show reduced expres-
sion of activating receptors, impaired cytotoxicity
toward malignant cells, and accelerated exhaustion
upon target contact [45-47] — a convergent pattern
of immunological attrition that creates permissive
conditions for tumor establishment. -This is rein-
forced in NAFLD, where high-grade steatosis as-
sociates specifically with depletion of the CD56dim
NK subset and downregulation of NKG2D [48§],
mirroring the receptor-level impairments observed
in diet-induced obesity models and suggesting a
mechanistically coherent pathway from metabolic
dysfunction to compromised innate surveillance.

However, the NASH context introduces a
critical contradiction: activated hepatic NK cells
in NASH promote hepatocyte damage via JAK/
STAT signaling and drive disease progression [49]
— meaning that residual NK activity in the inflamed
liver is not merely ineffective against tumors but
may actively accelerate the fibrotic milieu that en-
ables HCC development. This inverts the straight-
forward depletion narrative and raises an unre-
solved question: whether NK cell dysfunction in
obesity-related liver disease represents a failure of
quantity, quality, or inappropriate anatomical acti-
vation — distinctions with fundamentally different
therapeutic implications.

Clinical data from HCC patients further
sharpen this: reduced peripheral NK cell frequency,
particularly within the CD56dim subset, correlates
with disease stage and worse post-resection sur-
vival [50; 51]. Yet whether NK cell depletion is a
cause or consequence of tumor progression — and
whether restoration of NK function at advanced
disease stages would be therapeutically meaning-
ful — remains unestablished, representing one of the
more consequential mechanistic gaps in obesity-
associated HCC immunology.

Macrophages

Macrophages represent perhaps the most
functionally plastic component of the obesity-liver
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cancer axis, and it is precisely this plasticity — rath-
er than simple activation or depletion — that makes
them both central to disease progression and dif-
ficult to target therapeutically. In lean adipose tis-
sue, resident macrophages maintain homeostasis
through efferocytosis and lipid buffering [52]. In
the steatotic liver, lipotoxic loading of Kupffer cells
shifts this phenotype toward pro-inflammatory po-
larisation [53], and within the established HCC
microenvironment, tumor-imposed acidity drives
macrophages further toward immunosuppressive
configurations that actively facilitate immune es-
cape [54]. This sequential reprogramming across
disease stages suggests that macrophage phenotype
is less a fixed cellular property than a readout of
the local microenvironment — a distinction with im-
portant implications for interpreting cross-sectional
studies that capture only a single disease snapshot.

A critical contradiction emerges from viral
hepatitis data: during early HBV/HCV infection,
pro-inflammatory macrophages restrict viral rep-
lication, but chronic infection progressively sup-
presses this capacity and substitutes an immuno-
regulatory phenotype [55]. The mechanism driving
this transition is incompletely characterized, and
whether obesity-driven metabolic reprogramming
accelerates or independently recapitulates this shift
remains unexamined. The IL-23 pathway activated
by HBV-infected hepatocytes [56] represents one
candidate mechanism, but its interaction with obe-
sity-related metabolic signals has not been investi-
gated.

Perhaps the most analytically striking find-
ing concerns the dissociation between macrophage
infiltration and tumor outcome: D6-deficient mice
show increased hepatic macrophage accumulation
without accelerated HCC progression [57] — di-
rectly challenging the assumption that macrophage
quantity predicts tumor-promoting activity. This
underscores that macrophage polarisation state,
rather than abundance, is the functionally relevant
variable, and that current research frameworks that
rely on infiltration metrics may systematically mis-
characterize the macrophage contribution to hepa-
tocarcinogenesis.

Dendritic cells

Dendritic cells occupy a strategically piv-
otal position in tumor immunology as the primary
bridge between innate sensing and adaptive ef-
fector responses — yet in both obesity and HCC,

this bridging function is systematically compro-
mised through distinct but potentially interacting
mechanisms. In adipose tissue, obesity paradoxi-
cally activates DCs: BMI positively correlates with
DC accumulation in subcutaneous adipose tissue,
and obesity upregulates costimulatory molecules
(MHC, CD40, CD80, CD86) on adipose tissue
DCs [58;59]. This activation, however, occurs in a
chronic low-grade inflammatory context [60] that is
functionally distinct from the acute, tumor-directed
activation required for effective immunosurveil-
lance — raising the unresolved question of whether
obesity-conditioned DCs are genuinely immuno-
stimulatory or merely chronically stimulated in
ways that ultimately exhaust or misdirect adaptive
responses.

In established HCC, the picture inverts: cir-
culating pDC and c¢DC frequencies are reduced rel-
ative to healthy controls [61], and the tumor micro-
environment systematically impairs DC maturation
and antigen presentation [62]. A critical contradic-
tion emerges here: intratumoral pDC accumulation,
rather than indicating effective immune activation,
is associated with increased Treg infiltration and a
poorer prognosis [63]. This dissociation between
DC presence and functional competence mirrors
findings in macrophage biology and suggests a
broader pattern: immune cell recruitment to the tu-
mor site does not reliably indicate antitumor activ-
ity and may instead reflect tolerogenic reprogram-
ming.

The mechanistic link between obesity-
induced DC activation and the dysfunctional DC
phenotype observed in hepatocellular carcinoma
has not been directly investigated. Whether chronic
metabolic processing of DC in adipose tissue pro-
motes their tolerogenic, rather than immunostimu-
latory, behavior in the tumor context represents a
significant and therapeutically relevant gap in cur-
rent research.

Mpyeloid-derived suppressor cells

Myeloid-derived suppressor cells represent
one of the most mechanistically direct links between
obesity-induced immune dysregulation and hepato-
carcinogenesis. Unlike other immune populations
whose roles shift contextually, MDSCs maintain
a consistently immunosuppressive function across
disease stages - expanding in adipose tissue, ac-
cumulating in the cirrhotic liver, and escalating
further in established HCC [64]. This stage-wise
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amplification is analytically significant: it suggests
that MDSC expansion is not merely a consequence
of tumor establishment but an accumulating liabil-
ity initiated by metabolic dysfunction, with obesity
providing the earliest stimulus for expansion even
in tumor-free mice [65].

The NASH context reinforces this inter-
pretation: MDSC accumulation tracks with lipid
accumulation and hepatic inflammation [66], posi-
tioning these cells at the intersection of metabolic
and immune pathology — and implying that the im-
munosuppressive microenvironment enabling HCC
may be partially assembled before malignant trans-
formation occurs. This has an important and under-
explored implication: current immunotherapy trial
designs that enroll patients at the HCC stage may
intervene too late, after MDSC-mediated suppres-
sion is already deeply entrenched.

Mechanistic evidence further reveals that
MDSCs do not merely suppress immunity passive-
ly but actively remodel the tumor stroma: MDSC-
driven activation of tumor-associated fibroblasts
via IL-6/FGF1 signalling promotes HCC progres-
sion and, critically, contributes to sorafenib resis-
tance [67]. This finding introduces MDSCs as a re-
sistance mechanism rather than simply an immune
checkpoint. Whether MDSC targeting could restore
sorafenib sensitivity, and whether obesity-expand-
ed MDSC populations are phenotypically or func-
tionally distinct from those arising in viral hepatitis
contexts [68], remain open questions that current
research has not adequately addressed.

Table 1 summarizes the principal immune
cell populations involved in obesity-associated he-
patocellular carcinoma and highlights their func-
tional changes during the progression from obesity
and NAFLD/NASH to HCC. Chronic metabolic in-
flammation profoundly alters both innate and adap-
tive immune responses. T cells, particularly CD4*
and CD8" subsets, initiate and sustain inflammatory
responses that contribute to hepatic fibrosis while
gradually losing their antitumor activity. Regula-
tory T cells (Tregs) accumulate within the tumor
microenvironment, suppressing cytotoxic immune
responses and facilitating immune evasion. Natural
killer (NK) cells exhibit impaired cytotoxicity and
reduced expression of activating receptors, result-
ing in diminished tumor surveillance despite persis-
tent inflammatory activity. Macrophages undergo
metabolic reprogramming and polarization toward
tumor-promoting phenotypes, whereas dendritic
cells display impaired antigen presentation and
reduced T-cell activation. Expansion of myeloid-
derived suppressor cells (hereinafter - MDSCs)
further reinforces the immunosuppressive micro-
environment by inhibiting effector lymphocyte
function and contributing to tumor progression and
therapeutic resistance. Collectively, these findings
demonstrate that obesity-associated HCC develops
through coordinated dysregulation of multiple im-
mune cell populations rather than dysfunction of a
single immune compartment, emphasizing the im-
portance of immunometabolic mechanisms in he-
patocarcinogenesis.

Table 1. Functional alterations of immune cell populations in obesity-associated hepatocellular carcinoma

Immune cell Changes in obesity / Role in HCC Key references
population NAFLD / NASH

T cells Early recruitment into vis-  |Promote chronic in- | Wang & Wu, 2018 [30]; Wang
ceral adipose tissue and shift |flammation, fibrosis, |etal., 2021 [31]; Breuer et al.,
toward pro-inflammatory and impaired antitu- 2020 [32]; Lurje et al., 2020
subsets. mor surveillance. [33]

CD4" T cells Functional plasticity in May support premalig- | Montauti et al., 2024 [34]; Sutti
NAFLD/NASH; involved in |nant-cell surveillance |& Albano, 2020 [36]; Miao et
inflammation and antitumor |but also contribute to |al., 2024 [37]; Chaoul et al.,
immunity. fibrosis and chronic 2020 [38]

inflammation.

Regulatory T Reduced or functionally Suppress cytotoxic Mendoza-Pérez et al., 2022

cells (Tregs) altered in metabolic inflam- |antitumor responses [39]; Dituri et al., 2021 [40];
mation; enriched in HCC and promote immune |Cairoli et al., 2021 [41]; Dy-
microenvironment. escape. wicki et al., 2022 [42]; Zhang

etal., 2022 [44]
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reprogramming and inflam-
matory polarization.

Natural killer NAFLD/NASH is associ- Impaired NK surveil- |Viel et al., 2017 [47]; Diedrich
(NK) cells ated with impaired NK-cell |lance may facilitate et al., 2020 [48]; Wang et al.,
phenotype, reduced NKG2D |HCC progression; acti-|2022 [49]; Polidoro et al., 2020
expression, and inflamma-  |vated NK cells can ag- [[50]; Wu et al., 2020 [51]
tory activation. gravate NASH injury.
Macrophages / | Obesity and steatosis pro- | Tumor-associated Boutens & Stienstra, 2016 [52];
Kupffer cells mote macrophage metabolic |macrophages contrib- |Daemen & Schilling, 2020

ute to HCC progres-
sion, prognosis, and
therapy resistance.

[53]; Krenkel & Tacke, 2017
[55]; Zang et al., 2018 [56]; Ar-
vanitakis et al., 2022 [57]

Dendritic cells
(DCs)

Obesity alters adipose-tissue
immune-cell states; HCC
impairs DC function and an-
tigen presentation.

Dysfunctional DCs
reduce effective T-cell
activation and support
tumor immune toler-
ance.

Hildreth et al., 2021 [58]; Mar-
tin-Sierra et al., 2019 [61]; Li et
al., 2024 [62]; Zhou et al., 2019
[63]

Myeloid-derived
suppressor cells
(MDSCs)

Expand in obesity-related
inflammation, cirrhosis, liver
disease, and HCC.

Suppress antitumor
immunity and contrib-
ute to HCC progres-
sion and sorafenib
resistance.

Elwan et al., 2018 [64]; Turbitt
etal., 2019 [65]; Sun et al.,
2023 [66]; Deng et al., 2022
[67]; Lietal., 2020 [68]

Note. This table summarizes the principal immune cell populations implicated in obesity-associated
hepatocellular carcinoma and their functional alterations during the progression from obesity to NAFLD,

NASH, and HCC. The information is synthesized from the studies included in this narrative review.
Abbreviations: NAFLD — nonalcoholic fatty liver disease; NASH — nonalcoholic steatohepatitis;
HCC — hepatocellular carcinoma; NK — natural killer, Tregs — regulatory T cells; DCs — dendritic cells,

MDSCs — myeloid-derived suppressor cells.

Discussion

The evidence reviewed across this work con-
verges on a central argument: obesity-associated he-
patocellular carcinoma is not adequately characterized
as a downstream complication of excess adiposity, but
rather as the endpoint of a progressive immunometa-
bolic cascade in which chronic metabolic dysfunction
and immune system remodeling are deeply inter-
twined and mutually reinforcing. Understanding this
cascade-and identifying where it can be interrupted-
represents the core translational challenge.

The initiating role of visceral adipose tis-
sue deserves particular analytical emphasis. VAT
is not merely a passive energy reservoir but an ac-
tive immunological organ: it recruits T cells before
macrophages under high-fat diet conditions, de-
pletes Tregs with advancing obesity, and activates
dendritic cells in ways that appear to precondition
systemic immune responses toward chronic low-
grade inflammation rather than targeted tumor sur-
veillance [30; 39; 60]. This early immunological
reprogramming in adipose tissue is rarely incorpo-
rated into liver cancer risk models, which typically

focus on hepatic pathology alone — a structural gap
that likely contributes to the failure of BMI-based
screening to identify high-risk individuals before
irreversible hepatic remodeling has occurred.

The NAFLD-to-HCC transition emerges
from this review as the critical and most under-
characterised window for intervention. Several
immunological perturbations identified in NASH —
MDSC expansion tracking with lipid accumulation
[66], NK cell receptor downregulation correlating
with steatosis severity [48], and CD8* T cell-driven
stellate cell activation [32] — indicate that the im-
munosuppressive architecture of established HCC
is being assembled at premalignant stages. This has
a direct and underappreciated clinical implication:
immunotherapy trials enrolling patients at the HCC
stage may be intervening after the immune micro-
environment has already been comprehensively
restructured, which may partly explain the modest
and heterogeneous response rates observed across
checkpoint inhibitor studies in this population.

Several important contradictions identified
across the reviewed literature warrant explicit ac-
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knowledgment rather than being resolved by omis-
sion. Tregs exemplify the core interpretive diffi-
culty: their depletion in obese VAT promotes meta-
bolic inflammation, yet their accumulation in HCC
facilitates immune escape [39; 40] — and their role
in NASH is contested between human and murine
data [41;42]. Similarly, NK cell residual activation
in NASH drives hepatocyte damage via JAK/STAT
signaling [49] rather than providing tumor protec-
tion, inverting the straightforward assumption that
NK cell activity is uniformly beneficial. CD4* T
cells present an analogous paradox: they perform
essential senescence surveillance of premalignant
hepatocytes [37] while simultaneously driving fi-
brotic progression in NASH [36]. These contradic-
tions are not merely biological curiosities — they
represent fundamental obstacles to therapeutic tar-
geting, as interventions designed to restore immune
activity in one compartment risk accelerating pa-
thology in another.

The macrophage and MDSC data collec-
tively suggest that polarisation state and functional
context —rather than cellular abundance — determine
pathological outcome. The dissociation between
macrophage infiltration and HCC progression in
D6-deficient mice [57] and the demonstration that
MDSCs promote sorafenib resistance through IL-6/
FGFI1 stromal remodeling [67] both argue against
infiltration metrics as reliable surrogate endpoints
and point toward functional phenotyping as the
necessary methodological standard for future stud-
ies. This reorientation has practical significance
specifically for the Kazakhstani context. Given the
co-prevalence of HBV/HCYV infection and obesity-
related metabolic disease in the regional population,
the assumption that immune dysregulation follows
a uniform pattern regardless of etiology is unlikely
to hold, and aetiologically stratified immune profil-
ing represents a research priority that current na-
tional data cannot address.

Taken together, these findings argue for a
reconceptualization of obesity-associated HCC
prevention: from a focus on BMI reduction as the
primary endpoint toward earlier immunometabolic
risk stratification, incorporating visceral adiposity
measures, insulin resistance indices, and immune
biomarker panels at the NAFLD stage. Whether
such stratification can meaningfully predict HCC
risk and guide early intervention — metabolic, im-
munological, or combined — in high-burden re-
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gional populations remains the central unanswered
question that the existing evidence base, despite its
breadth, has not yet resolved.

Conclusions

The convergence of rising obesity preva-
lence and persistently unfavorable hepatocellular
carcinoma outcomes — particularly in regions of
Kazakhstan with elevated mortality-to-incidence
ratios — points to an urgent need to move beyond
descriptive epidemiology toward mechanistically
informed prevention. The evidence reviewed here
establishes that obesity-driven HCC does not repre-
sent a single pathological pathway. However, rather,
a cascade of compounding immunometabolic fail-
ures: insulin resistance and lipotoxicity restructure
the hepatic microenvironment, while the sequential
depletion of CD8* T cells and NK cells, the expan-
sion of Tregs and MDSCs, and the polarisation of
macrophages and dendritic cells toward tolerogenic
phenotypes collectively dismantle antitumor sur-
veillance before malignant transformation is clini-
cally detectable. Critically, several of these immune
perturbations — MDSC expansion, NK cell exhaus-
tion, Treg accumulation — are already measurable at
the NAFLD and NASH stages, suggesting that the
immunosuppressive architecture enabling HCC is
assembled well before diagnosis.

This has concrete practical implications.
First, BMI-based screening is insufficient: visceral
adiposity, insulin resistance indices, and immune
biomarker panels should be evaluated as comple-
mentary stratification tools, particularly in the high-
risk 40—49 age group identified in Kazakhstani sur-
veillance data. Second, the documented resistance
of obesity-associated HCC to sorafenib — partly
mediated by MDSC-driven stromal remodeling —
argues for combination strategies targeting both
metabolic and immune axes rather than sequential
monotherapy. Third, the near-absence of longitudi-
nal, multi-compartment immunological studies in
the Kazakhstani population represents a structural
gap: national cohort data linking metabolic trajec-
tories to immune phenotyping and liver cancer out-
comes would substantially strengthen the evidence
base for locally adapted prevention protocols.

From a research perspective, three direc-
tions warrant prioritisation: longitudinal studies
tracking immune subset dynamics from early obe-
sity through NAFLD progression to HCC in the
regional population; mechanistic investigation of
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whether obesity-conditioned MDSCs and dendritic
cells are phenotypically distinct from those arising
in viral hepatitis contexts, given the co-prevalence
of HBV/HCV in Kazakhstan; and clinical trials
evaluating whether early metabolic intervention —
dietary, pharmacological, or surgical — can reverse
measurable immune dysregulation and reduce HCC
incidence, rather than simply modifying BMI as a
surrogate endpoint.
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CEMI3JIIKKE BAMJIAHBICTBI BAYBIP KATEPII ICITTHAETI'T UMMYHIBIK
KACYHIAJIAPIBIH POJIT

B. B. Caésip * ', A. Hypmar ', E. Ocranuyk ', K. O. lllapunos !
"'M. A. AUTXO)KHUH aThIHIAFbl MOJICKYJISIPIIBIK OHUOJIOTHUS KOHE OMOXUMHESI HHCTUTYTHI,
Kazakcran, AnMarsl
2 «On-Papabdbu arbigarel Kazak yiarTeik yausepeutetin KEAK, Kazakcran, Aamars
*Koppecnonoenm aemop

AHjaarna

Kipicne. CeMi3aiik renaTouesuTiospibl KAPIUHOMAHBIH TAyeIIC13 Kayil (haKTopbl peTIH/IE TaHbLIFaH,
OJ1 TYHHEXKY31 OOMBIHIIIA KAaTepili iICIKTeH OOJIaThIH ©JIIMHIH YIIIHIII KeTeKil ce0e0l OobIn TaObLIaIbI.
Kazakcranga epecek xanbIKThiH 20 %-1aH acTambl CEMI3JIKIIEH aybIpaJbl jKoHE Oayblp KaTepil ICITiHIH
Tapaaybl TYPaKThl ©Cy YPICIH KopceTeai, Oy aranraH OalaHbICKa JKee JEHCAYIBIK CaKTay MaHBI3bIH
oepeni. CeMi3MiK MEH TrenaToIeIUTIONSPIIB KapIIMHOMA apaChIHIAFbl TTHIEMHOIOTHSIIBIK OalIaHbIC KAKCHI
JIOJIETIICHIeHIHE KapaMacTaH, CEMI3/11KTIH 1CIKKE KapChl UMMYHUTETT1 Oy3y *oHe OaybIpAblH MUKPOOPTACHIH
KaJIBINTACTBIPY MEXaHU3MJepl TONBIK 3epTrenMereH. Ochl HIONY CO3bLIMaNIbl METa0OJUKAJBIK CTPECC
JKarJalblHa aJKOTroJIbCi3 Maiibl Oayblp aypybllaH renaroleUTIoNsApIibl KapliMHOMara JIeHIHT1 yaepicTe
Tya OITKEH >KOHE alalTUBTI UMMYH/BIK Yacyllalap/blH Kalail e3repeTiHiH Taagaibl.

Maxcamur: CeMi3aik karaiibiHaa 0aybIp KaTepii iCIriHiH JaMybIHAaFbl HIMMYH/IBIK jKOHE KaObIHY
MEXaHU3M/IEPIHIH PpeJiHe KaThICThl Ka3ipri FBUIBIMH JEpPEKTepHl Tajjaay, COHJai-aK MeTaOOMKAIBIK
OY3bUIBICTApbIH ICIKKE KapChl MMMYHIABIK Jayarka >KoHe OaybIpJblH MHUKPOOPTAaChbIHA 3Cepl Typasibl
MOJIIMETTEP/Il JKYHeney.

Mamepuanoap men 20icmep: Kyiteni onebuerti 13neyi PubMed, Google Scholar, Scopus xone
Web of Science xambikapanblk aepextep Kopiapeiaaa 2000 xeuiman 2026 >xputFa JDEHIHTT Ke3eHIeTi
XaJTBIKAPAJTBIK ’KOHE OTaHIBIK OaChUTBIMAAPIBI KAMTH OTBIPBITT KYPTi3UIIl.

Homuowcenep men mangvinay: Cemi3aikneH OalIaHBICThl TeNaTOLEUTIONAPIBI  KapLUUHOMA
BHCLIEpaJIbJIbl Mall yJINachkl Karepii e3repic maiiia OonraHFa AeiH MMMYHOCYIPECCUBTI MUKPOOPTAHBI
KaJIBINTACTBIPAThIH MPOTPECCUBTI MMMYHOMETAOONIMKANIBIK KackaJ apKbUIbl JaMUIbl - MHUEIOUATAH
ajbpIHFaH cynpeccopiblk kacymanap (MDSC) keneroi, NK-kacymanapapia quchyHKIuscol xone CD8*
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T-xacymanapabia capkbutysl apKbuibl. Perteymni T-xacymanap (Treg) cemis Maii yiinacsinaa azaspsl, 0ipak
renaToLeIUTIOIAPIIbI KapLUUHOMA 1A KUHAIA Ibl; aJIKOT0JIbCi3 cTearorenaTut ke3inaeri NK-kacymanapasig
OeJICeHIUIIr ICIKTeH KOpFay[blH OpHbIHA I'€NaTOLUTTEepre 3akbIM Kenrtipedi. [1aTonorussiblk HOTHXKEH1
KacylanapblH CaHbl eMeC, oJapAblH (PyHKIIMOHAIABIK NOISPU3aUs KYH1 aHBIKTANIbI.

Kopvimbinowr: Cemiziik Maii yInachlHbIH CO3bIIMAIIbI KAOBIHYbI, HHCYIMHPE3UCTEHTTLIIK KQHE ICIK
MHUKPOOPTACHIHBIH METa0OIMKaIBIK KalTa OarnapiamaiaHybl apKbLIbl IelaTOLEIUTIONSAPIIbl KapluHOMA
JaMyblH keaenzaereni, unurorokcukanblk CD8* T-xkacymamapel MeH NK-kacymanapblH —CapKslil,
umMmyHocynpeccunTi Treg sxkone MDSC-HbIH KeHeto1He bIKIal eTe/i. baybip KaTepi iCiriHiH IPOrpeccHusichl
TEK BUPYCTBIK HEMECE YBITThI (DaKTOpJIapMEH FaHa eMEC, COHBIMEH KaTap CEeMi3/1iK TybIH/1aTaThIH UMMYH/IBIK
TEHTepIMCI3/IIKIIeH /1e OallIaHBICThI, OHJIA )KYHET MeTa0OIMKAIBIK CTPECC ICIKTIH UMMYH/IBIK OaKblIayaaH
KACBIPBIHYBIHBIH HET13r1 (paKTOpbIHA aifHasa bl

Tyitin co30ep: cemizoix, bayvip Kamepii iciei, UMMYHOBIK JHcayan, 2enamoyeinionsapivl KapyuHoma,
ANIKO20NbCI3 MAUbl OAYbIP aypybl.

POJIb UMMYHHBIX KJETOK ITPU PAKE IIEYEHU, CBA3AHHOM C O)KUPEHUEM

B. B. Caowip *'%, A. Hypmar ', E. Octamuyk ', K. O. Illapumnos '
! MHCTUTYT MONEKYIIpHO# Oronoruu u onoxumun M.A. Aiitxoxuna, Kazaxcran, AjaMarsl
HAO «Ka3axckuii HaoHa bHbIH yHUBepcUuTeT uM. Anb-Dapadbu», Kazaxcran, Anmars
*Koppecnonoupyrowuii agmop

AHHOTaNUA

Bseoenue. OxupeHue SBISIETCS YCTAaHOBIEHHBIM HE3aBUCUMBIM (DAKTOpPOM pHCKa pPa3BUTHUSA
renaToLesUIIOIAPHON KapLIMHOMBI — TPETbEH 110 3HAYMMOCTH IIPUUMHBI CMEPTHOCTU OT OHKOJIOTHYECKUX
3aboneBanuil B Mupe. B Kaszaxcrane, rne oxxupenuem ctpagaer 6onee 20 % B3pocioro HaceseHus, a
3200J1€Ba€MOCTh PAKOM I€UEHH HEYKJIOHHO pacTéT, JaHHAas CBs3b MPpUOOpeTaeT 0co0y0 3HAYUMOCTb /IS
00I11€CTBEHHOT'0 3[paBooXpaHeHusl. HecMoTpst Ha XOpOILo 33 JOKYMEHTUPOBAHHYO ITUAEMUOIOTHUECKYTO
B3aMMOCBSI3b, MEXaHU3MBI, TIOCPEACTBOM KOTOPBIX 0KUPEHHUE HapylllaeT IPOTUBOOILYX0JIEBBI UMMYHUTET
U IepecTparBaeT MUKPOOKPY>KEHUE NIEUCHH, OCTAIOTCS HEJI0CTAaTOYHO U3yuYeHHBbIMU. B HacTosem 0630pe
aHAJM3UPYeTCs, KaKUM 00pa3oM MOMyJSLUH BPOKAEHHOTO U aJalTUBHOTO MMMYHUTETa TOJABEPTaroTCs
(YHKLIHMOHATIBHOMY PEMOJICJIMPOBAHHIO HA TPOTSKEHUH KOHTUHYYMa OT HEAJIKOTOJIbHOM )KMPOBOi 00J1€3HU
MIEYEHH JI0 TeNaTOLEUIIOISIPHON KapLIMHOMBI B YCIOBUSAX XPOHUYECKOTO METab0JIMYeCKOro cTpecca.

L]env. AHanU3 COBPEMEHHBIX HAYUHBIX JAHHBIX O POJIM UMMYHHBIX U BOCIIAJIUTEIbHBIX MEXaHU3MOB
B Pa3BUTHHU paKa I€YE€HU B KOHTEKCTE OXKUPEHMUS, a TAK)KE CUCTEMaTH3alus CBEIEHUH 0 TOM, KAKUM 00pa3om
MeTa0O0IUYeCKUe HapyLIICHHUs BIUSAIOT HAa MPOTUBOOITYXOJIEBBI MMMYHHBIH OTBET U MHKPOOKPYKEHUE
IIEYEHHU.

Mamepuanvr u memoowl. CcTeMaTH4eCKUi MOMCK JINTEPATyphbl MPOBOIMICA B MEXITyHAPOIHBIX
6a3ax nanubix PubMed, Google Scholar, Scopus u Web of Science u oxBaTbIBal MEXIyHapOIHBIE U
oTeuecTBeHHbIe myOnukauu 3a nepuos ¢ 2000 mo 2026 rox.

Pesynomamer. 'enaTonentonspHOi KapLUMHOMA, acCOLMMPOBAHHAsl C OXUPEHUEM, Pa3BUBAETCS
yepe3 MpOrpecCUpyonil IMMyHOMETa0OIMYECKUI KacKa/l, IpU KOTOPOM BHUCIIEpalibHAs KHUPOBasi TKAaHb
(bopMHpyeT UMMYHOCYIIPECCUBHYIO MUKPOCPEY —3a CUET IKCIIAaHCUU CYIPECCOPHBIX KIIETOK MUEJIOUTHOTO
npoucxoxaenus (Myeloid-Derived Suppressor Cells, MDSC), nuchynkunn NK-kIeTok ¥ HUCTOIIEHUS
CD8+ T-num¢ouuroB — emé 10 Hayajga 37I0KaUeCTBEHHOH TpaHchopmauuu. PerynsropHbie T-kieTku
(Tregs) ucTomaroTcs B A)KUPOBOM TKAHU NP O’KUPEHUH, OJJHAKO HAKAITUBAIOTCS IPU IeNaTOLEIUTIONIIPHON
KapuuHoMe; akTuBalus NK-KJIETOK Npu HEaJIKOTOJbHOM CTEaToOrenaruTe IPUBOAUT K IOBPEKACHUIO
rernaTolMTOB, a He K MPOTUBOOIYX0JIeBOH 3auure. OnpeaensonmM GakTopoM MaToI0rHYeCKOro UcxXoua
ABJsieTCs (PYHKLIMOHATIBHOE COCTOSIHUE MOJIAPU3ALMU KIETOK, @ HE UX KOJMUECTBEHHAs MPE/ICTABICHHOCTh

Bv1600b1. Oxxupenue criocoOCTBYET Pa3BUTHIO IeNaTOLEIUTIONIIPHON KapLIMHOMBI Yepe3 XPOHHUUECKOe
BOCHAJICHUE XUPOBOM TKaHM, MHCYIMHOPE3UCTEHTHOCTb M METabOoIMYecKoe IMepernporpaMMHpPOBAHUE
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OIlyXOJIEBOT'O MUKPOOKPYKEHUS, YTO MPUBOIAUT K UCTOILIEHUIO nuToToKcHueckux CD8* T-knerok u NK-
KJIETOK IIpYM OJHOBPEMEHHOM paclMpeHuu uMMmyHocymnpeccuBHbIx Treg u MDSC. IlporpeccupoBanue
paka IeyeHH ONpeNeNsieTCss HE TOJNbKO BUPYCHBIMH MM TOKCHYECKMMHU (PaKTOpaMHu, HO U BBI3BAHHBIM
OXMPEHHEM MMMYHHBIM JUCOalaHCOM, P KOTOPOM CHUCTEMHBIH METaOOIMYEeCKUIl CTpecc CTaHOBUTCS
KIIIOUEBBIM (PaKTOPOM, CIIOCOOCTBYIOIIUM YCKOJIB3aHUIO OITyXOJIM OT MMMYHHOT'O HaJ30pa.

Knrwueswvie cnosa: odcupenue, pax neuenu, UMMYHHbII OMEem, 80CHALeHUe, 2eNAMOYeNTIONAPHA
KapyuHOMda, HeanKko20abHOU HCUPOBOT O0Ne3HU NeYeHU.
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