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Abstract

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related mor-
tality; its progression is strongly linked to the liver’s immune microenvironment. T-helper
(Th) cells, including Th1, Th2, Th17, and regulatory T cells (Tregs), play pivotal roles in
modulating tumour immunity, either promoting or inhibiting tumour growth depending
on their functional states and interactions within the tumour microenvironment. Imbal-
ances in Th cell subsets, particularly between pro-inflammatory and immunosuppressive
populations, have been associated with HCC progression and poor prognosis. Numerous
studies have explored the therapeutic potential of restoring balance among Th cell subsets,
focusing on modulating immune responses to improve HCC treatment outcomes. This
paper reviews the differentiation and functional roles of Th cell subsets in HCC, exploring
their contributions to tumour progression and immune suppression. Furthermore, this
study discusses emerging immunotherapies aimed at modulating Th cell populations to
improve clinical outcomes for HCC patients. Understanding the intricate roles of Th cells in
the tumour microenvironment provides valuable insights for developing novel therapeutic
strategies for liver cancer.

Keywords: hepatocellular carcinoma; T helper cells; immunotherapy; regulatory T cells;
Th/Treg balance

1. Introduction
Liver cancer is one of the most aggressive malignancies globally, ranking as the sixth

most common cancer by incidence and the third by mortality. According to 2022 global
cancer statistics, over 860,000 new cases of liver cancer are diagnosed annually, with
750,000 fatalities recorded. The disease warrants attention due to its low survival rates
and high recurrence, with the majority of patients diagnosed at intermediate or advanced
stages [1,2]. Primary liver cancer is primarily composed of three types: hepatocellular carci-
noma, which accounts for 75–85% of cases, intrahepatic cholangiocarcinoma (ICCA), which
represents 10–15%, and the rare combined hepatocellular–cholangiocarcinoma form [3].
The primary cause of liver cancer is chronic inflammation, often induced by hepatitis B
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(HBV) and C (HCV) viruses. Over 50% of HCC cases arise in a persistent inflammatory
microenvironment [4], which drives tumour initiation and progression through mecha-
nisms like the activation of proliferation and survival pathways, induction of angiogenesis,
immune evasion, cancer stem cell maintenance, metastasis, and genomic instability. These
processes significantly complicate treatment, compounded by the cancer’s evasion of the
immune system [5–7]. For early-stage liver cancer, curative treatments such as local ab-
lation, surgical resection, and liver transplantation can be effective. In advanced cases,
immunotherapies, including kinase inhibitors and immune checkpoint inhibitors, offer
more effective treatment options and can enhance survival rates for patients with recurrent
tumours [8–10]. Research indicates that the immune cell populations in the livers of healthy
individuals differ significantly from those of patients with hepatocellular carcinoma, sug-
gesting that immune cells play a crucial role in the progression and treatment of liver
cancer [11,12].

Th cells are central to both innate and adaptive immune responses and are vital compo-
nents of the tumour microenvironment (TME). These cells have drawn increasing attention in
tumour immunology and immunotherapy. Upon encountering various stimuli, Th cells adapt
and mount appropriate immune responses, contributing significantly to the functioning of
the body’s immune system [13,14]. Depending on the cytokine environment, naive CD4+ T
cells differentiate into five major Th cell subsets: Th1, Th2, Th17, Tfh, and Tregs [14]. These
subsets are strongly associated with tumour progression. Moreover, abnormal activation of
Tregs is one of the primary drivers of tumour immune evasion [15–17]. Alterations in the
number of CD4+ T cells and their subsets, particularly Th cells, as well as shifts in immune
profiles, can influence the progression of hepatocellular carcinoma. Effective anti-tumour
immunity requires the active involvement of Th cells [18,19]. This review provides an
in-depth analysis of Th cell origin, differentiation pathways, and the specific roles of each
subset in liver cancer. It also proposes therapeutic strategies targeting Th cells to improve
liver cancer treatment outcomes.

2. Differentiation of CD4+ T Cells
2.1. Cellular Developmental Stages

CD4+ T cells have been demonstrated to play a crucial role in the adaptive immune sys-
tem, representing a subset of T lymphocytes. T lymphocytes originate in the bone marrow,
but their primary site of development is the thymus. Within the thymus, haematopoietic
stem cells (HSCs) or common lymphoid progenitor cells (LPCs) migrating from the bone
marrow or foetal liver undergo a series of double-negative (DN1-4) selection phases (DN1:
CD44+CD25−; DN2: CD44+CD25+; DN3: CD44−CD25+; DN4, CD44−CD25−), followed by
a double-positive selection phase (DP; CD4+CD8+) during which rearrangement occurs to
generate CD4+CD8+ double-positive thymocytes (DP) [20,21]. At this stage, cells undergo
dual selection through positive and negative selection. Positive selection ensures that T
cells recognise self-major histocompatibility complex (MHC) molecules. Negative selection
eliminates T cells with high affinity for self-antigens, thereby preventing autoimmune
reactions. Subsequently, during DP cell development within the thymus, CD4+ and CD8+ T
cells receiving optimal TCR signals undergo positive selection in the thymic cortex, yielding
CD4+ or CD8+ single-positive (SP) T cells [20,22]. Through these selection processes, the
retained CD4+ T cells acquire the capacity to recognise foreign antigens while avoiding
attacks on self-tissues, ultimately emerging as naive CD4+ T cells within the peripheral
immune system.
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2.2. Cell Differentiation Stages

The differentiation of CD4+ T cells into T-helper cells typically proceeds through
three stages (naive T cell stage, antigen-activated stage, and effector T cell stage). Dur-
ing the naive T cell stage, mature CD4+ single-positive T cells in the periphery migrate
to secondary lymphoid organs, where they await activation and are known as naive T
cells [23]. Initial T cells exist in a quiescent state; their surface molecules—the T cell receptor
(TCR)—are mature but not yet activated by antigens. They await antigen presentation by
antigen-presenting cells [24]. Upon recognition by the TCR of a naive T cell of the MHC
class II molecule complex on an antigen peptide on the surface of an antigen-presenting cell
(APC), the CD4+ T cell is activated [25]. Quiescent T cells enter the antigen-activated phase,
a process requiring two signals: the first signal arises from the binding of the TCR to the
antigen peptide–MHC complex. This confers specificity to the immune response, ensuring
only antigen-specific lymphocytes are activated and, therefore, initiating signal transduc-
tion pathways [26]. The second signal involves the interaction of co-stimulatory molecules,
where co-stimulation is essential for the normal survival, activation, and differentiation of
T cells. Co-stimulation primarily arises from the interaction of a series of co-stimulatory
molecule pairs between T cells and antigen-presenting cells (APCs). The most crucial pair
comprises the CD28 molecule (on the T cell surface) and the B7 molecule (on the APC
surface). Upon binding between CD28 and B7, a co-stimulatory signal is transmitted into
the T cell. This co-stimulatory signal enhances the T cell’s activated state. It synergises with
the primary signal to achieve full T cell activation. In the absence of co-stimulatory signals,
T cells typically enter a non-responsive state [27,28].

Following antigen stimulation, naive CD4+ T cells undergo proliferation and, under
the combined influence of the cytokine microenvironment and lineage-specific transcrip-
tion factors, differentiate into multiple functional subsets through epigenetic reprogram-
ming [29,30]. T-helper cells are typically classified into five major subsets (Figure 1):
Th1 cells, which secrete interferon-γ (IFN-γ) and utilise T-bet as a key transcription
factor; Th2 cells, which secrete interleukin-4, IL-5, and IL-13 and employ GATA3 as their
primary transcription factor; Th17 cells secreting IL-17 and IL-22 with RORγt as the key
transcription factor; T follicular helper cells (Tfh) secreting IL-21 with Bcl6 as the primary
transcription factor; and Tregs secreting IL-10, TGF-β and IL-35 with FOXP3 as the key
transcription factor [31]. Furthermore, some studies have described other subsets, such
as Th9 cells, which secrete IL-9 [32] and Th22 cells, which secrete IL-22 [33]. Following a
series of regulatory processes and developmental stages, the activated and differentiated
T helper cells migrate to their effector sites to perform their functions.

2.3. Immunoregulation of CD4+ T Cells by the Liver Immune Microenvironment

The liver, as a classic immunologically privileged organ, possesses unique immunoreg-
ulatory properties and a specialised blood supply system. Its primary blood source is
the terminal portal vein, where circulating lymphocytes in the blood come into contact
with resident hepatocytes at the hepatic sinusoids. Liver sinusoidal endothelial cells
(LSECs), functioning as porous endothelium, separate blood from hepatocytes to form
the Disse space barrier, providing attachment opportunities for leukocytes. Under low
perfusion pressure, leukocytes can adhere without requiring selectin molecules. Resident
APCs interact with circulating lymphocytes, thereby creating unique conditions for T cell
regulation [34,35].
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Figure 1. CD4+ T cell differentiation and its role in hepatocellular carcinoma progression. Haematopoi-
etic stem cells in the bone marrow differentiate into lymphoid progenitor cells, which subsequently
develop into mature T cells within the thymus. Primitive T cells differentiate into Th1, Th2, Th17,
and Treg cells following stimulation by antigen-presenting cells [31]. Th1 cells suppress tumour
growth by secreting TNF-α and IFN-γ, whereas Th2, Th17, and Treg cells promote tumour progression
through secretion of IL-4, IL-17, IL-22, IL-10, and TGF-β.

The hepatic microenvironment plays a crucial role in the differentiation and functional
regulation of CD4+ T cells. In inflammatory conditions such as hepatitis, hepatocytes
acquire the ability to present MHC class II molecules, thereby activating CD4+ T cells.
Concurrently, HSCs promote Treg differentiation by secreting retinoic acid and TGF-β
and enhancing immune tolerance and suppressing immune responses [36,37]. Interestingly,
naive CD4+ T cells in the liver typically differentiate into Th2 subsets rather than Th1 or Th17
subsets, a phenomenon termed clonal drift. Furthermore, LSECs exert an inhibitory effect
on the activation of naive CD4+ T cells, failing to promote Th1 cell differentiation even in
the presence of exogenous IL-1β, IL-12, and IL-18 [38,39]. Kupffer cells, acting as APCs in the
liver, can produce IL-12 and IL-27 through the CD40-CD40L signalling pathway These cytokines
promote the expansion of the CD4+ T cell pool and the activation of T cells [40,41]. These
mechanisms collectively shape the liver’s unique immune microenvironment and influence
the intensity and type of immune responses.

3. The Role of Tregs in Hepatocellular Carcinoma: Tumour Promotion
and Therapeutic Implications
3.1. The Promoting Role of Tregs in Hepatocellular Carcinoma

Treg cells play a pivotal regulatory role within the immunosuppressive microen-
vironment of hepatocellular carcinoma. Tregs are a specialised subset of T helper cells
characterised by high expression of the IL-2 receptor α chain CD25. Forkhead Box P3
(FOXP3), a regulator belonging to the Forkhead/winged worm family, is a key factor in
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the regulation of Treg growth and function [42]. Studies have shown that Treg cells drive
tumour progression in hepatocellular carcinoma and suppress immune responses through
multiple mechanisms. Their functional network comprises complex processes such as
immune escape, angiogenesis regulation, and metabolic competition (Figure 2). Treg cell
counts have also been demonstrated to serve as a prognostic biomarker and indicator of
recurrence for hepatocellular carcinoma [43].

In terms of immune evasion, Tregs directly attenuate the proliferation, cytokine produc-
tion, and cytotoxic activity of effector T cells through direct contact or secretion of inhibitory
cytokines (IL-10, TGF-β, and IL-35), thereby establishing a local immunosuppressive mi-
croenvironment [44]. Multiple studies have shown that in patients with hepatocellular
carcinoma, the number of regulatory T cells in tumour-infiltrating lymphocytes and pe-
ripheral blood is increased. Studies have shown that Tregs not only inhibit apoptosis
and degranulation of CD8+ T cells, granzymes A and B, and apoptin, but also similarly
inhibit apoptosis, activation, degranulation, and cytokine production in CD4+ cells [45–47].
As a result, pore formation on target cell membranes is significantly reduced, leading to
diminished killing efficiency of CTLs and NK cells. Consequently, tumour cells evade
immune surveillance, thereby achieving immune escape [48]. Yang, M. et al. employed
spatial proteomics to compare the immune microenvironments of primary and recurrent
hepatocellular carcinoma, revealing that increased regulatory T cells and T cell exhaustion
mutually reinforce each other and simultaneously exacerbate immunosuppression, pro-
moting immune evasion [49]. This study further revealed that in liver cancer, peripherally
derived Tregs upregulate immune checkpoints such as CTLA-4, resulting in preferential
accumulation of CTLA-4 in tumour-infiltrating Tregs and exhausted CD8+ T cells. Studies
have shown that Tregs can further induce PD-L1 expression through secretory factors,
ultimately reducing the efficacy of PD-1/PD-L1 inhibitors [50,51]. Concurrently, miR-
500a-3p carried by HCC-derived exosomes promotes the differentiation of CD4+ T cells
into Tregs by upregulating PD-1 expression, thereby enhancing the immunosuppressive
microenvironment [52].

In terms of cellular metabolic regulation, dysregulation of metabolic pathways helps
cancer cells adapt to unfavourable microenvironments, thereby supporting their rapid
expansion [53]. Liver cancer cells undergo metabolic reprogramming, exhibiting the War-
burg effect, which elevates their glycolytic activity. Consequently, they perform glycolysis
even under aerobic conditions, producing substantial amounts of lactic acid [54,55]. Lactic
acid increases FOXP3 expression and enhances Treg cell functions, enabling them to main-
tain stability and functionality within inflammatory environments [56]. Concurrently, the
FOXP3 gene can reprogramme T cell metabolism, enabling them to function effectively in
environments characterised by low glucose and high lactate levels [57]. Elevated lactate
and reduced glucose conditions in liver cancer cells prevent CD8+ T cell infiltration while
promoting the accumulation of FOXP3+ Tregs. This process generates lactate via the ac-
tivin/SMAD/LDHA axis, thereby facilitating the recruitment and accumulation of Tregs
within tumour tissue [58]. Tregs may also promote hepatocellular carcinoma progression
via lipid metabolism. Wang et al. demonstrated that hepatocellular carcinoma induces
lipid metabolic reprogramming in monocytes/macrophages, leading to lipid-droplet accu-
mulation. This process mediates macrophage survival and Treg recruitment through the
CCL20/CCR6 axis [59]. Moreover, Zhou, X et al. discovered through exploratory research
into gene prognostic models that neoplastic adipogenesis promotes Treg recruitment in
hepatocellular carcinoma and fosters an immunosuppressive microenvironment [60]. Tregs
can also influence macrophage polarisation and metabolism through specific signalling
pathways, thereby reducing the number of M1 macrophages in hepatocellular carcinoma
and inducing the polarisation of M2 macrophages [61]. Tregs can also enhance the stemness
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of HCC cells by upregulating tumour-initiating cell (TIC)-associated markers, such as
CD133, inducing epithelial-to-mesenchymal transition (EMT), increasing the TIC ratio,
and promoting tumorigenicity [62].

In the process of regulating angiogenesis, studies have shown that Tregs themselves
promote the production of vascular endothelial growth factor (VEGF). Under hypoxic
conditions, liver tumours recruit Tregs by upregulating CCL28 expression. The increased
VEGF levels in Treg cells under hypoxic conditions promote microvascular angiogenesis
within tumour tissue, thereby enhancing the supply of nutrients and oxygen for tumour
growth and proliferation [63,64]. Concurrently, elevated VEGF levels stimulate the pro-
liferation and accumulation of Treg cells. Tumour-derived VEGF acts as a chemotactic
factor, attracting Tregs to the tumour microenvironment where they exert their effects.
Through signalling pathways such as STAT3, the immunosuppressive function of Tregs
is enhanced, thereby promoting their differentiation and stability [65,66]. This mecha-
nism fosters a mutually reinforcing relationship between VEGF and Tregs, thereby driving
tumour progression.

 

Figure 2. Mechanisms of Treg cells in the tumour microenvironment. (A) Tregs modulate the
tumour microenvironment via IL-10, IL-35, and TGF-β, influencing M1/M2 macrophage polarisa-
tion and tumour cell migration [44]. (B) Tregs promote tumour angiogenesis by secreting CCL28
and VEGF [63,64]. (C) Tregs induce immune evasion by suppressing T cell activity via PD-1/CTLA4
inhibition, thereby facilitating tumour cell proliferation. The synergistic actions of these signalling
pathways and cytokines collectively influence tumour progression [50,51].

3.2. Therapeutic Role and Prognostic Significance of Tregs in Hepatocellular Carcinoma

Research indicates that Tregs serve as an independent and quantifiable adverse prog-
nostic indicator for HCC. Multicentre retrospective cohort studies and single-cell sequenc-
ing reveal that an increase in intratumoural Treg cells correlates with heightened disease
risk in patients, and the FOXP3+ Treg subset is recognised as an independently detectable
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risk factor [67,68]. Moreover, the quantity and spatial distribution of Treg cells, as assessed
through multiplex quantitative immunofluorescence and single-cell RNA sequencing analy-
sis, have been shown to exert differential effects on the long-term prognosis of HCC. and are
better predictors of recurrence in early-stage liver cancer [69]. Mechanistically, HCC cells
secrete TGF-β to induce peripheral-naive CD4+ T cells and polarise towards Tregs. Elevated
TGF-β levels exhibit a linear negative correlation with the proportion of peripheral FOXP3+

Tregs, collectively reducing overall survival [68,70,71]. Furthermore, this study found that
Tregs affect the balance of the immune system through the FOXO1-Th17/Treg mechanism,
mediating immune dysfunction and promoting the development of HCC [72].

At the therapeutic level, multiple established conventional treatments have demon-
strated clinical efficacy, including transarterial chemoembolisation (TACE), stereotactic
body radiotherapy (SBRT), immunotherapy (IO), and thermal ablation techniques such as
radiofrequency ablation (RFA). TACE and SBRT primarily induce DNA damage through
ischaemia or radiation; RFA activates APCs by promoting the release of heat-shock proteins
(HSPs) from thermal stress and exposing heat-modified tumour antigens. This triggers
a systemic anti-tumour T cell response, creating an “in situ vaccination” effect [73–76].
Research indicates that radiofrequency ablation (RFA) significantly upregulates the expres-
sion of Th1-type cytokines (such as IL-2 and IFN-γ) within the tumour microenvironment,
whilst simultaneously suppressing the production of the immunosuppressive factor IL-10,
thereby reshaping the immune balance [77]. Further research indicates that remodelling
the function of Tregs can promote the restoration of immune homeostasis in peripheral
blood and the tumour microenvironment following treatment [78]. As a result, com-
pared to simple static counting, dynamically monitoring and intervening in the function
and distribution of Tregs may be a key strategy for further enhancing treatment outcomes
and improving long-term prognosis in HCC patients.

4. The Role of T-Helper Cells in Hepatocellular Carcinoma Development
and the Underlying Mechanisms
4.1. The Role of Th1 Cells in Hepatocellular Carcinoma

During the HCC process, Th1 cells release cytokines such as IFN-γ, IL-2, and TNF-
α [79]. These cytokines transform the tumour microenvironment from cold to hot, rapidly
activating the immune system to mount a systemic anti-tumour response. Research in-
dicates that Th1 cells establish a favourable immune microenvironment by promoting
the polarisation of macrophages toward the M1 phenotype. This enhances the activity of
natural killer (NK) cells, enabling them to recognise and eliminate cancer cells with greater
precision and efficacy. Concurrently, it stimulates the proliferation and differentiation of
cytotoxic T lymphocytes (CTLs), elevating their specific cytotoxic capacity against cancer
cells [80,81].

IFN-γ as the most emblematic effector molecule of Th1 cells, combats tumours through
multiple synergistic mechanisms. It induces cell cycle arrest and apoptosis in cancer cells
while inhibiting HBV replication, thereby severing the chain of “virus–inflammation–
carcinogenesis” [82,83]. Inhibiting angiogenesis in newly emerging liver cancer while
promoting maturation of residual blood vessels, and weakening tumour blood supply,
improves the tumour microenvironment and suppresses tumour dissemination [84]. Re-
search indicates that IFN-γ may synergistically interact with sorafenib to induce ferroptosis
or collaborate with IL-12 to enhance the infiltration of tumour-infiltrating IFN-γ+CD8+

T cells, thereby further amplifying immune-mediated killing effects [85]. Interestingly,
activated Th1 cells and NK cells can jointly secrete IFN-γ by promoting CXCL10 expression,
thereby upregulating the receptor CXCR3. Upon activation, the CXCR3 receptor enhances
Th1 polarisation while inhibiting the differentiation of Th0 cells into Tregs. This drives
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Th0 cells towards polarisation with Th1, establishing an IFN-γ-induced CXCL10/CXCR3
pathway that forms a positive feedback regulatory mechanism amplifying anti-tumour
immunity [86].

Clinical data and animal model studies indicate that increased Th1 cell infiltration density
in hepatocellular carcinoma tumour tissues correlates with longer overall survival in both
patients and experimental animals [79,87]. Early screening trials using AFP-derived peptides
reveal that anti-AFP Th1 responses are primarily observed in patients with early-stage hepato-
cellular carcinoma classified as Child–Pugh A. This suggests that Th1 responses may serve as
biomarkers for early diagnosis and lymph node assessment [88]. These studies confirm that
Th1 cells are closely implicated throughout the entire progression of hepatocellular carcinoma,
enabling early warning of disease and indicating prognosis, while simultaneously inhibiting
tumour progression and stabilising the tumour immune microenvironment.

4.2. The Role of Th2 Cells in Hepatocellular Carcinoma

Cytokines such as IL-4 cause naive CD4+ T cells to differentiate towards the Th2
pathway. Activated Th2 cells, through the autocrine secretion of IL-4, IL-5, IL-10, and IL-13,
not only accelerate their own proliferation, but also suppress that of Th1 cells. Research
indicates that Th2 cells establish a positive feedback loop that enhances Th2 responses
by counteracting the differentiation and stability of Th1 cells and attenuating their IFN-
γ-stimulated function [89,90]. While the tumour microenvironment of hepatocellular
carcinoma exhibits Th2-polarised dominance, studies have found that this leads to re-
duced cytotoxic activity, thereby significantly diminishing the ability to kill target cells.
Antigen presentation activity is lowered, preventing T cells from effectively recognising
these antigens. Consequently, the initiation of the immune response fails, resulting in
the establishment of an immunosuppressive microenvironment [91]. In the context of
hepatocellular carcinoma arising from viral hepatitis, similar phenomena have been corrob-
orated: an elevated proportion of peripheral Th2 cells in HCV-associated cirrhosis patients
correlates with a synchronously increasing risk of subsequent hepatocellular carcinoma
development [92]. HBV-driven HCC is linked to the expansion of peripheral Th2 subsets,
as shown by studies using whole-exome sequencing and proteomic analysis, which re-
vealed changes in immune cell populations and signalling pathways within the tumour
microenvironment [93].

At the mechanistic level, Th2 responses may enhance pro-tumour effects through the
following pathways: Th2-derived IL-4 directly drives tumour-associated macrophages
towards polarisation with the M2 phenotype, subsequently releasing pro-angiogenic fac-
tors and matrix remodelling enzymes [94]. Persistent Th2 cytokine signalling increases
tumour vascular infiltration and the probability of extrahepatic metastasis [95]. Recent
studies further revealed that when tumour cells undergo necrosis, the substantial release of
potassium ions leads to local accumulation. High concentrations of K+ rewire the metabolic
profile of T cells, deliberately favouring the differentiation of Th2 and Treg cells while
simultaneously suppressing the formation of the anti-tumour Th1 subset [96].

Clinical studies indicate that an elevated number of Th2 cells in peripheral blood
is typically associated with later tumour stages and poorer treatment response. Prior
to TACE therapy, patients with higher Th2 ratios are more prone to early progression;
conversely, the absence of Th2 gene signatures in tumour tissue is significantly correlated
with long-term patient survival [74,87]. Compared to healthy liver samples, most immune
cell subsets required for anti-tumour immune responses were reduced in hepatocellular
carcinoma samples, and the gene signatures of T helper cells and Th2 cells were significantly
increased [87,97].

https://doi.org/10.3390/cells15040350

https://doi.org/10.3390/cells15040350


Cells 2026, 15, 350 9 of 32

4.3. The Role of Th9 Cells in Hepatocellular Carcinoma

Th9 cells, as a newly identified subset of Th cells, exhibit complex roles in hepatocellu-
lar carcinoma. Initially identified as T cell growth factors with potential oncogenic activity,
subsequent research has demonstrated that Th9 cells eliminate tumours by activating both
innate and adaptive immune cells [98,99].

Th9 cells exert their effects by secreting the cytokine IL-9, which has potential pro-
inflammatory effects [100]. IL-9 has been demonstrated to induce Th17 cell differenti-
ation and enhance the function of FOXP3+ natural regulatory T cells [101]. Studies in
HCC patients have revealed that IL-9 promotes hepatocellular carcinoma cell proliferation
and metastasis, as well as VEGF expression, by activating the JAK2/STAT3 pathway [102].
Tan et al. found that co-culturing primary HCC cells with autologous Th9 cells signif-
icantly increased CCL20 production in tumour cells. Th9 cells secrete CCL20, thereby
inducing epithelial–mesenchymal transition-like changes in HCC cells and promoting the
progression of hepatocellular carcinoma [103,104]. Moreover, compared to peritumoural
hepatic tissue, the expression levels of IL-9R and IL-9 were significantly elevated within tu-
mour tissue. High IL-9R expression promotes the progression of hepatocellular carcinoma
and indicates poor clinical prognosis [105]. However, research also indicates that liver
cancer can be treated by enhancing Th9 cells. Following drug-induced elevation of IL-9
levels, activated CD8+ T cells release IL-2 and granzyme B to suppress the growth of liver
cancer within the body [106]. A single high-dose irradiation HCC whole-cell lysate vaccine
suppresses the growth of mouse hepatocellular carcinoma via Th9 cell numbers [107].

4.4. The Role of Th17 Cells in Hepatocellular Carcinoma

Th17 cells are a subset of Th cells expressing the transcription factor RORγt. They
primarily produce cytokines such as IL-17A, IL-17F, IL-22, and IL-21. These cytokines drive
neutrophil recruitment and amplify inflammatory responses [108]. Under physiological
conditions, Th17 cells reside in large numbers within the lamina propria of the small intes-
tine. They reinforce the mucosal barrier while bridging innate and adaptive immunity to
maintain microecological homeostasis [109]. However, in HCC, the sustained release of
IL-17 can induce chronic inflammation. Numerous studies have highlighted the significant
role of Th17 cells in HCC progression, linking them to enhanced angiogenesis, immunosup-
pression, and extracellular matrix remodelling, which are associated with poorer prognosis
in HCC patients (Figure 3).

Numerous studies have revealed the pivotal role of Th17 cells in the carcinogenesis
of hepatocellular carcinoma. One of the high-risk factors for inducing hepatocellular
carcinoma is a shift in the balance of circulating Th cells from Th1 dominance to Th17
dominance during chronic HBV infection [110]. Previous studies have shown that the
frequency of Th17 cells producing IL-17 in patients with HBV-associated HCC, as assessed
through scRNA-seq and viral tracking to identify HBV-infected cells, is significantly higher
compared to both patients with non-HBV-associated HCC and healthy controls [111].
Research indicates that non-alcoholic steatohepatitis, which is the liver’s unconventional
pre-folded RPB5-interacting protein (URI), exhibits a unique mechanism of action for
Th17 cells. It links nutritional surplus to inflammation and non-alcoholic steatohepatitis
by leveraging Th17 cells and IL-17A to trigger inflammatory responses. This induces
neutrophil infiltration in white adipose tissue, subsequently mediating insulin resistance
(IR) and the release of fatty acids. These fatty acids are stored in the liver as triglycerides,
ultimately leading to metabolic-associated steatohepatitis (MASH) [112]. In models of
alcoholic fatty liver disease, IL-17 exacerbates hepatic lipid accumulation and promotes the
secretion of multiple pro-inflammatory cytokines, thereby establishing a vicious cycle of
steatosis–inflammation–carcinogenesis [113]. Th17 cells may also induce hepatocellular
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carcinoma through alternative mechanisms. Gasmi et al. showed that chronic exposure to
IL-17 causes miR-122 downregulation in hepatic progenitor cells, reprogramming them into
cancer stem cells, and thereby increasing the likelihood of liver cancer development [114].

As a crucial subset of Th cells, Th17 cells activate multiple signalling pathways through
cytokine secretion, thereby driving the progression of hepatocellular carcinoma. Th17 cells ac-
tivate HSCs by secreting IL-17 and promoting the development of liver fibrosis. Concurrently,
they induce hepatocytes to secrete IL-6, which activates the STAT3 signalling pathway. This
subsequently promotes tumour cell proliferation and inhibits apoptosis, thereby establishing
a chronic inflammation-driven carcinogenic microenvironment [115]. Furthermore, IL-17 acti-
vates the AKT signalling pathway, which promotes the invasion–metastasis cascade, induces
epithelial–mesenchymal transition (EMT), and facilitates HCC cell colonisation. Concur-
rently, it induces IL-6 production, which, in turn, activates the JAK2/STAT3 signalling
pathway, synergistically accelerating the progression of hepatocellular carcinoma [116,117].
Research indicates that IL-22 can sustainably activate Th17 cells and increase STAT3 ex-
pression [118]. As a result, the upregulation of downstream targets leads to elevated levels
of IL-8, MMP2, and VEGF, significantly promoting angiogenesis, neutrophil recruitment,
and tumour growth in hepatocellular carcinoma [116]. Concurrently, within the hypoxic
microenvironment of HCC, increased release of exosomes containing elevated levels of
miR-4508 activates the IL17A-p38MAPK-κB signalling pathway in fibroblasts. This pro-
motes the formation of pre-metastatic niches (PMNs), thereby enhancing the metastatic
potential of hepatocellular carcinoma [119].

In terms of immune regulation, research has revealed that tumour-activated mono-
cytes secrete key pro-inflammatory cytokines, triggering the proliferation of functional
Th17 cells. Within HCC tissue, the accumulation of pro-inflammatory Th17 cells en-
ables activated monocytes in the peritumoural stroma of hepatocellular carcinoma to
promote the expansion of helper Th17 memory cells [120]. Th17 cell expansion further
promotes Kupffer cell/macrophage activation and cholesterol synthesis in hepatocytes,
significantly accelerating the incidence of hepatocellular carcinoma [113]. Activated mono-
cytes/macrophages secrete inflammatory cytokines that induce tumour cells to express PD-
L1. IL-17-activated monocytes promote PD-L1 upregulation through autocrine cytokines.
These IL-17-stimulated monocytes exhibit significant inhibitory effects on cytotoxic T cell
immunity in vitro [121]. IL-17A secreted by h17 cells further promotes PD-L1 expression
on the surface of HCC cells, leading to resistance to anti-PD-L1 therapy. Combining anti-
IL-17A with PD-L1 blockade significantly increases the infiltration of cytotoxic CD8+ T
cells, which express high levels of interferon-γ, thereby reducing treatment resistance in
HCC [122]. Concurrently, Th17 cells suppress CD8+ T cell responses by mediating TGF-β
and inhibiting the proliferation of autologous CD8+ T cells [123]. This study further re-
vealed that tumour cells promote elevated IL-17 production and Th17 cell proliferation in
primary liver cancer through cell-to-cell contact. The increase in Th17 cells synchronously
co-increases with Tregs and Bregs in primary hepatocellular carcinoma (PHC), thereby
fostering an environment conducive to immune evasion [124].

Th17 cells also exert a significant influence on the treatment and recurrence of hepato-
cellular carcinoma. Gasmi et al. observed in a mouse animal model that IL-17 deficiency
and anti-IL-17 therapy protected mice from liver tumour growth [114]. The overall survival
(OS) and disease-free survival (DFS) of patients with higher densities of IL-17-producing
cells were significantly shorter compared to those with lower densities. Specifically, pa-
tients with high peritumoural IL-17RE expression had a hazard ratio (HR) of 1.569 (95% CI:
1.315–1.873) for OS and a HR of 1.433 (95% CI: 1.234–1.663) for TTR, indicating a substantial
increase in the risk of poor outcomes and recurrence [125]. In patients with primary hepato-
cellular carcinoma (PHC), the percentage of Th17 cells is positively correlated with tumour
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size, the portal vein tumour tract (PVTT), and particularly TNM staging [124]. Following
the adoptive transfer of Th17 cells, the liver exhibited numerous large tumour nodules,
indicating that Th17 cells possess properties that promote HCC recurrence. Th17 cells may
exacerbate HCC recurrence by activating the epithelial–mesenchymal transition (EMT)
programme, inducing cancer stemness and the formation of a pre-metastatic microenviron-
ment alongside angiogenesis. Studies have shown that FOXO1 negatively regulates Th17
cells, which may play a role in reducing the recurrence of hepatocellular carcinoma [126].

4.5. The Role of Th22 Cells in Hepatocellular Carcinoma

Th22 cells, as a CD4+ T cell subset secreting IL-22 without releasing IL-17, exhibit
expression regulated by the transcription factor aryl hydrocarbon receptor. Research has
confirmed that IL-22, acting as a pro-inflammatory factor, serves as a crucial link between
immune cells and tissue-resident cells during inflammatory episodes [127,128]. Th22 cells
are known to play pivotal regulatory roles in the initiation, progression, and metastasis of
hepatocellular carcinoma. Within hepatocellular carcinoma, IL-22 is primarily secreted by
Th22 cells. IL-22 signalling within hepatocytes promotes HCC progression, enhances angio-
genesis at established metastatic sites, influences cancer cell extravasation, and amplifies
liver metastasis [129].

From the signalling pathway perspective, IL-22 may promote sorafenib resistance
in HCC by activating the STAT3/CD155 signalling axis, thereby reducing tumour cell
sensitivity to both sorafenib-mediated direct cytotoxicity and NK cell-mediated lysis [130].
Excessive IL-22 in the HCC microenvironment is known to promote tumour growth, inhibit
apoptosis, and facilitate metastasis through STAT3 activation [118]. Furthermore, IL-22 can
upregulate anti-apoptotic and metastatic genes in HCC via the JAK/STAT and PI3K/AKT
signalling pathways [131]. This promotes hepatocyte proliferation within an environment
of injury and inflammation, thereby providing the cellular basis for the development of
hepatocellular carcinoma. Clinical studies have shown that HCC patients exhibit higher
levels of peripheral blood Th22 cells and IL-22 compared to healthy individuals; these
levels increase as the disease progresses [132]. High tumour-infiltrating IL-22 cell counts
and serum IL-22 levels are recognised as poor prognostic indicators for HCC. Multivariate
analysis has shown that tumour-infiltrating IL-22 cells and serum IL-22 levels are indepen-
dent prognostic factors for OS and DFS, with hazard ratios (HRs) of 1.65 (95% CI: 1.34–2.05)
for OS and 1.42 (95% CI: 1.20–1.68) for DFS, both significantly associated with reduced
survival rates [133]. Increased Th22 cell numbers have been shown to promote the growth
of invasive cancers and angiogenesis; the proportion of Th22 cells correlates with tumour
lymph node metastasis (TNM) staging and intrahepatic metastasis in HCC patients [134].

4.6. The Role of Tfh Cells in Hepatocellular Carcinoma

Tfh Cells are specialised cells that assist B cells, playing a crucial role in the formation
of germinal centres, antibody affinity maturation, and the development of high-affinity
antibodies and memory B cells. They both promote B cell differentiation and antibody pro-
duction to enhance humoral immune responses, and secrete IL-21 to drive B cell activation
and differentiation into plasma cells (Figure 3) [135,136].

Elevated PD-1 and PD-L1 signalling in HCC induces Tfh-specific depletion. Tfh cell
exhaustion leads to reduced IL-21 production, subsequently impairing B cell prolifera-
tion and differentiation of functions. This results in B cell immunodeficiency [137,138].
Kurebayashi et al. [139]. identified that, based on the spatial dynamics of T cell responses,
the differentiation of follicular Tfh Cells correlates with the development of tertiary lym-
phoid structures (TLSs) in hepatocellular carcinoma. The presence of tumour-intrinsic
tertiary lymphoid structures (iTLS–ectopic lymphoid aggregates formed under chronic
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inflammatory conditions) is associated with favourable clinical outcomes in patients with
hepatocellular carcinoma [135,139,140]. Multiplex immunohistochemistry studies have
revealed that tumour-associated lymphoid structures (TLSs) in hepatocellular carcinoma
are rich in Tfh cells, which play a crucial role in the maturation of TLSs, supporting the
formation and maintenance of germinal centres and activating effective anti-tumour im-
mune responses [141]. Compared to healthy individuals and cancer-adjacent tissue, both
peripheral blood and tumour-infiltrating Tfh cells are reduced in hepatocellular carcinoma
patients. Furthermore, lower peripheral Tfh cell counts have been associated with poorer
prognosis in these patients [95]. Tfh cells not only predict prognosis but also hold promise
as biomarkers for early HCC diagnosis. Flow cytometric analysis of peripheral blood Tfh
and follicular regulatory T cells (Tfr cells) in 110 HCC patients revealed that the Tfr-Tfh
index (TTI) demonstrates favourable diagnostic efficacy for early HCC and recurrence
status [142].

Multiple studies have also demonstrated that the level of follicular helper T cell infiltra-
tion is a risk factor influencing survival rates and prognosis in patients with hepatocellular
carcinoma, with high follicular helper T cell infiltration significantly associated with poorer
overall survival. Research has indicated that tissue-resident Tfh-cell-like cells in hepatocel-
lular carcinoma operate via the IL-21-IFNγ pathway, inducing plasma cells and creating
conditions conducive to M2b macrophage polarisation [143].

 

Figure 3. The role of different types of Th cells in the progression of hepatocellular carcinoma. (A) Th1
cells promote tumour cell apoptosis and vascular normalisation via IFN-γ [84]. (B) Th2 cells promote
vascular invasion and tumour metastasis. (C) Th9 cells promote tumour cell growth and angiogenesis
via VEGF [102]. (D) Th17 cells promote tumour cell growth by suppressing CD8+ T cell activity via
PD-L1 [121]. (E) Th22 cells suppress NK cell function via the JAK/STAT signalling pathway [131].
(F) Tfh cells promote B cell activation and plasma cell differentiation via IL-21 [135,136].
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5. Th Cell Subset Interactions in Hepatocellular Carcinoma Development
and Treatment
5.1. The Role of T Helper Cells in the Progression from MASH to HCC

During the progression from MASH to HCC, significant remodelling of the hep-
atic immune microenvironment occurs. Previous research employing spatial proteomics
techniques has demonstrated that the tumour microenvironment transitions from a pro-
inflammatory state to an immunosuppressive one [144].

In the early inflammatory phase, the initial stage of the disease is marked by increased
CD4+ T cell infiltration, with a tendency toward pro-inflammatory subset polarisation. Th1
cells activate dendritic cells by secreting IFN-γ and TNF-α and amplifying inflammatory
signals. TFF2 secreted by hepatocytes has been shown to synergise with CXCL12 to promote
the differentiation of CD4+ T cells toward Th1 and Th17 subsets, further exacerbating the
inflammatory response [145,146]. CD4+ T cells may shift from the typical Th1 core cellular
immune response towards a Th17 orientation [147]. Th17 cells play a pivotal role in the
initiation, development, and progression of hepatocellular carcinoma. At this stage, Th17
cells emerge as the most abundant immune cell subset, secreting large quantities of IL-17.
Their numbers rise significantly with the progression of metabolic inflammation, especially
during the transition from MASH to liver fibrosis [148–150]. Particularly in patients with
combined liver fibrosis, enhanced glycolytic metabolism and pro-inflammatory functions
are demonstrated. Hepatic vascular dysregulation has been shown to enrich pro-fibrotic
Th17 cells and accelerate the progression of liver fibrosis [151,152].

As the disease progresses towards HCC, the immune microenvironment undergoes a
qualitative transformation. Metabolic dysfunction-associated steatohepatitis leads to the se-
lective loss of CD4(+) T lymphocytes, thereby promoting the development of hepatocellular
carcinoma [153]. Tregs have been shown to undergo significant expansion and functional
conversion, with increased numbers and a high expression of amphiregulin (Areg). This
has been shown to directly activate hepatic stellate cells and promote fibrosis. Meanwhile,
a subset of Treg cells express IL-17, which correlates with more severe hepatic lesions [154].
The reduction in the effector subset and increase in the immunosuppressive subset signify
a shift in the tumour microenvironment from a Th1/Th17-driven inflammatory state to a
Treg-dominant immunosuppressive state. This leads to the loss of immune surveillance
function, ultimately promoting the progression of hepatocellular carcinoma [155,156].

It is worth noting that during this process, Th22 cells exert a protective effect by se-
creting IL-22, thereby attenuating hepatocyte injury and inflammatory responses [157,158].
This suggests that Th22 cells may possess potential anti-tumour effects in the progression
of MASH-HCC.

5.2. Th1/Th2 Imbalance in Hepatocellular Carcinoma Progression and Immune Evasion

Th1 and Th2 cells, as two crucial subsets of Th cells, maintain a relative equilibrium by
secreting cytokines that mutually inhibit each other’s immune responses. However, within
the tumour microenvironment, alterations in cytokine types or concentrations may disrupt
this balance, prompting Th1 and Th2 cells to undergo transformation (Figure 4).

Research indicates that the shift from Th1 to Th2 cytokines serves as a crucial marker
in the establishment of an immunosuppressive tumour microenvironment. Elevated levels
of Th1 cytokines (IL-1α, IL-1β, IL-2, and IFN-γ) in tumour tissues, as revealed by gene
expression microarray analysis, are often associated with a more favourable prognosis.
In contrast, increased expression of Th2 cytokines (IL-4, IL-5, and IL-10) is commonly
observed in HCC cases, as shown by similar genomic profiling techniques [159]. In patients
with liver cancer, Th1 cell numbers decrease and their function weakens, while Th2 cell
numbers increase, and their function strengthens. This imbalance in the Th1/Th2 ratio
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promotes tumour metastasis [160]. In a mouse model of hepatocellular carcinoma, shifting
the Th1/Th2 balance towards Th1 dominance effectively alleviates the immunosuppressive
tumour microenvironment [161]. He, X. et al. discovered that by inducing downregulation
of Tregs in H22 hepatocellular carcinoma-bearing mice via glycyrrhizin polysaccharides,
and subsequently increasing the Th1/Th2 cytokine ratio in serum, tumour growth in these
mice could be inhibited [162]. Similarly, Jia et al. discovered that restoring the Th1/Th2
immune balance—specifically by upregulating pro-inflammatory cytokines IFN-γ and IL-2
while downregulating anti-inflammatory cytokines IL-4 and IL-10—exerted therapeutic
effects on hepatocellular carcinoma-induced splenomegaly in mouse models, thereby
alleviating symptoms of fatigue in liver cancer mice [163].

Moreover, the Th1/Th2 balance influences both the treatment and prognosis of liver
cancer. In hepatocellular carcinoma, the macrophage colony-stimulating factor (CSF-1)
modulates tumour-associated macrophages (TAMs), which regulate the tumour microen-
vironment, thereby affecting the equilibrium between Th1 and Th2 cells. When TAMs
are reduced, the Th1/Th2 cytokine balance is enhanced, thereby improving the efficacy
of immune checkpoint inhibitor therapy for HCC. Further studies reveal that increasing
Th1 expression indirectly lowers PD-1/PD-L1 expression, significantly reducing tumour
growth [164,165]. Research indicates that a higher Th1/Th2 ratio correlates with a more
robust anti-tumour immune response, reduced tumour cell proliferation, and improved
overall survival [166].

In summary, understanding the mechanisms of Th1/Th2 regulation in hepatocellular
carcinoma holds significant theoretical and practical implications for developing novel
therapeutic approaches and improving patient outcomes.

 

Figure 4. Changes in the balance of immune cells during the progression of liver cancer. The upper
section illustrates the pathological progression from a healthy liver to hepatitis, hepatic fibrosis,
cirrhosis, and hepatocellular carcinoma, with alterations in the Th17/Treg balance playing a pivotal
role in disease advancement [167,168]. The lower section demonstrates the impact of Th1/Th2 balance
on the tumour microenvironment, where anti-tumour immune cells and pro-tumour immune cells
regulate tumour growth and immune evasion through the secretion of distinct cytokines [159,160].
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5.3. Th17/Tregs Imbalance Promotes the Progression of Hepatocellular Carcinoma

An imbalance between Th17 and Treg cells has been identified as a significant risk
factor for the development of hepatocellular carcinoma, with studies showing that this im-
balance is associated with the liver (Figure 4). The density of FOXP3+ Tregs infiltrating the
liver progressively increases from chronic hepatitis B (CHB) to acute hepatitis (AH) and ul-
timately to HCC. Conversely, the densities of IL-17 and CD8+ T cells show a decreasing
trend. The Th17/Tregs ratio undergoes significant alterations, closely correlating with the
progressive decline in liver function. This confirms the existence of a delicate equilibrium
between Th17 and Treg cells within the liver [167,168]. In this process, IL-6 and TGF-β play
a pivotal role in regulating the equilibrium between Th17 and Tregs. Research indicates
that TGF-β promotes the differentiation of Th17 cells by inducing FoxP3+ Treg cells via IL-
6. [169,170]. At low concentrations of TGF-β, IL-6 and IL-21 act synergistically to promote
IL-23R expression, thereby further driving Th17 differentiation. Conversely, under high
TGF-β concentrations, the expression of Th17 cell hallmarks—such as IL-23R and IL-22—is
suppressed. Concurrently, increased Foxp3 inhibits RORγt activity, subsequently promot-
ing the differentiation of iTreg cells [171]. This indicates that IL-6 may not only promote
the conversion of nTregs into Th17 cells but may also play a role in the differentiation of
other Th cells [172].This study further revealed that HIF-1α in the liver regulates Th17
differentiation via IL-6 and influences Treg expansion under hypoxic conditions, thereby
further affecting the hepatic immune microenvironment [173].

The most common precipitating factor for hepatocellular carcinoma is hepatitis, which
plays a significant role in its actual development. An imbalance between Tregs and Th17
cells may also promote hepatocellular carcinoma through contributing factors such as viral
hepatitis and alcoholic liver damage, further increasing the likelihood of its occurrence. Liu,
B et al. analysed 38 patients with low-grade or moderate chronic hepatitis B (CHB-LM),
20 patients with chronic severe hepatitis B (CSHB), and 10 healthy controls (HCs). Their
findings revealed that an imbalance in Th17/Tregs correlates with chronic HBV infection
and liver damage [174,175]. An imbalance between Th17 and Treg cells is also regarded as
a risk factor for developing hepatocellular carcinoma in patients with HBV infection [176].
Research has shown that an imbalance between Tregs and Th17 cells is associated with
the promotion of hepatocellular carcinoma, especially in the context of chronic hepatitis B
and other liver diseases [177]. Moreover, in mouse model studies, it has been observed that
an imbalance between Th17 and Treg cells in the liver occurs concurrently with hepatic
injury. Neutralising IL-17A can mitigate the extent of liver damage and also improve
neutrophil infiltration. Furthermore, this hepatic imbalance in Th17/Tregs exacerbates
LPS-induced liver injury [178]. Research has revealed that an imbalance in the Th17/Tregs
ratio leads to the death of normal hepatocytes through ferroptosis, constituting one of
the risk factors for MASH This imbalance promotes the development and progression
of MASH [179,180]. Furthermore, Liu, J et al. found that chronic intermittent hypoxia
exacerbates this imbalance by promoting Th17 differentiation and suppressing Treg ex-
pansion, thereby accelerating the progression of non-alcoholic steatohepatitis [181]. The
equilibrium between Th17 and Treg cells maintains immune function. Persistent disruption
of this balance triggers systemic inflammation, leading to immune system dysfunction and
marked deterioration in liver function and blood lipid levels. This aligns with changes in
relevant indicators observed in non-alcoholic fatty liver disease rats in existing research
reports [182]. Based on the preceding research discussions, disruption of the balance be-
tween Tregs and Th17 cells promotes the development and progression of MASH. The
imbalance between Th17 and Treg cells remains a significant indicator of the progression
of liver cirrhosis. K. Li et al. observed that patients with hepatitis B-related liver cirrhosis
exhibited an imbalance in Tregs/Th17 ratios. This included a reduction in peripheral
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blood Tregs and an increase in Th17 cells, resulting in a diminished Tregs/Th17 ratio.
Furthermore, a negative correlation was observed between Tregs and Th17 cell counts. This
ratio imbalance correlates closely with the clinical staging of hepatitis B-related cirrhosis,
establishing the Tregs/Th17 ratio as a favourable biomarker for predicting decompensated
cirrhosis [176,183].

In HCC-related studies, it was observed that the proportion of Treg cells in the HCC
group was significantly higher than in the non-tumour control group. Concurrently, the
proportion of Th17 cells in the HCC group was also markedly elevated compared to the non-
tumour control group. Similarly, the Tregs/Th17 ratio in the HCC group was significantly
increased relative to the non-tumour control group [184]. This indicates an imbalance
between Treg and Th17 cells in HCC patients, with disrupted Th17/Treg expression levels
associated with hepatocellular carcinoma. Furthermore, this imbalance contributes to the
pathogenesis of HCC.

5.4. Improving the Th/Treg Cell Balance to Inhibit Liver Cancer Progression

In studies investigating Th17/Treg-based therapies for liver cancer, multiple investiga-
tions identified several effective treatment strategies. Mutually beneficial microorganisms
from the gut microbiota inhabiting the gastrointestinal tract play a vital role in diges-
tion, immunity, and cancer prevention. Alterations in its microenvironment can trigger
inflammation-associated cancers [185]. Research indicates that the gut microbiota can
promote immune homeostasis in both the intestine and extraintestinal organs (lung, liver,
brain, kidney, and bone) by balancing Th17/Treg cell populations [186]. For instance,
a combination of bifidobacteria, lactobacilli and enterococci probiotics can restore gut
microbial balance, thereby enhancing the efficacy of conventional treatments for autoim-
mune hepatitis (AIH). This mechanism of action involves suppressing the imbalance of
Th17/Tregs in the liver by inhibiting IL-33 upregulation mediated through the TLR2/4
signalling pathway [187]. Furthermore, Lactobacillus rhamnosus GG exhibits distinct
advantages by enhancing intestinal barrier function. It effectively reverses the reduction
in Tregs and increased IL-17 secretion by Th17 cells in peripheral blood caused by alcohol
exposure, thereby mitigating alcohol-induced liver damage [188,189]. Similarly, Clostrid-
ium butyricum (B1) plays a significant role as it regulates the balance of Th17/Treg cells
within the liver and gut, demonstrating a positive effect in alleviating high-fat diet (HFD)-
induced fatty liver inflammation in mice [190]. Huo, R et al. discovered that stigmasterol
influences Lactobacillus johnsonii, Lactobacillus murinus and Lactobacillus reuteri, lead-
ing to increased proportions of IFN-γ+CD8+ T cells and Tregs in both intestinal mucosa
and tumour tissues. This reshapes the gut microbiota, thereby inhibiting tumour growth in
hepatocellular carcinoma [191]. These studies indicate that the gut microbiota can mitigate
liver inflammation and injury by regulating the Th17/Tregs balance, thereby inhibiting the
occurrence and progression of hepatocellular carcinoma.

Herbal medicine, as a traditional therapeutic modality, has demonstrated extensive
potent anti-cancer properties, particularly in enhancing tumour immune responses. Chi-
nese herbal formulas offer differentiated intervention strategies by multi-dimensionally
regulating the equilibrium of T cell subsets. It exhibits unique advantages, especially in
reversing the imbalance between Tregs and effector Th cells [192]. Da Huang Zhe Chong
Wan (DHZCP), as a representative example, exhibits significant tumour-suppressing ef-
fects in a mouse HCC model [193]. Its core mechanism involves reversing the Tregs/Th1
balance: post-treatment, the proportion of Th1 cells in the peripheral blood and spleen
increases markedly, accompanied by heightened IFN-γ secretion, thereby activating CTLs.
Conversely, Treg generation was suppressed, which synergistically reduced tumour vol-
ume and weight [194]. This pattern of restoring immune surveillance through immune
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equilibrium regulation exemplifies the multi-targeted nature of TCM formulas—they do
not directly kill tumours but instead reshape anti-tumour immune responses by precisely
modulating the differentiation and polarisation of Th cells.

Similar immunomodulatory mechanisms are observed in other spleen-tonifying
and heat-clearing formulas. The spleen-tonifying and Stasis-Resolving Formula (JHD)
effectively alleviates immunosuppression in the H22 hepatocellular carcinoma model by
reversing imbalances in splenic T-lymphocyte subsets in HCC mice. This is achieved by
increasing the proportion of CTLs while decreasing Treg and Th17 cells [195]. Research
indicates that Scutellaria baicalensis extract successfully inhibits tumour growth in the H22
mouse hepatocellular carcinoma model by downregulating Treg numbers and modulating
Th1/Th17 immune responses [196]. Glycyrrhiza root polysaccharides (GPs) reduced the
proportion of Treg cells, decreased Foxp3 expression within Tregs, and upregulated the
Th1/Th2 cytokine ratio in serum from tumour-bearing mice, potentially explaining part of
the tumour growth inhibition effect [162].

Concurrently, N-glycosylated LTβR enhances the Th17/Tregs cell ratio by stabilising
RORC and suppressing FOXP3, thereby amplifying local anti-tumour immunity and in-
hibiting HCC progression [197]. Research by Ren, H. et al. has also demonstrated that
reversing the imbalance between Th17 and Treg cells can effectively mitigate the recurrence
of liver cancer induced by hepatic ischaemia–reperfusion injury [126]. Lenvatinib is a
multi-targeted tyrosine kinase inhibitor known to inhibit tumour angiogenesis and pro-
liferation by blocking signalling pathways, including vascular endothelial growth factor
receptors, fibroblast growth factor receptors, and platelet-derived growth factor recep-
tors [198]. Following lenvatinib treatment for hepatocellular carcinoma, the frequency of Th
cells and Tregs decreased, whilst the frequency of CTLs significantly increased [72], thereby
improving the immune status of liver cancer patients, preventing effector cells from becom-
ing exhausted, and suppressing the number and function of immunosuppressive cells.

6. Therapeutic Strategies of T-Helper Cells in Hepatocellular Carcinoma
Due to the global ageing population, the incidence and mortality rates of liver cancer

are on the rise. Presently, no drug therapy exists that can completely halt or reverse the
progression of liver cancer. Therefore, identifying effective therapeutic approaches is
imperative. Although current treatments for hepatocellular carcinoma primarily involve
surgical resection, targeted therapy, and immune checkpoint inhibitors, these methods
offer only partial efficacy. However, they cannot entirely halt disease progression, may
fail to adequately address all manifestations of the disease, particularly in patients at an
advanced stage of disease, and may induce adverse side effects. Given the critical role of the
immune microenvironment in the pathological development of hepatocellular carcinoma,
immunotherapy has emerged as a potential avenue for treating this disease.

6.1. Targeted Therapy for Suppression of Tregs in Hepatocellular Carcinoma

Within the immunological microenvironment of hepatocellular carcinoma, Tregs con-
stitute a pivotal subset that maintains immune tolerance and drives tumour immune
evasion. Recent years have witnessed systematic elucidation of therapeutic strategies
targeting Tregs across multiple dimensions, including phenotypic reprogramming, vaccine
intervention, molecular regulation, and natural medicines (Table 1). Regarding phenotypic
reprogramming, the CCR8 antagonist IPG0521m reverses tumour-infiltrating CCR8+ Tregs
to a low-suppressive phenotype [199]. The fully human CD137 antibody P1A1 significantly
suppresses the progression of mouse HCC by depleting CD137+ Tregs [200]. In terms of
vaccine strategy, virus-like silicon nanoparticles (V-scVLPs) with a spike-like topology can
co-deliver HCC neoantigens and TLR9 agonists, thereby downregulating TIM-3 on CD8+

https://doi.org/10.3390/cells15040350

https://doi.org/10.3390/cells15040350


Cells 2026, 15, 350 18 of 32

T cells and reducing Treg infiltration. This approach lowers the proportion of regulatory
T cells while increasing cytokine levels, thereby altering the tumour microenvironment
to effectively suppress established in situ HCC tumour growth [201]. At the molecular
regulatory level, miR-15a/16-1 can block cross-talk between Kupffer cells and Tregs [202],
and miR-206 disrupts the synergistic interaction between c-Myc+ malignant hepatocytes
and Tregs, thereby weakening the immunosuppressive network twofold [203]. In terms of
signal transduction, Traf6 inhibitors suppress multiple signalling pathways, impeding the
migration and reducing the number of Tregs infiltrating tumours. This prevents the suppres-
sion of T cell-mediated anti-tumour immunity, thereby enhancing the anti-tumour immune
response [204]. Natural small molecules also enhance therapeutic approaches: resveratrol
selectively downregulates CD8+CD122+ regulatory T cells [205], and HBE nanocrystal
formulations (HBE NCs) promote dendritic cell maturation, synergistically depleting Tregs
and myeloid-derived suppressor cells (MDSCs), thereby achieving a “cold-to-hot” tumour
phenotype conversion [206]. In summary, multi-modal, multi-targeted interventions tar-
geting Tregs have emerged as a significant approach for enhancing immune response in
hepatocellular carcinoma therapy.

Table 1. Overview of hepatocellular carcinoma treatment strategies targeting Tregs.

Treatment Methods Treatment Strategy Evidence Level Efficacy Indicators References

CCR4 antagonist Targeting CCR4+ Tregs In vivo (mouse models
of HCC)

Inhibited tumour growth,
enhanced immunity, reduced

tumour weight,
and improved survival. PD-1

blockade boosted CD8+ T
cell function.

[207]

CCR8 antagonist Targeting the
CCR8 Receptor

In vivo (mouse models
of HCC)

Inhibited tumour growth,
increased CD8+ T cell

infiltration, and reduced Treg
immunosuppression.

[199]

microRNA(15a/16-1) Targeting Kupffer Cells
and Tregs

In vivo (mouse models
of HCC)

Prevented HCC, reduced
hepatic Tregs, increased CTL

and CD8+ activity,
and disrupted

NF-kB-CCL22 signalling.

[202]

microRNA(206) Blocking
miR-206-Kras Interaction

In vivo (c-Myc-driven
mouse models)

Reduced TGF-β production,
restored liver Treg/CD8+

ratio, and promoted
HCC regression.

[203]

Cancer vaccine
Co-delivery of
Neoantigens

and TLR9 Agonists

In vivo (mouse
orthotopic

HCC models)

Tumour growth inhibition,
enhanced CD8+ T cell

activation, increased central
memory T cell responses,

reduced Tregs, and improved
tumour microenvironment.

[201]

IgG monoclonal
antibody (P1A1) Targeting CD137 In vivo (mouse models

of HCC)

Tumour growth inhibition,
reduced Tregs infiltration,

and enhanced NK
cell-mediated cytotoxicity.

[200]

Traf6 inhibitor Inhibition of Traf6 Activity
In vivo (Hepa1-6

murine liver
cancer models)

“Reduced tumour growth,
inhibited CD8+ CD122+ Treg

generation, and enhanced
CD8+ T cell activity.”

[204]

Resveratrol Targeting CD8+CD122+

Regulatory T Cells
In vivo (Hepa1-6 and
H22 murine models)

Reduced tumour growth,
inhibited CD8+ CD122+ Treg

generation, and enhanced
CD8+ T cell cytotoxicity.

[205]

HBE NCs Induction of Immunogenic
Cell Death

In vivo (mouse models
of HCC)

“Induced ICD, enhanced
dendritic cell maturation,

increased CD4+ and CD8+ T
cell infiltration, and reduced

Tregs and MDSCs.”

[206]
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6.2. Therapeutic Approaches for Enhancing Th1 Responses in Hepatocellular Carcinoma

In research into therapeutic strategies for hepatocellular carcinoma, multiple ap-
proaches have demonstrated potential for inhibiting tumour growth by enhancing Th1
responses (Table 2). Research indicates that the long non-coding RNA (lncRNA) MEG3
significantly amplifies Th1 responses by stimulating M1-type macrophage polarisation
and suppressing colony-stimulating factor 1 (CSF-1) expression. Its overexpression (OE)
leads to elevated M1 marker expression, substantial increases in Th1 cytokines, and concur-
rently reduces PD-1/PD-L expression levels on macrophages [164]. Similarly, prophylactic
and therapeutic vaccines developed from live attenuated monocyte-expanded bacteria
effectively induce specific Th1 immune responses, leading to a significant increase in
tumour-specific IFN-γ-producing CD4 and CD8 T cells. Prophylactic vaccination with the
LmAIO vaccine not only reduces the incidence of HCC but also induces a pronounced
tumour-specific Th1 immune response, thereby lowering tumour-specific IgG levels [208].
Furthermore, glycyrrhetinic acid (GA)-modified biphenyl mustard prodrugs have demon-
strated significant efficacy in treating hepatocellular carcinoma. This is achieved by enhanc-
ing the ratio of CD4+ T cells to CD8+ T cells at the tumour site, promoting the differentiation
of CD4+ T cells towards Th1 cells, and reducing the proportion of Tregs and Th2 cell subsets.
Concurrently, these agents interfere with tumour cell DNA replication processes and mod-
ulate the tumour microenvironment [209]. The application of the novel ionisable lipid
FS01-LNP has enhanced the transfection efficiency, immunogenicity, and safety profile
of lipid nanoparticles. This lipid induces potent antigen-specific antibodies, memory B
cells, and Th1-biassed T cell responses whilst demonstrating excellent balanced innate
immune activation with minimal inflammatory response and hepatotoxicity [210]. Zol-
treated HCC cell lines can trigger γδ T cell proliferation and induce the production of
Th1 and Th2 cytokines, but do not induce Th17 cytokine production [211]. In terms of
nanoparticles, the engineered mature core–shell nanoparticles (GHC NPs) loaded with GA,
heparin (HP), and the immunostimulatory cytidine–phosphate–guanine oligonucleotide
(CpG ODN) demonstrated significant inhibitory effects on tumour cell proliferation and an-
giogenesis. Furthermore, they induced a Th1 immune response, thereby restricting tumour
growth [212]. These findings collectively offer diverse potential strategies for immunother-
apy in hepatocellular carcinoma. By modulating Th1 cell-related immune responses, they
enhance the body’s capacity for tumour immune surveillance and clearance, presenting
broad prospects for future clinical application.

Table 2. Overview of hepatocellular carcinoma treatment strategies inducing Th1 cells.

Treatment Methods Treatment Strategy Evidence Level Efficacy Indicators References

LncRNA (MEG3)
Macrophage M1

Polarisation and Regulation
by CSF-1

In vivo and in vitro
(HCC models)

Increases Th1 cytokines, reduces
Th2 cytokines, and promotes

M1 polarisation.
[164]

Bacterial vaccine Targeted Immune
Checkpoint Inhibitor

In vivo (mouse models of
HCC and CCA)

Induces strong Th1 immune
responses and reduces tumour

burden and tumour-specific
IgG levels.

[208]

Glycyrrhetinic acid Regulation of Tumour
Microenvironment

In vivo (mouse models
of HCC)

Increased proportion of CD4+ T
and CD8+ T cells at the tumour

site, promoting CD4+ T cell
differentiation into Th1 cells,
and reducing Treg and Th2

cell subsets.

[209]

Lipid nanoparticles (FS01) mRNA Delivery In vivo (mouse models
of HCC)

Robust antibody and memory B
cell responses and enhanced Th1

immune responses.
[210]

Zoledronic acid γδ T Cell Proliferation
and Cytokine Production

In vivo (HCC cell
line studies)

Enhances γδ T cell-mediated
killing, increasing Th1 cytokines. [211]

Core–shell nanoparticles
(GHC NPs)

Tumour Angiogenesis
Inhibition and Th1
Immune Response

In vivo (mouse models
of HCC)

Promotes Th1 responses, CD4+ T
cell differentiation into Th1,

and increases IFN-γ secretion.
[212]
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6.3. Targeted Therapy for Suppression of Th17 Cells in Hepatocellular Carcinoma

Within the HCC microenvironment, Th17 cells form an “inflammation–tumour” posi-
tive feedback loop through sustained IL-17A secretion. Th17 cells have emerged as a key
subpopulation promoting tumour growth and metastasis. Dual-targeted intervention at
both the differentiation and functional stages has demonstrated clear therapeutic potential
(Table 3). At the upstream differentiation level, the transcription factor ROR-γt is regarded
as the “master switch”. Metformin directly inhibits CD3/CD28-induced ROR-γt expression
and blocks STAT3 phosphorylation along with the transcription of its downstream targets
Bcl-2 and Cyclin D1, thereby significantly reducing the tumour burden in orthotopic mouse
models [213]. Concurrently, N-glycosylated LTβR reduces the Th17/Treg cell ratio by
inhibiting the ubiquitin-mediated degradation of RORC (encoded by the ROR-γt gene),
thereby further attenuating its tumour-promoting effects [197]. At the downstream effector
level, the IL-17A/IL-17RA signalling axis has emerged as a precise intervention target. To
date, three IL-17A/IL-17RA inhibitors have received regulatory approval: secukinumab,
ixekizumab, and brodalimumab [214]. Among these, Scythemonab demonstrated par-
ticularly outstanding efficacy in HCC models. When combined with IL-35, it inhibits
Notch signalling via the Snail/E-cadherin axis, significantly attenuating tumour cell in-
vasion [215]. When combined with starvation therapy, it further restricts tumour cell
survival by downregulating BCL2 and inducing autophagic death [216]. Combination
therapy with sorafenib demonstrated superior tumour growth inhibition and control of
intrahepatic metastases compared to monotherapy [117]. Moreover, a novel probiotic
mixture termed Prohep can reduce the activity of Th17 cells—the primary producers—by
downregulating IL-17 cytokine levels. This subsequently diminishes the frequency of Th17
cells in both the gut and peripheral blood, thereby significantly slowing the progression of
hepatocellular carcinoma [217]. In summary, the dual-lock strategy of targeting ROR-γt
to block Th17 differentiation and neutralising IL-17A/IL-17RA to counteract its effectors
offers a rapidly clinically translatable combination approach for remodelling the HCC
immune microenvironment.

Table 3. Overview of hepatocellular carcinoma treatment strategies targeting Th17 cell suppression.

Treatment Methods Treatment Strategy Evidence Level Efficacy Indicators References

Secukinumab
and sorafenib Blocking IL-17A In vivo (mouse models

of HCC)
Reduced BCL2 protein expression

and autophagy suppression. [117]

Secukinumab
and starvation therapy Blocking IL-17A In vivo (mouse models

of HCC)

Suppressed tumour growth,
reduced IL-17A secretion,
and enhanced autophagy

[216]

Metformin Inhibition of
ROR-γt expression

In vivo (mouse models
of HCC)

Tumour growth inhibition,
decreased IL-22 secretion,

and suppressed
Th1/Th17 differentiation.

[213]

Probiotic blend Regulating
Gut Microbiota

In vivo (mouse models
of HCC)

40% tumour growth reduction,
enhanced gut microbiota, reduced

Th17 recruitment.
[217]

6.4. Targeted T-Helper Cell-Based Immunotherapy Clinical Trials for Liver Diseases

Multiple ongoing clinical trials are investigating the use of various immunother-
apies across different liver-related diseases (Table 4), particularly in the treatment of
HCC, chronic hepatitis C, and liver transplantation. These trials focus on modulating
Th cell subsets, specifically Th1, Th17, and Tregs, to enhance the immune system’s re-
sponse to tumours [218–220]. Through this approach, immunotherapy holds promise
for improving the liver’s immune microenvironment, promoting anti-tumour immune
responses and simultaneously suppressing immune escape mechanisms, thereby playing
a significant role in treating liver-related diseases.
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Table 4. Clinical Trials of T-helper cells Therapy for Liver Disease.

Number Conditions Phases Study Status Interventions Primary Outcome Measures

NCT05528952 Hepatocellular
Carcinoma II RECRUITING UCPVax

(Th1-type vaccine)
Objective response rate,

including complete response

NCT05033522 Hepatocellular
Carcinoma II/III RECRUITING

AlloStim
(Activate Th1-like CD4+

T cells)

Overall survival and time from
randomisation to death from

any cause

NCT00968357 Chronic Hepatitis C II COMPLETED
SCV-07

(Stimulate Th1-type
immune responses)

The safety of SCV-07 was
assessed at 2 doses for

monotherapy as well as its
immunomodulatory effects

NCT02050646 Autoimmune Hepatitis NA COMPLETED Low-salt diet Changes in pathogenic TH17
cell production from baseline

NCT03511365 MAFLD I/II TERMINATED Probiotic
formulation VSL

Changes in IL-17 levels with
probiotic administration,

recorded as percent decrease
over 8 weeks

NCT01624077 Liver Transplant I UNKNOWN Regulatory T cells Patient and graft survival
one year post-transplantation

NCT03577431 Liver Transplant I/II ACTIVE_NOT_RECRUITING arTreg-CSB Incidence of rejection events

NCT02166177 End-Stage
Liver Disease I/II COMPLETED Autologous regulatory

T cell product
Rate of dose-limiting toxicities
(DLTs) and cellular rejection

NCT02474199 Liver Transplant I/II COMPLETED darTregs
Investigation of

treatment-related grade 3 or
higher adverse events

7. Conclusions and Outlook
The development of HCC is closely associated with hepatitis, chronic liver injury,

hepatic fibrosis, and immune tolerance regulation. Th cells, as a vital component of the
adaptive immune system, play a pivotal role in tumour immune responses, immune
evasion, and therapeutic outcomes. Imbalances among Th cell subsets drive tumour
progression and limit the efficacy of monotherapies targeting single immune checkpoints.

In recent years, immune checkpoint inhibitors (ICIs), particularly monoclonal antibod-
ies targeting PD-1/PD-L1 and CTLA-4, have become the new standard of care for advanced
HCC. Clinical trials such as IMbrave 150 and HIMALAYA demonstrate that these therapies
significantly improve OS and progression-free survival in patients. However, objective
response rates remain below 30%, revealing the complexity of the tumour-suppressive
microenvironment, which remains a major therapeutic challenge [66,221].

Beyond ICIs, novel immunotherapies, including CAR-T cell therapy, cancer vaccines,
and oncolytic viruses, are emerging as frontiers in HCC treatment. Th1-based vaccines
have already entered clinical trials. By activating Th1 cell responses, these immunothera-
pies demonstrate clinical potential to enhance immune responses and improve treatment
outcomes, offering hope for more durable therapeutic effects in HCC patients [219].

However, these immunotherapeutic interventions also carry potential risks. Specifi-
cally, manipulations inducing inflammatory Th subsets (such as Treg and Th17 cells) may
disrupt immune homeostasis, leading to immune overactivation. This could increase the
risk of autoimmune diseases and even potentially promote tumourigenesis. Furthermore,
the gut microbiota, as a crucial regulator of the hepatic immune system, has garnered
increasing attention in recent years. The gut–liver axis facilitates interactions between
the gut microbiota and the hepatic immune system, modulating immune responses. Dys-
biosis of the gut microbiota is closely associated with the development and progression
of HCC. Improving microbial composition may restore immune equilibrium, enhance
anti-tumour immune responses, and mitigate the side effects of immunotherapy, offering
novel therapeutic approaches.

In summary, while immunotherapy—particularly ICIs and novel immunotherapies—has
demonstrated significant potential in HCC treatment, the complexity of the immune microenvi-
ronment and its potential immunopathological consequences remain therapeutic challenges.
Future research should explore strategies to optimise regulatory T cell modulation, balance
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immune responses, reduce adverse effects, and enhance the regulatory role of the gut microbiota,
thereby achieving more effective and durable HCC treatment.
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