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Abstract
This article reviews the interactions between gut microbiota and cancer immunotherapies and discusses 
microbiota-based patient stratification strategies such as the prediction of response and the early recognition of 
toxic events. Additionally, it explores the emerging potential of microbiotherapy to enhance anti-neoplastic efficacy 
and alleviate toxicity, with the ultimate goal of developing personalized treatment regimens for patients with 
hepatocellular carcinoma (HCC).

Keywords: Hepatocellular carcinoma, HCC, immunotherapy, microbiota, microbiome

INTRODUCTION
The incidence of hepatocellular carcinoma (HCC) has alarmingly increased over the last few decades, with 
studies reporting a nearly 2- to 3-fold rise, particularly in developed nations[1]. This concerning trend is 
primarily attributed to the growing prevalence of chronic liver diseases, such as hepatitis B and C, 
metabolic-associated steatotic liver disease (most commonly related to obesity and insulin resistance), and 
alcohol-related liver disease[1-3]. Understanding the complex interplay among these factors and their 
contributions to the rising incidence of HCC is critical for implementing effective preventive strategies and 
improving patient outcomes.
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In recent years, there has been a significant breakthrough in the treatment of HCC due to the emergence of 
immunotherapy, such as immune checkpoint inhibitors (ICI)[4]. Among these, Cytotoxic T-Lymphocyte 
Antigen 4 (CTLA-4) inhibitors (ipilimumab) and PD-1 inhibitors (nivolumab, pembrolizumab) have shown 
promising results in the management of HCC[5]. Although the mechanisms of action of these therapies have 
been reviewed elsewhere, a brief overview is as follows: the programmed death (PD)-1 protein is found on 
the surface of immune cells and belongs to the CD-28 protein family[4]. The binding of PD-1 to 
programmed death ligand (PDL)-1 or PDL-2 on target cells suppresses the immune system’s response, 
culminating in peripheral tolerance and the growth of malignant cells. Blocking the binding of PD-1 to its 
receptor can prevent this inhibitory signal and help the immune system mount an adaptive, targeted 
response[6].

Despite advancements in the treatment of HCC with the use of ICIs, outcomes remain poor for patients 
with advanced HCC, especially in the presence of metastases. In a landmark trial of Nevolumab, response 
rates were only 15%-20%[7], and in a phase 1b trial of atezolizumab and bevacizumab, the median 
progression-free survival was only 6.8 months[7,8]. Additionally, a significant proportion of patients 
experienced severe immune-related side effects[9]. Over one-half (56.5%) of patients who received 
atezolizumab and bevacizumab suffered Grade 3 or 4 adverse effects[8]. Immunotherapy resistance also poses 
a significant obstacle to successful treatment outcomes. This resistance can be attributed to several factors 
including tumor heterogeneity, genomic instability, and the suppressive tumor microenvironment 
(TME)[10]. Discovering biomarkers that can help predict clinical response to immunotherapy offers 
significant potential for optimizing patient selection and maximizing treatment outcomes[9]. In light of these 
findings, microbiotherapy is also undergoing evaluation as a potential antitumor strategy through the 
modulation of intestinal flora[11].

The gut microbiome plays a crucial role in modulating immune responses[12]. It has been observed that the 
gut microbiota can influence both innate and adaptive immune responses. The gut microbiota is involved in 
the development and maturation of the immune system, helping to educate and train immune cells to 
recognize and respond appropriately to pathogens and harmless antigens. Additionally, the gut microbiota 
can also impact immune responses by influencing the production of immune cells and molecules, such as 
cytokines, that regulate inflammation and immune activity. Increasing evidence suggests that the gut 
microbiome plays a significant role in age-related changes in immune system function and, therefore, has 
the potential to modulate immune responses in older adults, influencing their susceptibility to infections 
and chronic low-grade inflammation[13,14].

This article reviews the interactions between gut microbiota and cancer immunotherapies, as well as 
microbiota-based patient stratification strategies that may help predict not only responses to therapy but 
early recognition of toxic events. Additionally, it discusses the potential of microbiotherapy to enhance the 
anti-neoplastic effects of immunotherapy and alleviate toxicity, with the ultimate goal of developing 
personalized treatment regimens for patients with HCC.

GUT MICROBIOME AND THE IMMUNE SYSTEM
The human gut harbors a vast and diverse ecosystem of microorganisms collectively known as the gut 
microbiome. This intricate community of archaea, bacteria, fungi, and viruses plays a crucial role in 
numerous physiological processes, including digestion, metabolism, and immunology. Among these 
commensals, Bacteroidetes and Firmicutes are the dominant bacterial phyla, with Bacteroides, Prevotella, 
and Bifidobacterium being prominent genera. The interplay between the gut microbiome and the immune 
system is dynamic, with the goal of maintaining intestinal homeostasis to influence immune responses 
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throughout the body [Figure 1].

At the frontline of this interaction lies the intestinal barrier, a complex system comprising physical, 
chemical, and immunological components. This barrier enables the absorption of nutrients while 
preventing the translocation of harmful bacteria and their products into the bloodstream. Resident gut 
microbiota maintains barrier integrity by stimulating mucus production and preserving epithelial cell tight 
junctions. A healthy gut microbiome fosters a tolerogenic environment, suppressing excessive inflammation 
while maintaining the ability to mount effective responses against pathogens. Specific bacterial species can 
directly interact with immune cells, leading to their activation and cytokine production. For example, 
Bifidobacterium infantis induces the production of anti-inflammatory cytokines such as interleukin (IL)-
10[15]. Bacteria can also influence the activation and differentiation of various immune cell populations, such 
as Th1, Th2, and Th17 cells, to modify the overall immune response toward specific targets.

Furthermore, the gut microbiome actively shapes the immune system through various mechanisms:

• Pattern recognition receptors (PRRs): Immune cells express PRRs that recognize specific molecular 
patterns on microbes. Commensal bacteria activate PRRs, triggering signaling pathways that promote 
immune tolerance and suppress inflammation. Conversely, PRRs can also identify pathogen-associated 
molecular patterns, initiating an inflammatory response to eliminate invaders.

• Metabolite production: Gut bacteria produce a variety of metabolites, including short-chain fatty acids 
(SCFAs) such as acetate, propionate, and butyrate. SCFAs can activate the immune system via receptor-
mediated and epigenetic mechanisms such as inflammasome activation, host defense peptide synthesis, and 
cytokine synthesis. SCFAs also promote the development of regulatory T cells (Tregs), which are essential 
for maintaining immune tolerance and preventing excessive inflammation [Figure 2].

• Direct cell-cell interactions: Certain bacterial species also directly interact with immune cells to modulate 
their activation and cytokine production. For example, certain commensals induce the production of the 
anti-inflammatory cytokine IL-10, which contributes to immune homeostasis[16].

When this delicate balance is disrupted by factors such as diet, antibiotics, or stress, it leads to dysbiosis, a 
state characterized by an altered composition and diversity of the gut microbiome. Dysbiosis, in turn, can be 
linked to:

• Increased intestinal permeability: A weakened gut barrier allows for the translocation of bacteria and their 
products into the bloodstream, triggering systemic inflammation.

• Dysregulation of immune responses: Altered microbial composition can skew the immune response 
toward excessive inflammation, contributing to the development of autoimmune conditions such as 
inflammatory bowel disease (IBD).

• Impaired immune function: Dysbiosis can weaken the immune system’s ability to combat infections and 
increase the susceptibility to various pathogens[15].

Recent advancements in sequencing technologies have revolutionized our understanding of the gut 
microbiome. Metagenomic and 16S rRNA sequencing enable detailed characterization of the microbial 
composition and identification of specific bacterial species with functional significance. This knowledge has 
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Figure 1. Gut microbiome and the immune system. SCFAs: Short-chain fatty acids; PD-L1: programmed death ligand 1.

paved the way for the development of novel therapeutic strategies aimed at modulating the gut microbiome 
for disease prevention and treatment[17].

The gut and the liver are intimately connected organs, forming a bidirectional communication network 
known as the gut-liver axis, a key component of which is the gut microbiome. Gut bacteria help to 
metabolize dietary components, producing metabolites such as SCFAs, which are transported to the liver. 
SCFAs influence various liver functions, including lipid metabolism, bile acid synthesis, and 
gluconeogenesis[18]. As gut bacteria can also modulate the immune system, they can potentially contribute to 
the development of chronic inflammatory conditions such as metabolic dysfunction-associated steatotic 
liver disease (MASLD)[19].
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Figure 2. Metabolite production. SCFAs: Short-chain fatty acids; ATP: adenosine triphosphate.

The gut-liver axis also involves the exchange of various bacterial products, including lipopolysaccharides 
(LPS) and peptidoglycans. These components can translocate from the gut lumen into the portal circulation 
and trigger inflammatory responses in the liver. In a healthy gut, the intestinal barrier restricts the 
translocation of these potentially harmful products, but during dysbiosis, there is translocation of bacterial 
products, which leads to hepatic inflammation and injury[13]. The liver itself also plays a crucial role in 
regulating systemic immune responses and thus impacts the overall gut immune environment[20].

Understanding the gut-liver axis is particularly relevant in the context of MASLD, a growing public health 
concern characterized by excessive fat accumulation in the liver. Studies have shown a strong association 
between gut dysbiosis and MASLD progression. Specific bacterial taxa have been linked to increased 
inflammation, insulin resistance, and steatosis, key features of MASLD pathogenesis[21].

Targeting the gut-liver axis offers promising avenues for therapeutic interventions in MASLD and other 
liver diseases. Prebiotics, probiotics, and fecal microbiota transplantation (FMT) are being explored as 
means to modulate the gut microbiome and potentially improve liver health, with current research aimed at 
identifying specific bacterial strains or metabolites that could serve as therapeutic targets for preventing or 
treating liver diseases[22].

In conclusion, the gut-liver axis is a dynamic and multifaceted communication system with profound 
implications for health and disease. Understanding the intricate interplay between the gut microbiome, the 
liver and the immune system is crucial for deciphering the mechanisms underlying liver pathology and 
developing novel therapeutic strategies that target this interconnected network to promote overall well-
being.

GUT MICROBIOME AND IMMUNOTHERAPY
Standard cytotoxic chemotherapeutic agents are not effective in managing HCC. Multi-kinase inhibitors 
such as sorafenib and regorafenib are more effective against HCC and used as first- and second-line 
therapy, respectively, with lenvatinib as a third-line salvage agent. Unfortunately, these drugs are only 
recommended for advanced disease cases where no other intervention is possible, and they extend survival 
by just a few weeks or months[23].
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Immunotherapy has become a promising alternative in this field of limited therapeutic options. However, a 
significant portion of patients exhibit resistance to these therapies, highlighting the need for personalized 
approaches. Emerging research sheds light on the crucial role of the gut microbiome in influencing 
immunotherapy efficacy across various cancers. Several lines of evidence point toward a clear link between 
the gut microbiome and immunotherapy response. Studies consistently demonstrate that patients with 
diverse and healthy gut microbial communities tend to experience better outcomes with ICIs, the most 
widely used form of immunotherapy. Conversely, dysbiosis is associated with poorer response rates and 
increased treatment resistance[24,25].

The underlying mechanisms by which the gut microbiome influences immunotherapy efficacy are 
multifaceted and involve intricate communication with the immune system. Gut bacteria can directly 
interact with and activate immune cells like dendritic cells (DCs) and T lymphocytes, shaping their 
antitumor response. Recent studies suggest butyrate, an important SCFA and gut microbial metabolite, can 
potentially enhance the effectiveness of anti-PD-1 therapy by increasing the infiltration of CD4+ and CD8+ 
T cells in tumors in chimeric humanized mice colonized with microbiota from colon carcinoma 
patients[26,27]. These studies suggest that in patients who do not respond to anti-PD-1 therapy, supplementing 
butyrate before starting treatment may reclaim treatment response. Additionally, another study indicates 
that SCFA butyrate could boost CD8+ T cell activity via the IL-12 pathway[28].

The intestinal microbiota profile of patients with HCC is observed to be abundant in proinflammatory 
bacteria and deficient in SCFA-producing organisms. Production of IL17, a proinflammatory cytokine 
produced by T helper 17 (Th17), is a postulated mechanism for the development of HCC. Th17 subtype 
cells and IL17 are found in greater abundance in serum and tumor samples of patients with HCC, with 
Th17 cells derived from the gut prior to their differentiation following interactions with gut microbiota[29]. 
Reducing gut microbiomes with antibiotics can lower the burden of bacteria that transform primary bile 
acids into secondary bile acids. Primary bile acids are hypothesized to improve immune response to tumors 
by increasing the expression of CXCL16, a membrane-bound chemokine and mediator of innate immunity. 
This pathway is crucial in the activation of natural killer T (NKT) cells that hinder the development of both 
B16 and EL4 tumor cells[30].

Fecal calprotectin, a well-known biomarker of gut inflammation, has also been noted to vary with the 
course of immune checkpoint inhibitor therapy[31]. A study of HCC patients who responded well to 
tremelimumab and durvalumab showed lower levels of fecal calprotectin and more Akkermansia bacteria 
before treatment, compared to poor responders, with the ratio of Akkermansia to Enterobacteriaceae (AE 
ratio) now being utilized as a marker of intestinal dysbiosis[30]. This suggests a connection between 
Akkermansia and a better response to ICI treatment, since Akkermansia has potential anti-inflammatory 
properties. Another study found patients with high levels of Faecalibacterium had significantly longer 
progression-free survival as opposed to patients with low levels, while those with high levels of Bacteroidales 
had a shorter progression-free survival[31].

Clinical trials are actively investigating the potential for manipulating the gut microbiome to improve 
immunotherapy outcomes. FMT, the process of transferring healthy gut bacteria from a donor to a 
recipient, has shown promising results in enhancing ICI efficacy in some cancer patients[32]. Prebiotics and 
probiotics are also being explored as potential therapeutic agents to modulate the gut microbiome and 
improve immune responses to cancer.
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In conclusion, the gut microbiome emerges as a critical and dynamic player in shaping immunotherapy 
efficacy in various cancers. Understanding the intricate interplay between gut bacteria, the immune system, 
and the TME holds immense potential for optimizing cancer immunotherapy strategies. Further research 
into specific bacterial strains and their metabolites as therapeutic targets, coupled with clinical trials of 
microbiome-modulating interventions, paves the way for personalized approaches to cancer treatment that 
harness the power of the gut microbiome to improve patient outcomes.

GUT microbiome and immunotherapy resistance in HCC
While a balanced microbiome can support antitumor immunity, dysbiosis can dampen the immune 
response, leading to HCC progression and treatment resistance[33]. Following are the key mechanisms by 
which the gut microbiome contributes to this effect[33,34,35,36,37]:

Modulation of the TME
Immune cell suppression: Gut bacteria can directly interact with immune cells within the TME, promoting 
the expansion of Tregs. Tregs suppress the activation and cytotoxic activity of T lymphocytes, hindering 
their ability to eliminate tumor cells. Certain gut bacteria can induce the accumulation and activation of 
Myeloid-derived suppressor cells (MDSCs), another type of immunosuppressive cell. MDSCs further 
suppress T cell function and promote tumor immune escape.

Inflammatory milieu: Dysbiosis can lead to increased production of proinflammatory cytokines and 
chemokines within the TME. This inflammatory environment can impair the infiltration and function of 
cytotoxic T lymphocytes (CTLs), further weakening the antitumor immune response.

Modulation of antigen presentation
Reduced antigen presentation: Dysbiosis can impair the function of antigen-presenting cells (APCs) such as 
DCs, leading to decreased presentation of tumor antigens to T lymphocytes. This dampens the T cell 
response against tumor cells.

Activation of PRRs
PRR overactivation: Certain bacterial components can overstimulate PRRs, such as Toll-like receptors 
(TLRs), leading to chronic inflammation and the production of immunosuppressive cytokines. This chronic 
inflammation can hinder the efficacy of ICIs.

Direct interaction with immune checkpoint molecules
PD-L1 expression: Certain bacterial components and metabolites can directly induce the expression of PD-
L1 on tumor cells, a ligand for the PD-1 immune checkpoint receptor. This interaction suppresses T cell 
activation and promotes tumor immune escape.

Metabolic alterations
SCFA depletion: SCFAs, particularly butyrate, are bacterial metabolites with potent immunomodulatory 
properties. Decreased SCFA production due to dysbiosis can impair the differentiation and activation of T 
cells, leading to a weakened immune response against tumor cells.

Bile acid metabolism: Gut bacteria play a crucial role in bile acid metabolism. Specific bacteria can convert 
primary bile acids into secondary bile acids with immunosuppressive properties. This altered bile acid 
composition within the TME can contribute to immune suppression and dampen the antitumor response.
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Bacterial translocation and endotoxemia
Gut barrier disruption: Dysbiosis can lead to increased intestinal permeability, allowing bacterial 
translocation from the gut lumen into the systemic circulation. This influx of bacteria and their 
components, such as LPS, can trigger systemic inflammation and activate suppressive immune pathways, 
hindering the efficacy of immunotherapy.

Bacterial-derived metabolites
Tryptophan metabolism: Certain gut bacteria metabolize tryptophan into metabolites such as kynurenine, 
which can suppress T cell activation and promote Treg expansion, creating an immunosuppressive 
environment within the TME.

Dysbiosis-induced immunosuppressive pathways
Activation of aryl hydrocarbon receptor (AhR): Specific gut bacteria can activate the AhR pathway, leading 
to the production of immunosuppressive molecules that inhibit T cell function and promote tumor growth.

Understanding these mechanisms is crucial for developing strategies to overcome dampened antitumor 
immunity in patients with HCC. FMT with a microbiome enriched in beneficial bacteria, modulation of the 
gut microbiota through prebiotics and probiotics, and targeting specific bacterial pathways offer promising 
avenues for restoring a gut microbiome conducive to a robust antitumor immune response and improving 
the efficacy of immunotherapy.

FUTURE DIRECTIONS AND THERAPEUTIC IMPLICATIONS
The management of HCC remains a formidable challenge, with ICIs offering promising yet variable 
responses. Emerging research unveils the gut microbiome as a crucial player influencing ICI efficacy, 
opening doors for novel strategies to improve HCC treatment outcomes. Table 1 summarizes the current 
and recent clinical trials investigating the role of microbiota in the treatment and outcomes of HCC.

Studies have identified distinct gut microbial signatures associated with resistance to ICIs in HCC patients. 
These communities may suppress T cell activity, promote the expansion of Tregs, and generate metabolites 
that dampen the antitumor immune response[40]. Manipulating the gut microbiome to foster a more 
immunotherapy-supportive environment holds immense potential for the treatment of HCC.

Several promising avenues exist for achieving this:

1. Fecal microbiota transplantation: Introducing a microbiome enriched in beneficial bacteria through FMT 
has shown promise in reversing ICI resistance in other cancers[32]. Adapting this approach for HCC patients 
could potentially improve their response to therapy.

2. Prebiotics and probiotics: Targeted use of prebiotics and probiotics can selectively enrich beneficial 
bacterial populations within the gut. This could help restore a microbiome conducive to a robust antitumor 
immune response[41].

3. Dietary modulation: Dietary interventions, such as increasing fiber intake and incorporating fermented 
foods, can promote the growth of beneficial bacteria and potentially enhance ICI efficacy.

By manipulating the gut microbiome, we can potentially:
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Table 1. Current and recent clinical trials on the role of microbiota in HCC treatment and outcomes

Study Date of 
completion Country Details

Pinter Ongoing (expected 
to complete in 2025)

Austria This trial aims to study FMT combined with atezolizumab plus bevacizumab in patients who have 
previously failed immunotherapy for HCC

Yu et al.[38] Published in 2023 China 123 patients with HCC underwent 16S sequencing of stool samples. Compared to those with 
delayed recovery, patients with normal liver function recovery had enrichment of Bifidobacterium 
species. Patients with delayed recovery of liver functions had short long-term survival

Han Ongoing (expected 
to be completed in 
2025)

China Intestinal microbiome multi-omics analysis to evaluate the predictive value of microbial-derived 
proteins and metabolites on treatment efficacy and patient outcomes

Cremona Completed in 2023 - 
results not published

Argentina Role of probiotics in the prevention of hepatocellular carcinoma in cirrhosis

Sun Ongoing (expected 
to be completed in 
2024)

China This study evaluated intestinal flora and found that Proteobacteria and Actinobacteria were the 
most abundant phyla in the HCC TME

Greten Withdrawn US This study aimed to evaluate the gut microbiota in patients undergoing HCC resection at the 
Mount Sinai Medical Center

Xie Ongoing (expected 
to be completed in 
2024)

China Patients with advanced HCC treated with carrilizumab and apatinib mesylate will be divided into 
two groups. Intervention arm given oral bifidobacterium. 16S sequencing will be used to assess 
variations in the composition of gut microbiota. Clinical data will be used to establish any 
relationship with treatment response.

Roussel et 
al.[39]

Published in 2022 France No significant change in endotoxin levels, postoperative liver function, or overall complication 
rates observed in patients with compensated cirrhosis treated with probiotics prior to liver 
resection for HCC

HCC: Hepatocellular carcinoma; FMT: fecal microbiota transplantation; TME: tumor microenvironment.

• Enhance T cell activation and function: Promoting the growth of bacteria that stimulate T cell responses 
can lead to a more robust antitumor immune attack.

• Reduce the activity of immunosuppressive pathways: Suppressing the production of metabolites and 
bacterial components that dampen the immune response can create a more favorable environment for ICI 
therapy.

• Personalize treatment strategies: Identifying individual gut microbiome signatures associated with ICI 
response could pave the way for personalized therapeutic approaches tailored to each patient.

However, several challenges remain, including:

• Standardization of protocols: Optimal donor selection, fecal processing methods, and FMT delivery routes 
need further optimization for HCC patients.

• Clinical trial design: Rigorous clinical trials are necessary to definitively establish the efficacy of prebiotics 
in conjunction with ICIs for HCC treatment.

• Optimize prebiotic selection and dosage: Identifying the most effective prebiotic combinations and 
dosages tailored to individual gut microbiota profiles is crucial for maximizing their benefits.

• Long-term efficacy: The long-term durability of the transplanted microbiome and its impact on sustained 
antitumor immunity require further investigation.
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• Safety considerations: Potential risks associated with FMT, such as the transmission of antibiotic-resistant 
bacteria, necessitate careful donor screening and vigilant monitoring.

Although many studies have been conducted on the alteration of gut microbiota in HCC, our 
understanding of the underlying mechanisms is still incomplete. The majority of clinical studies are single-
center studies and are constrained by small population samples, affecting the generalizability of their 
findings. In addition, analyzing different factors such as diverse etiologies of liver disease, stage of cirrhosis, 
varied diet, antibiotic exposure, and pattern of alcohol consumption can lead to confounding factors that 
can result in significant dissimilarities in the gut microbiome. Therefore, to overcome these limitations, 
multi-center studies with appropriately powered sample sizes are necessary[42].

CONCLUSION
The gut microbiome, the complex ecosystem of microorganisms residing within the intestines, plays a 
crucial role in shaping the immune response to cancer immunotherapy. In HCC patients, specific gut 
microbial signatures associated with resistance to ICIs have been identified. These microbiomes often 
harbor bacteria that suppress T cell activity, promote regulatory T cell expansion, and generate metabolites 
that dampen the antitumor immune response. This dysbiosis contributes to ICI resistance and poorer 
treatment outcomes. Therefore, manipulating the gut microbiome through strategies such as FMT, 
prebiotics, and probiotics holds immense potential to improve ICI efficacy and potentially transform the 
treatment landscape for HCC patients.

While the potential of gut microbiome modulation for HCC immunotherapy is significant, further research 
is crucial to optimize its clinical application. Identifying reliable predictive biomarkers, determining the 
most effective microbiome-modulating strategies for individual patients, and ensuring long-term safety and 
efficacy are essential steps toward fully realizing the power of the gut microbiome in this exciting new 
frontier of HCC management.
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