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Abstract: Hepatocellular carcinoma (HCC) remains one of the most aggressive malignancies, with poor prognosis and limited
treatment options, particularly due to the immunosuppressive tumor immune microenvironment (TIME). Hydrogels have emerged as
a promising biomaterial platform for local and controlled delivery of immunomodulatory agents, offering a novel strategy to remodel
the TIME and enhance the efficacy of existing therapies. This review explores hydrogel-based strategies for immunomodulation in
HCC, focusing on their potential to localize immune regulation, improve immune cell infiltration, and overcome immune evasion.
Hydrogels can be engineered to encapsulate a range of therapeutic agents, including immune checkpoint inhibitors, cytokines, tumor
antigens, and adjuvants, allowing for sustained release and targeted action within the tumor. The integration of hydrogels with
therapies such as ablation, CAR-T cell therapy, and tumor vaccines has demonstrated synergistic effects, significantly enhancing
antitumor immunity and reducing tumor recurrence. However, challenges remain in optimizing hydrogel composition, biocompat-
ibility, degradation rates, and the efficiency of agent delivery. Personalized hydrogel-based therapies, tailored to individual patient’s
TIME, hold great potential for precision immunotherapy in HCC. This review highlights the current advances, challenges, and future
directions for hydrogel-based immunomodulation strategies in HCC treatment, underscoring their transformative potential in cancer
therapy.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver, representing the third leading
cause of cancer-related mortality globally.' Its incidence continues to rise, particularly in regions with a high prevalence
of hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, as well as in populations suffering from non-alcoholic
steatohepatitis (NASH) and alcoholic liver disease.”* Despite significant advances in diagnostic methodologies and
therapeutic interventions, HCC remains notoriously difficult to treat, with prognosis largely dependent on the stage of
diagnosis. Late-stage detection, coupled with limited curative treatment options and high rates of recurrence and
metastasis, contributes to the overall poor survival rates for HCC patients.” Unique to HCC is its development within
a chronically inflamed and fibrotic liver environment, which inherently fosters a tolerogenic immune landscape that
hampers effective immune responses. This immunosuppressive tumor immune microenvironment (TIME) plays a pivotal
role in the progression, therapeutic resistance, and immune evasion of HCC.*® Key immunosuppressive cell populations
within the TIME, including tumor-associated macrophages (TAMs), regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), and exhausted T cells, are central players in this immune dysfunction, acting to suppress
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antitumor immune responses and facilitate tumor progression.’ Furthermore, the overexpression of immunosuppressive
cytokines such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-B), alongside the activation of
immune checkpoint pathways like PD-1/PD-L1 and CTLA-4, exacerbates immune dysfunction and promotes tumor
immune escape.

Traditional systemic delivery of immune modulators, including cytokines and immune checkpoint inhibitors, often
results in insufficient accumulation at the tumor site, limiting therapeutic efficacy and increasing the risk of immune-
related adverse events.'®!! These challenges underscore the need for more targeted, localized therapies that can provide
precise spatial and temporal control over immune regulation within the tumor microenvironment (TME).'*'* In recent
years, hydrogels have emerged as a promising class of biomaterials, offering unique advantages in the field of biomedical
applications. Hydrogels form through cross-linking, and advanced designs include stimuli-responsive cross-linking that
reacts to pH, enzyme levels, or redox conditions typical of TME.'*!> These include high biocompatibility, tunable
mechanical properties, controlled degradation rates, and the ability to encapsulate a wide range of therapeutic agents.'®!”
Hydrogels, in the context of HCC, have shown tremendous potential as local delivery platforms for a variety of immune
modulators, such as cytokines, immune checkpoint inhibitors, and tumor antigens.'®'? Their capacity for controlled and
sustained release allows for prolonged therapeutic effects, while minimizing systemic toxicity.”**? Additionally, hydro-
gels can be engineered to respond to specific tumor-associated stimuli, such as alterations in pH, the presence of specific
enzymes, or reactive oxygen species (ROS), thereby enhancing their specificity and effectiveness in remodeling the
TIME.>*?” By leveraging these characteristics, hydrogels can locally modulate the immune microenvironment to
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Figure | Hydrogel-based strategies for remodeling the TIME in HCC.

enhance antitumor immunity, synergize with existing therapies, and overcome the immunosuppressive barriers of the
TIME in HCC. While existing reviews tend to organize hydrogel platforms by therapeutic modality, this review
establishes a mechanism-guided design framework that systematically links tumor biology of HCC with rational
hydrogel design parameters.'®**° This framework provides predictive guidance for selecting or engineering hydrogel
properties tailored to specific HCC pathophysiology. In this review, we provide an in-depth exploration of hydrogel-
based strategies for remodeling the TIME in HCC, examining their potential to localize immune modulation, enhance
therapeutic outcomes, and contribute to the evolving landscape of precision immunotherapy (Figure 1). We also discuss
the challenges and future directions of these systems, particularly in terms of clinical translation and their integration into
combination therapies for HCC treatment.

Mechanisms of the Tumor Immune Microenvironment (TIME) in HCC for Therapy

TIME in HCC is a highly dynamic and immunosuppressive niche that plays a central role in tumor development and
progression.3 ' The tolerogenic hepatic environment dampens immune surveillance and promotes tumor immune
escape.>? Understanding the cellular composition and molecular characteristics of the TIME in HCC is crucial for
designing effective immunomodulatory strategies, including hydrogel-based delivery platforms.>® HCC frequently arises
in the setting of chronic inflammation, liver fibrosis, and cirrhosis. This microenvironment is dominated by pro-
inflammatory cytokines, chemokines, and immune cells that influence tumor progression. While acute inflammation
typically elicits immune activation, chronic inflammation in HCC leads to immune tolerance. This shift from inflamma-
tion to tolerance is a key characteristic of the HCC TIME and contributes to immune suppression. The liver’s
immunologic tolerance to self-antigens and its role in maintaining homeostasis play a significant role in the immune
suppression in HCC. The TIME of HCC is composed of a diverse array of cellular and non-cellular components,
including tumor cells, stromal cells (eg, hepatic stellate cells, fibroblasts), endothelial cells, immune cells, extracellular
matrix (ECM), and soluble mediators such as cytokines, chemokines, growth factors, and metabolic byproducts.>* These
elements engage in complex crosstalk that regulates immune cell recruitment, polarization, and function.*> Several key
features define the HCC immune microenvironment, including chronic inflammation, immune cell exhaustion, immu-

nosuppressive dominance, and dense ECM and poor immune infiltration.**>* Sustained inflammatory signaling
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promotes an immunosuppressive milieu that supports tumor growth and neoangiogenesis. A stiff and fibrotic stroma

impairs immune cell trafficking into tumor cores, limiting immunotherapy efficacy.

The TIME of HCC is characterized by complex immune dysfunction, which plays a critical role in tumor progression and

immune escape. T cells in the HCC microenvironment often exhibit upregulation of exhaustion markers such as PD-1, TIM-3, and

LAG-3, leading to functional anergy. Cells like Tregs, TAMs, and MDSCs are abundant and actively suppress antitumor

immunity. The key immune cells in TIME of HCC and their function are listed in Table 1. Key immune regulatory mechanisms,

such as the Tregs and the increased recruitment of MDSCs, further exacerbate immune dysfunction. These cells and factors

contribute to the persistence of tumors and facilitate their escape from immune surveillance. TAMs are among the most abundant

immune cells in the TIME of HCC and are typically skewed toward an M2-like, immunosuppressive phenotype, by secreting IL-

10, TGF-B, and VEGF, suppressing CTLs.*® Reprogramming TAMs toward a pro-inflammatory M1 phenotype is a promising

therapeutic strategy.’” CD8" CTLs often become exhausted in HCC due to chronic antigen exposure and inhibitory signaling.

CD4" helper T cells may also contribute to immune suppression depending on their differentiation into Th2 or Treg lineages.

Table | Key Immune Cells in the Tumor Immune Microenvironment of Hepatocellular Carcinoma: Functions, Immunosuppressive
Mechanisms, and Therapeutic Implications

Cell Type Full Name Function Immunosuppressive Implications for Therapy
Mechanisms
TAMs Tumor-Associated | Promote tumor progression TAMs, especially in the M2 Targeting TAM polarization and
Macrophages through the secretion of pro- polarization, promote reducing immunosuppressive
inflammatory cytokines (eg, IL-1B, | immunosuppressive functions by cytokines such as TGF-§ can
TNF-a); contribute to immune secreting IL-10, TGF-f, and other | enhance antitumor immunity.
suppression by secreting IL-10 factors that inhibit T cell
and TGF-f. activation.
CD8" CTLs CD8" Cytotoxic Primary effectors of antitumor Exhaustion occurs through Immunotherapy strategies
T Lymphocytes immunity. Exhaustion of CD8" continuous antigen stimulation targeting PD-1/PD-LI| or
CTLs within the TME leads to within the TME, upregulating CTLA-4 can reinvigorate
ineffective immune surveillance. inhibitory receptors like PD-I, exhausted CTLs.
CTLA-4, and TIM-3.
CD4" Th CD4" Helper Coordinate and regulate immune | Th2-polarized CD4" T cells Redirecting Th cell polarization
T Cells responses by secreting cytokines | contribute to tumor progression | from Th2 to Thl can enhance
that promote the activation and by secreting cytokines such as IL- | antitumor immunity.
differentiation of other immune 4 and IL-13, which enhance the
cells (eg, Thl, Th2, and Thl7). accumulation of Tregs and
suppress antitumor immunity.

Tregs Regulatory T Cells | Suppress effector T cell activity The secretion of cytokines like IL- | Depleting or inhibiting Tregs
and inhibit immune responses 10 and TGF-B, leading to a local can enhance immune
through the secretion of immunosuppressive environment. | responses.
immunosuppressive cytokines (eg,

IL-10, TGF-B).

DCs Dendritic Cells Initiate and regulate T cell DCs in HCC adopt a tolerogenic | Improving DC function and
responses by presenting tumor phenotype, which promotes the antigen presentation can boost
antigens and activating CD4" and | expansion of Tregs and reduces T cell responses.

CD8" T cells. the activation of effector T cells.
MDSCs Myeloid-Derived Suppress both innate and adaptive | MDSCs suppress T cell responses | Targeting MDSCs and their
Suppressor Cells immune responses, inhibiting by depleting essential amino acids | immunosuppressive
T cell activation and NK cell like arginine and secreting ROS mechanisms can boost immune
activity. that damage immune cells. responses.

NK Natural Killer Contribute to early antitumor The TME in HCC induces NK cell | Enhancing NK cell function

Cells immunity by directly killing tumor | dysfunction through the through immune checkpoint
cells and secreting cytokines (eg, | upregulation of inhibitory inhibitors or cytokine therapy
IFN-y) that enhance immune receptors and the secretion of (eg, IL-15) can improve early
responses. suppressive cytokines. antitumor immunity.
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Enriched Tregs are involved in cytokine secretion (IL-10, TGF-P) and cell-cell contact mechanisms.*' DCs are professional
antigen-presenting cells (APCs). However, DCs often display a dysfunctional or immature phenotype in HCC, leading to
impaired antigen presentation and reduced T cell priming. MDSCs are immature myeloid cells that accumulate in the HCC
microenvironment and promote immune escape. NK cells recognize and eliminate transformed cells. In HCC, NK cell frequency
and cytotoxicity are diminished, partly due to the immunosuppressive cytokine milieu and the presence of ligands for inhibitory
NK receptors.

In addition to immune cells, the TIME in HCC is heavily influenced by the cytokine milieu and extracellular matrix (ECM)
components, which further facilitate immune evasion and tumor progression. The immunosuppressive behavior of the HCC
TIME is reinforced by a cytokine and chemokine network that regulates immune cell differentiation, migration, and
function.** Specifically, CCL2, CCLS5, and CXCL12 recruit TAMs and MDSCs to the tumor site. VEGF and GM-CSF
support angiogenesis and suppress DC maturation. In parallel, the expression of immune checkpoint molecules such as PD-L1
on tumor cells and TAMs leads to T cell exhaustion.*® Other inhibitory pathways including CTLA-4, LAG-3, and TIM-3 are
also frequently upregulated and contribute to impaired immune surveillance.** IL-10 and TGF-p promote Treg expansion,
inhibit CTLs and NK cells, and contribute to ECM remodeling. The ECM in HCC is often remodelled by tumor cells and
stromal cells, creating a dense, fibrotic barrier that physically impedes immune cell infiltration into the tumor. Collagen
deposition, fibrosis, and the upregulation of ECM remodeling enzymes such as matrix metalloproteinases (MMPs) contribute
to the suppression of immune cell function and the promotion of tumor cell invasion and metastasis.

Hydrogel-Based Localized Delivery of Immunomodulatory Agents

Hydrogels, as innovative drug delivery platforms, show significant advantages in precisely delivering therapeutic agents.
Hydrogels can not only provide sustained, controlled release of drugs but also locally deliver immunomodulatory agents,
tumor antigens, or immune checkpoint inhibitors, reshaping the TIME and activating anti-tumor immune responses.*’
Three key parameters, pore size, mechanical stiffness, and degradation rate play crucial roles in modulating immune cell
behavior and enhancing therapeutic efficacy of hydrogel.*® The effectiveness of immunotherapy in HCC is often limited
by the challenges of achieving localized, sustained, and controlled release of therapeutic agents within the TME. The
motivation for localized immunotherapy, particularly in the context of HCC, stems from the unique challenges posed by
the TIME. HCC is characterized by an immunosuppressive TIME, which includes an abundance of immune-suppressive
cells. Thus, local administration of immunomodulatory agents offers several advantages, including enhanced concentra-
tion at the tumor site, sustained and controlled release, and synergy with other therapeutic modalities. The research
progresses are listed in Table 2. Beyond simple drug delivery, hydrogels can act as scaffolds for immune cells, providing
a physical framework that enhances immune cell infiltration and spatial organization within the tumor. This ability to
modulate immune cell positioning is crucial for the effective activation and recruitment of specific immune cells to the
TME. By physically supporting immune cells at the site of the tumor, hydrogels can ensure localized immune activation
and counteract the immune suppression within the TME, which is often seen in HCC. Hydrogels can be functionalized
with bioactive molecules that enhance the local immune response. These functionalized hydrogels can directly activate
immune cells or redirect immune responses towards the tumor site, improving immune cell recruitment and activation.
Hydrogels can create a favorable niche for immune cell interactions by providing a biocompatible, non-inflammatory
microenvironment that supports immune cell survival and function. Hydrogels can also modulate immune cell signaling
pathways by delivering small molecules or biomolecules that activate immune pathways.

Traditional systemic administration of cytokines and immunostimulants is often limited by short half-lives, off-target
effects, and severe immune-related adverse events. To address these challenges, hydrogel-based delivery systems have
emerged as a promising solution for the localized delivery of immunomodulatory agents, offering controlled release,
enhanced biocompatibility, and the ability to target specific tumor-associated stimuli.’* Localized delivery of immuno-
modulatory agents via hydrogels aims to enhance immune activation within the TME while minimizing systemic
toxicity.”> Injectable or implantable hydrogels have been engineered to deliver pro-inflammatory cytokines to activate
cytotoxic T cells and NK cells within the HCC TIME.>® In addition to cytokines, hydrogel matrices can incorporate
immune-stimulating adjuvants, which mimic pathogen-associated molecular patterns (PAMPs) and activate innate
immune pathways. When delivered locally via hydrogel depots, these adjuvants potentiate DC activation and promote
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Table 2 Hydrogel-Based Therapeutic Approaches for Modulating the Tumor Immune Microenvironment (TIME) in Hepatocellular Carcinoma (HCC)

RFA

synergized with
RFA

immune activation
in combination
with RFA

synergistic with
RFA

risk of toxicity

Hydrogel-Based Study Hydrogel Immunomodulatory | Therapeutic Key Findings Target Unique Aspect Advantages Limitations Reference
Immunomodulation Composition | Agents Strategy Disease
Strategies
Localized Delivery of | Cao et al RADAI6-1 Lysed OK-432 Post-surgery Induced local Residual liver Combination of Localized May still require | [47]
Immunomodulatory (2023) peptide (immunoadjuvant), treatment for immune cancer after immunotherapy therapy reduces | optimization of
Agents hydrogel Doxorubicin residual liver response and incomplete and systemic release kinetics;
cancer enhanced RFA chemotherapy exposure; potential
antitumor using a hydrogel enhances inflammation at
activity post- system antitumor site
RFA effects at
surgical margins
Li et al (2022) Polypeptide TGF-B inhibitor Targeted inhibition | Enhanced drug Solid tumors Adapted hydrogel | Stimuli Complexity of [48]
hydrogel/ (LY3200882), and delivery and delivery system responsive design may
nanogel Regorafenib immunoactivation immune responsive to release; challenge
composite in TME activation TME conditions improved scalability and
within the TME penetration and | reproducibility
retention
Immune Checkpoint | Tang et al Personalized Anti-PD-I and anti- Tumor vaccination Activated Liver Personalized Personalized Personalized [49]
Inhibition for T Cell (2024) neoantigen CTLA-4 antibodies combined with intratumoral metastases neoantigen immune production is
Activation hydrogel immune CD8+CDé69+ vaccine combined | activation; costly and time
checkpoint T cells and with immune synergistic consuming
blockade improved checkpoint T cell response
antitumor blockade
response
Synergy with Shen et al Cholesterol- Anti-PD-L| antibody Combination with Enhanced Hepatocellular Utilization of Converts Relies on [50]
Ablation Therapy (2025) targeted microwave ablation | immune carcinoma tumor debris in ablation debris effective
catalytic response and hydrogel to into immune ablation; risk of
hydrogel tumor ablation synergize with stimulation; variable
synergy ablation therapy enhanced response
efficacy
Ao et al (2024) | STING Interleukin-15 (IL-15) STING agonist Boosted Hepatocellular STING agonist- Strong innate Complex agent [51]
agonist-loaded nanoparticles immunotherapy immune carcinoma loaded hydrogel immune combination
hydrogel combined with activation and to enhance activation; may increase
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Hu et al (2021)

Li et al (2024)

Hyaluronic
acid-based
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Hydrogel
encapsulating
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CAR-T cells, Anti-PD-

L1-conjugated platelets

PD-1 antibody

Post-surgery
recurrence

prevention

Tumor
microenvironment
remodeling and
immune

modulation

Inhibited local
and distant
tumor
recurrence via

abscopal effect

Enhanced T cell
activation and
synergy with
systemic

immunotherapy

Solid tumors

(eg, melanoma)

Solid tumors

Combination of
CAR-T therapy
and immune
checkpoint
blockade to
prevent
recurrence after
surgery
Hydrogel
encapsulated
G-Rh2 as an

in situ vaccine and
its synergy with
systemic

immunotherapy

Supports cell
therapy
persistence;
abscopal

immune effects

Synergistic
immune
activation;
adaptable

formulation

CAR

T encapsulation
may affect
viability;
translation to
HCC needs

validation

Systemic
synergy may
complicate
mechanism

interpretation
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adaptive antitumor immunity. A promising example of hydrogel-based immunomodulation was developed by loading
lysed OK-432 (IyOK-432) and doxorubicin (DOX) for the treatment of residual liver cancer following incomplete
radiofrequency ablation (iRFA) of HCC.*” This hydrogel was shown to effectively activate DCs and stimulate the STING
pathway, leading to enhanced antitumor immune responses. The hydrogel resulted in the highest tumor necrosis rate and
extended survival times, significantly increasing the percentages of CD4+ and CD8+ T cells while reducing Treg cells.
Furthermore, the hydrogel induced higher levels of pro-inflammatory cytokines such as IFN-y and TNF-a, demonstrating
its potential as a powerful localized delivery platform to modulate immune responses in HCC. Monoclonal antibodies
targeting immunosuppressive molecules have also been integrated into hydrogel delivery systems. These biomaterials
prolong antibody residence time in the tumor and enhance localized immune modulation without the need for repeated
systemic administration.

Hydrogels can be designed to respond to specific tumor-associated cues, such as acidic pH, overexpression of specific
enzymes such as MMPs, or ROS, which are characteristic of the TME in HCC.?” These stimuli-responsive hydrogels
ensure that immunomodulatory agents are released only within the tumor microenvironment, thereby enhancing the
specificity and effectiveness of the therapy while avoiding unnecessary systemic exposure.”® Hydrogels offer versatility
in terms of the types of agents they can encapsulate. This includes small molecules, biologics, RNA-based therapeutics,
or even nanoparticles that can be used in combination with immunomodulatory therapies. This ability to co-deliver
multiple agents within a single hydrogel system enables a more synergistic therapeutic approach, targeting different
aspects of immune modulation within the TME simultaneously.”® For example, Li et al developed an innovative tumor
microenvironment-adapted composite, which provides precisely sequential drug release, enabling the combination of
molecularly targeted therapies with immune activation (Figure 2).** In this system, regorafenib (REG) is first released
from the hydrogel to inhibit tumor growth and promote ROS generation, which then triggers the on-demand release of
LY3200882 (LY), a selective TGF-B inhibitor, from the nanogel. LY prevents the epithelial-mesenchymal transition and
immune escape of tumor cells induced by elevated TGF-, therefore inhibiting liver metastases. Overall, hydrogel-based
localized immunotherapy presents a promising strategy to reshape the immunosuppressive landscape of HCC into a more
immunogenic and therapeutically responsive environment.

Hydrogel-Based Immune Checkpoint Inhibition for T Cell Activation

The advent of immune checkpoint inhibitors (ICIs) has significantly transformed cancer therapy, especially in cancers
like HCC.®® ICIs, which target immune checkpoints such as PD-1/PD-L1 and CTLA-4, aim to restore immune
surveillance and enhance the body’s natural ability to recognize and destroy tumor cells. Immune checkpoint inhibitors
(ICIs) have revolutionized cancer immunotherapy by blocking inhibitory pathways that dampen the immune response
against tumors.®"**> However, while ICIs have shown promising results in various cancers, their clinical efficacy in HCC
is often hampered by the immunosuppressive TIME.*"**%* In particular, chronic immune suppression and the presence
of inhibitory immune cells such as Tregs, MDSCs, and TAMs limit the effectiveness of ICIs in HCC patients.
A promising approach to overcome these limitations is the use of hydrogel-based delivery systems in combination
with ICIs.®> Hydrogels can address these challenges by providing a controlled and localized release of ICIs within the
tumor site. By encapsulating IClIs, such as anti-PD-1, anti-PD-L1, or anti-CTLA-4 antibodies, within hydrogel matrices,
these agents can be released in a sustained manner, ensuring prolonged exposure at the tumor site. This hydrogel-based
synergy not only improves the pharmacokinetics of ICIs but also reduces systemic toxicity, enhancing the therapeutic
index of ICIs in HCC. For example, a recent study developed a neoantigen hydrogel vaccine (NPT-gels) for liver
metastasis, a condition characterized by immune tolerance and poor response to conventional therapies (Figure 3).*° The
NPT-gels, prepared with hyaluronic acid, neoantigen peptides, and clinical adjuvants, were designed to induce
a sustained, high-intensity immune response. When combined with immune checkpoint blockade (ICB) targeting PD-1
and CTLA-4 (PCDB), the NPT-gels significantly improved the infiltration of neoantigen-specific CD8+ T cells and
overcame the immune suppression inherent in liver metastases. This combination therapy enhanced the antitumor
immune response, not only by boosting T-cell activation but also by inhibiting Tregs, which are known to dampen
immune responses in the TME. Additionally, the NPT-gels effectively unlocked the immunosuppressive microenviron-
ment, inducing long-term immune memory and improving survival rates in preclinical liver metastasis models. The
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Figure 2 Localized delivery of immunomodulatory agents (adapted from Advanced materials 2022; 34(21 ):e2200449).48 After in situ administration, REG and LY were
sequentially released from the hydrogel/nanogel composite, which synergistically inhibited tumor growth, prevented distant metastases, and reversed the immunosuppressive
TMEs to trigger T-cell-dependent immune responses.

success of this study highlights the potential of combining hydrogel-based delivery systems with ICIs to enhance immune
responses in liver cancers. By using hydrogels to deliver ICIs and neoantigens in a controlled manner, it is possible to
modulate the TME and promote the recruitment and activation of effector T cells, particularly CD8+CD69+ T cells,
which are key to effective tumor elimination. This strategy could offer a powerful approach to improve the efficacy of
immunotherapies in HCC and liver metastasis, providing a framework for future clinical translation.

T cell exhaustion represents a significant barrier to the success of immunotherapy in HCC.°*"%® Consequently, T cell
exhaustion in HCC contributes to therapeutic resistance and poor clinical outcomes.®® Hydrogels offer more than just
a drug delivery function; their unique material properties allow them to program the immune microenvironment in ways
that can reverse T cell exhaustion. T cell exhaustion in the TME is a critical barrier to effective immunotherapy, as it
results from chronic exposure to tumor antigens, leading to upregulation of inhibitory receptors such as PD-1, TIM-3,
and LAG-3, which impair T cell function. Hydrogels can program the immune microenvironment through their material
properties, mechanistically reversing T cell exhaustion. In addition to blocking inhibitory signals, hydrogels can be
engineered to deliver costimulatory molecules, such as anti-OX40 or anti-4-1BB antibodies, which provide a “second
signal” necessary for optimal T cell activation.”” These costimulatory molecules work synergistically with ICIs by
promoting T cell proliferation, survival, and effector function, further enhancing the therapeutic efficacy of immune
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checkpoint blockade.”' By simultaneously blocking inhibitory signals and providing costimulatory signals, hydrogel-
based systems help restore the balance between immune activation and suppression, overcoming T cell exhaustion and
revitalizing antitumor immunity in HCC. This strategy holds great promise for improving the efficacy of immunothera-
pies in HCC by not only enhancing T cell activation and reinvigorating exhausted T cells but also by reprogramming the
immune environment to support sustained immune responses.

Hydrogel-Based Synergy with Ablation Therapy

Ablation therapies, including microwave ablation (MWA) and radiofrequency ablation (RFA) have become mainstays in
the treatment of HCC, particularly for patients who are not candidates for surgical resection or liver transplantation.””
These therapies work by inducing localized tumor cell death through thermal or freezing mechanisms, leading to necrosis
and the release of tumor antigens. However, while ablation therapies are effective at reducing tumor burden, they often
fail to induce a robust, durable immune response against residual tumor cells, primarily due to the immunosuppressive
nature of the TIME.”> The combination of ablation therapies with hydrogel-based immunomodulation presents an
innovative strategy to enhance the antitumor immune response and promote long-term tumor control.”* Hydrogel-
based delivery systems can enhance the efficacy of ablation therapies by providing controlled, localized release of
immunomodulatory agents. By encapsulating these agents in hydrogels, their release can be sustained over time, allowing
for prolonged immune activation within the TME.

Hydrogel-Based Synergy with MWA

A promising strategy to enhance the effectiveness of MWA in HCC treatment involves the use of hydrogel-based systems
that modulate the immunosuppressive tumor microenvironment and boost the antitumor immune response.
A complementary approach was explored in the context of MWA, where the immunosuppressive residual tumor
microenvironment (IRTM) remains a significant barrier to effective treatment.”> Cholesterol-rich tumor fragments
contribute to the deterioration of IRTM, exacerbating immune suppression and hindering the antitumor immune response.
To address this, a study developed a cholesterol-targeted catalytic hydrogel, DA-COD-OD-HCS, which enhanced the
synergy between MWA and ICIs for HCC treatment.’® This hydrogel contained cholesterol oxidase (COD), modified to
release in the acidic IRTM, to degrade cholesterol. The hydrogel network, formed by oxydextran (OD) and hemin-
chitosan (HCS), ensured the long-term retention of COD and hemin in the IRTM following MWA. In both in vitro and
in vivo models, the DA-COD-OD-HCS hydrogel effectively degraded cholesterol, induced tumor cell ferroptosis, and
enhanced the antitumor immune response. When combined with anti-PD-L1 immunotherapy, this approach inhibited
primary tumor growth and distant metastasis, without causing damage to adjacent tissues. This strategy demonstrated the
power of combining hydrogel-based catalytic therapies with ICIs to enhance immune responses in liver cancer treatment,
suggesting a novel therapeutic avenue to improve the efficacy of MWA and ICIs in HCC. These studies demonstrate how
hydrogel-based delivery systems, when combined with immune checkpoint inhibitors, can enhance the antitumor
immune response, overcome immune suppression in the TME, and offer promising approaches for the treatment of
HCC and liver metastasis. The ability of hydrogels to modulate the TME, control the release of therapeutic agents, and
boost immune activation positions them as a valuable tool in improving the clinical outcomes of immunotherapies.

Hydrogel-Based Synergy with RFA

Hydrogels have demonstrated significant potential in enhancing the effectiveness of RFA for HCC, particularly in
overcoming the immunosuppressive effects associated with incomplete RFA (iRFA). The residual TME after iRFA is
often characterized by immune suppression, which hinders the long-term success of the treatment, contributing to local
recurrence and distant metastasis of HCC.”® To address this issue, a promising strategy involves the use of hydrogel-
based systems in combination with RFA. For instance, a recent study explored the mechanisms behind the formation of
an immunosuppressive TME in residual tumors following iRFA and developed a TAK-981-loaded nanocomposite
hydrogel to target this environment.”” The research found that upregulation of small ubiquitin-like modifier 2 (Sumo2)
and the activation of SUMOylation pathways played a crucial role in fostering the immunosuppressive conditions in the
residual tumor. By knocking down Sumo2 or inhibiting SUMOylation with the use of TAK-981, a small molecule
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inhibitor, the study showed that it was possible to activate interferon-1 (IFN-1) signaling, which promoted DC maturation
and subsequently enhanced the immune response. Additionally, the hydrogel treatment led to an increase in PD-L1
expression, making the residual tumors more responsive to immune checkpoint blockade therapies. When combined with
PD-L1 blockade, this treatment strategy synergistically eradicated the residual tumors and suppressed distant metastases,
significantly improving the overall therapeutic outcomes. A study investigated the changes in the TIME induced by iRFA
in HCC and demonstrated that iRFA promotes a suppressive TIME, characterized by M2 macrophage polarization,
reduced DC antigen presentation, and decreased CTL infiltration. To address this issue, the study employed a calcium ion
(Ca2+)-responsive sodium alginate (ALG) hydrogel as a carrier for the STING agonist MSA-2, which was designed to
reverse the immune suppression caused by iRFA (Figure 4).°' The injectable ALG@MSA-2 hydrogel exhibited sustained
drug release in situ and successfully activated anti-tumor immunity. It promoted M1 macrophage polarization, enhanced
antigen presentation by DCs, and increased CTL infiltration, ultimately inhibiting residual tumor growth and inducing
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Figure 4 STING agonist-based hydrogel enhances immune activation in synergy with radiofrequency ablation for hepatocellular carcinoma treatment (adapted from J Control
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complete regression of contralateral tumors and liver metastases. Additionally, ALG@MSA-2

demonstrated excellent

biosafety, with no significant adverse effects on body weight or blood biochemical parameters in mice. This study
provides promising insights into enhancing the therapeutic efficacy of RFA for HCC through immunomodulation and
suggests that STING pathway activation can play a crucial role in reshaping the TIME for improved outcomes.

Hydrogel-Based CAR-T Therapy and Tumor in situ Vaccines

A major advantage of hydrogel-based strategies is their potential to personalize treatment approaches based on the unique
characteristics of each patient’s TIME. As the field of precision medicine continues to evolve, profiling the TIME of
individual patients will become increasingly important for tailoring hydrogel formulations and delivery systems.”®
Personalized therapies that account for the distinct composition and immune cell dynamics of a patient’s TIME could
significantly enhance treatment efficacy. In particular, understanding the heterogeneity of the TIME is crucial for
optimizing hydrogel-based delivery systems. Personalized approach in HCC involves several emerging immunotherapies,
each targeting different aspects of the immune response to improve patient outcomes (Figure 5).”° These therapies
include adoptive cell therapies, such as lymphokine-activated killer (LAK) cells, cytokine-induced killer (CIK) cells,
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tumor-infiltrating lymphocytes (TILs), and chimeric antigen receptor T (CAR-T) cells. These therapies involve the ex
vivo expansion and reinfusion of immune cells, which are designed to target and eliminate tumor cells more effectively.
Additionally, neoantigen vaccines can be utilized, which are taken up by DCs and presented to CD4+ or CD8+ T cells via
MHC molecules, leading to the activation of tumor-specific T cells. This activation contributes to anti-tumor immunity.
By profiling the TIME and tailoring hydrogel-based treatments to the specific needs of individual patients, we can
improve therapeutic outcomes and potentially reduce the recurrence of HCC.

Hydrogel-Based CAR-T Therapy

CAR-T cell therapy has emerged as a groundbreaking approach in cancer immunotherapy, offering the potential for
durable and highly specific tumor elimination.®*® CAR-T cells are engineered to express receptors that recognize specific
tumor antigens, enabling them to selectively target and kill tumor cells.*' However, despite their clinical success in
hematologic malignancies, the application of CAR-T therapy in solid tumors, including HCC, is limited by the
immunosuppressive TME, inadequate T cell infiltration, and poor persistence of CAR-T cells in the TME.** Hydrogel-
based delivery systems provide an innovative solution to enhance the efficacy of CAR-T cell therapy by creating
a localized, controlled environment that supports immune activation, improves CAR-T cell infiltration, and enhances
the presentation of tumor antigens.®® Hu et al explores the use of a hyaluronic acid (HA) hydrogel to release CAR-T cells
targeting the human chondroitin sulfate proteoglycan 4 (CSPG4), cytokine encapsulated polymer nanoparticles, and
platelets conjugated with the immune checkpoint inhibitor PD-L1 (Figure 6).°> The hydrogel served as a reservoir for
CAR-T cells, ensuring their sustained release and enhanced distribution within the surgical bed following tumor
resection. This local delivery system mitigated the challenges of inadequate CAR-T cell infiltration and reduced the
systemic toxicity often associated with traditional CAR-T cell infusion. The combination of CAR-T cells within
a hydrogel matrix represents a highly translational strategy for preventing the recurrence of resectable tumors. This
localized delivery method could be applicable not only for melanoma but also for other solid tumors like HCC, where
surgical resection and adjuvant immunotherapy could be combined to improve patient outcomes.

Hydrogel-Based Tumor in situ Vaccines

Similarly, tumor in situ vaccines, which aim to generate a localized immune response by delivering tumor-associated
antigens (TAAs) and immune stimulatory agents directly to the tumor site, also face challenges in overcoming the
immunosuppressive barriers of the TME.**® Hydrogel-based delivery systems have emerged as an innovative platform
for the targeted and sustained release of tumor antigens and vaccines, which are critical for enhancing immune responses
against HCC.®® These systems are designed to address the limitations of traditional vaccine delivery methods, such as
rapid degradation and poor tissue penetration, by providing controlled release and localized antigen presentation within
the TME. An example of such an approach is the development of a hydrogel-based in situ vaccine for delivering
ginsenoside Rh2 (G-Rh2) to enhance its therapeutic efficacy in liver cancer (Figure 7).>> G-Rh2, despite its strong
pharmacological properties, suffers from poor solubility and bioavailability. To address this, researchers created an
indocyanine green carboxylic acid-hydroxypropyl cellulose-abietic acid-bovine serum albumin (ICG-HPC-AA/BSA)
hydrogel, which encapsulated G-Rh2 and acted as a tumor in situ vaccine. The hydrogel enhanced the permeability and
retention of G-Rh2 within the tumor site, as well as its tumor-targeted therapeutic efficacy. In preclinical studies using
murine models of H22 liver cancer and CT26 colon cancer, the combination of G-Rh2-loaded hydrogel and PD-1
blockade resulted in significantly improved tumor growth inhibition compared to the use of either treatment alone.
Importantly, the hydrogel-mediated delivery of G-Rh2 induced significant changes in the immune microenvironment of
the tumors, increasing the infiltration of cytotoxic T cells and promoting a more favorable immune landscape that was

conducive to antitumor immunity.
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Challenges in Clinical Application: Biocompatibility, Degradation, and Delivery
Efficiency

Hydrogels offer unique advantages in localized immune modulation for HCC immunotherapy by providing sustained,
controlled release of therapeutic agents and supporting immune cell infiltration, whereas nanoparticles and microspheres
excel in targeted or systemic delivery but lack the dynamic properties and scaffold support of hydrogels.®” Hydrogels
have distinct advantages in embolization due to their injectability, shear-thinning behavior, tunable gelation, and ability to
occlude tumor-feeding arteries while enabling localized therapy delivery. For example, hydrogel-based tumor emboliza-
tion and synergistic therapeutic strategies emphasizes innovative design strategies for embolic hydrogels that combine
mechanical occlusion with drug delivery and multimodal therapeutic functions, providing controlled, localized release
and enhanced antitumor effects during transarterial embolization procedures.®® Hydrogels can be injected directly into the
tumor site, offering localized delivery of immunotherapy agents. This approach not only increases the local concentration
of therapeutic agents but also minimizes systemic toxicity. This localized administration is particularly beneficial in
HCC, where direct tumor modulation is essential to overcome the immunosuppressive TIME. For non-invasive
approaches, hydrogels can be used in intravesical administration or transarterial routes, such as through catheter-based
delivery in embolization procedures. This personalized approach allows clinicians to select the most appropriate drug
delivery route based on the patient’s disease characteristics, optimizing therapeutic efficacy and minimizing unnecessary
systemic exposure.

The integration of hydrogel-based strategies in cancer immunotherapy holds immense promise, but there are several
hurdles to overcome before these approaches can be widely adopted in clinical settings. For instance, specific antigen
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targets, immune checkpoint profiles, and tumor-associated macrophage polarization could be identified to customize
hydrogel-based therapies for optimized immune activation and targeted drug release.*” Advances in high-throughput
sequencing, spatial transcriptomics, and multiplex immunohistochemistry are enabling deeper insights into the TME,
facilitating patient-specific profiling and more precise therapeutic designs.”® Moreover, understanding the variability in
immune responses among patients will allow for the development of hydrogel-based systems that can modulate specific
immune pathways, ensuring a more effective response.”’ The combination of personalized hydrogels with ICIs could
allow for more effective activation of the immune system and better tumor targeting, ultimately leading to improved
clinical outcomes. Despite the significant promise shown by hydrogel-based systems, several challenges remain in their
clinical application. Key concerns include biocompatibility, degradation, and delivery efficiency, all of which need to be
carefully addressed for these therapies to succeed in real-world clinical settings. Hydrogel-based delivery systems must
be non-toxic and non-immunogenic to avoid adverse reactions in patients. While most hydrogels are designed to be
biocompatible, the incorporation of biologically active molecules, such as immunotherapeutic agents or chemotherapeu-
tics, can sometimes lead to unintended immune responses or toxicity.”” The long-term safety of hydrogels, especially
those intended for repeated or sustained release, will require rigorous testing to ensure that they do not cause chronic
inflammation, fibrosis, or other systemic complications.”® The rate at which hydrogels degrade in vivo is a critical factor
in determining their effectiveness. In many cases, hydrogels need to release their therapeutic payload over an extended
period, which requires precise control over their degradation kinetics.”* If hydrogels degrade too quickly, the therapeutic
agents may be released prematurely, reducing their effectiveness. Conversely, if degradation is too slow, it may lead to
unwanted accumulation of the materials in the body, potentially causing complications. The development of hydrogels
with tunable degradation profiles that match the therapeutic needs of specific cancers is essential for their clinical
success. For hydrogels to be effective, they must deliver their payload to the tumor site in a manner that maximizes
therapeutic benefit while minimizing off-target effects.’> This requires careful design of the hydrogel to ensure that it can
both target the tumor tissue selectively and release its contents in a controlled and predictable manner.’® Additionally, the
ability of hydrogels to cross physiological barriers, such as the blood-brain barrier in the case of brain tumors or other
specific tissues, remains a significant challenge that needs to be addressed for broader clinical applicability.

The primary challenge in translational research lies in the heterogeneity of the TME, which complicates the design of
universal hydrogel formulations. Personalized hydrogel approaches, guided by patient-specific profiling using technol-
ogies like single-cell RNA sequencing, can improve treatment efficacy by tailoring hydrogel properties to the unique
TME. Single-cell RNA-seq (scRNA-seq) is now discussed as a powerful tool that can help identify heterogeneous
immune cell populations in the TME and evaluate how these populations interact with hydrogel-delivered immunomo-
dulatory agents.”” scRNA-seq has been employed to assess how hydrogel-based immunotherapies modulate immune cell
subsets such as cytotoxic T cells, dendritic cells, and macrophages in response to checkpoint inhibitors or adjuvants
encapsulated within hydrogels.* In clinical studies, challenges include regulatory approval due to novel materials and
limited patient cohorts in early trials. To address these, adaptive clinical trial designs and quality-by-design principles can
facilitate faster regulatory approval and more targeted studies. Hydrogel manufacturing faces challenges in scalability
and cost, as the complexity of formulations requires expensive materials and advanced techniques. Solutions include the
standardization of production methods, such as microfluidic technologies and automated platforms, to reduce costs and
improve scalability. Quality control is another hurdle, as maintaining consistency in properties like degradation rates and
release profiles is critical for therapeutic success. The use of advanced characterization tools and real-time monitoring
during production can address these concerns. Finally, to overcome these challenges, collaborations between academia
and industry can help bridge the gap between preclinical research and clinical application, while 3D printing technologies
offer opportunities for customizing hydrogel formulations to create patient-specific treatments. These efforts will not only
enhance the clinical translation of hydrogel-based therapies but also improve the personalization of treatments, making
them more effective and accessible to a broader range of patients.

Conclusion
Hydrogel-based immunomodulation strategies offer a promising approach to overcoming the challenges posed by the
TIME in HCC. These strategies enable the localized, sustained, and controlled delivery of immune modulators,
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cytokines, tumor antigens, and immune checkpoint inhibitors, effectively reshaping the immunosuppressive TIME. By
enhancing immune cell infiltration, overcoming T cell exhaustion, and promoting long-term immune memory, hydrogel-
based systems can significantly improve the efficacy of existing therapies, including ablation therapies, CAR-T cell
therapy, and tumor in situ vaccines. However, several challenges remain, including the need to optimize hydrogel
biocompatibility, degradation kinetics, and delivery efficiency to ensure clinical safety and effectiveness. Personalized
hydrogel-based treatments, tailored to the unique characteristics of individual patients” TIMES, offer a promising path
forward for precision cancer therapy. A key direction is the Al-assisted design of hydrogels, where machine learning
algorithms could be used to optimize hydrogel material properties based on individual TME profiles. In conclusion, while
hydrogel-based immunomodulation holds great potential for enhancing cancer immunotherapy in HCC, future research
must focus on optimizing these systems for clinical translation, evaluating their safety, and integrating them with other
therapies to further improve treatment outcomes.
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