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Abstract. Programmed Death-1/Programmed Death-Ligand 1 (PD-1/PD-L1) immune checkpoint 
inhibitors (ICIs) are a key clinical approach for treating cancer. Recently, many researchs have uncovered 
that the intestinal flora and its metabolites can modulate immune regulation, thereby influencing the tumor 
microenvironment and taking on a crucial role in determining treatment efficacy. This review mainly focuses 
on the effects of gut microbiota metabolites on the PD-1/PD-L1 pathway and immune regulatory 
mechanisms, exploring receptor-dependent signaling pathways and epigenetic programming mechanisms 
underlying immune therapy in various tumors; the impact of these mechanisms on the transformation of the 
tumor microenvironment between "immunologically cold" and "immunologically hot" states; the causal 
chain linking microbiota metabolites, immunity, tumor microenvironment; the dual effects of gut 
microbiota-derived metabolites on promoting or inhibiting immune checkpoints; fecal microbiota 
transplantation (FMT) acts as a strategy in reshaping the gut microbiota. Finally, it outlines future prospects 
and challenges, aiming to deepen the understanding of host-microbiota–tumor microenvironment crosstalk 
and to enhance the clinical efficacy of combination therapies.  

1 Introduction 
Programmed Death-1/Programmed Death-Ligand 1 
(PD-1/PD-L1) immune checkpoint inhibitors (ICIs) 
have become a breakthrough therapy for various types 
of tumors; however, several clinical challenges remain. 
Major resistance mechanisms fall into three categories. 
From the tumor-intrinsic perspective, potential causes 
include impaired antigen presentation or lack of PD-L1 
expression. From the tumor microenvironment (TME) 
perspective, resistance may arise from enrichment of 
immunosuppressive cells, just like  regulatory T cells 
(Tregs) and M2-type macrophages, or insufficient 
infiltration of cytotoxic CD8+ T lymphocytes. From the 
systemic metabolism and signaling pathway perspective, 
the lack of proinflammatory cytokines such as 
interferon-gamma (IFN-γ) may relate. Statistically, 
approximately 50% of patients exhibit primary 
resistance to monotherapy; even when initial responses 
occur, acquired resistance often develops within months. 
In recent years, accumulating evidence has linked 
intestinal microbiota dysbiosis to tumorigenesis and 
progression. Consequently, the "intestinal flora–tumor 
axis" has appeared. The  metabolites of microbiota of 
gut gradually become a vital factor of cancer 
development and antitumor immunity. For instance, 
depletion of beneficial Lactobacillus species is 
associated with reduced microbial diversity. 
Fusobacterium nucleatum—a procarcinogenic 
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bacterium—produces ADP-heptose, which activates the 
alpha-protein kinase 1/TRAF-interacting protein with 
forkhead-associated area (ALPK1/TIFA) cascade in 
host cells, leading to upregulation of the 
proinflammatory cytokine interleukin-8 (IL-8) and 
promoting tumor growth. Bacteria such as 
Bifidobacterium and Clostridia produce an endogenous 
fatty acid of short-chain—butyrate. It interrupts the 
enzyme involved in histone acetylation to make this 
reaction increase, suppresses IFN-γ–induced PD-L1 
transcription, and thereby enhances antitumor immunity.   

As the "third signal" bridging the human immune 
system and TME, gut microbiota metabolites represent 
a pivotal interface in cancer immunology. This review 
focuses on six well-characterized, mechanistically 
elucidated gut microbiota metabolites; directly links 
their profiles to tumor immune phenotypes ("hot" vs. 
"cold" tumors); and systematically analyzes how their 
dual (activating and inhibitory) regulation of the PD-
1/PD-L1 axis determines immunisation checking 
functionality—i.e., the "opening" or "closing" of 
immune inhibition—and consequently reshapes the 
TME. Integrating emerging strategies—including fecal 
microbiota transplantation (FMT). This review 
discusses translational opportunities to overcome 
current limitations of PD-1/PD-L1 ICIs and proposes a 
vision of the future. 

BIO Web of Conferences 240, 01009 (2026) https://doi.org/10.1051/bioconf/202624001009

ICBNB 2026

   © The Authors,  published  by EDP Sciences.  This  is  an open  access  article distributed under the  terms of the Creative Commons Attribution License 4.0
 (http ://creativecommons.org/licenses/by/4.0/). s



2 The influence of PD-1/PD-L1 pathway 
and its drug ineffectiveness 
mechanism  
PD-1 (CD279) and PD-L1 (CD274) are type I 
transmembrane proteins. PD-1 has 288 amino acids, and 
PD-L1 has 290 amino acids. The former is mainly 
expressed on the surfaces of viable T cells, B cells, 
regulatory T cells, dendritic cells, and NK cells. The 
latter is mainly secreted by viable T cells, B cells, 
antigen-presenting cells (APCs), macrophages, and 
even various cancer cells. 

PD-L1 expression abnormally is a key for immune 
escape in tumor cells. First, activated CD8+ T cells 
release the inflammatory factor IFN-γ. IFN-γ can 
activate IRF1 through the Janus Kinase 1/Janus Kinase 
2 (JAK1/JAK2) and Activator of Transcription 1 
(STAT1) pathways [1], thereby driving the increase in 
PD-L1 gene transcription. Secondly, an oxygen-
deficient environment can indirectly upregulate PD-L1, 
as the central region of tumor cells induces the binding 
of hypoxia-inducible factor 1-α (HIF-1α) to the 
promoter of PD-L1 [1] . 

The reason for the "cold" tumor immune 
microenvironment is the PD-1/PD-L1 pathway's 
abnormal concentration. Firstly, in the case of 
continuous exposure to tumor antigens, the 
concentration of PD-1 on the appearance of CD8+ T 
cells will be forcibly upregulated. When PD-1 binds to 
PD-L1 on cancer cells or antigen-presenting cells, it 
directly inhibits T cell receptor (TCR) signal 
transduction. This leads to T cell exhaustion and the loss 
of the ability to attack tumors [2]. Secondly, tumor cells 
and dendritic cells (DCs) combine with the PD-L1 and 
PD-1 respectively on their surfaces, preventing DCs 
from activating or inducing the differentiation of new T 

cells. This weakens the immune system's ability to 
monitor tumors [2]. Thirdly, PD-L1 can induce Treg to 
secrete interleukin 10 (IL-10) and TGF-β, or directly 
promote the proliferation and survival of Treg through 
the PD-1 receptor. Treg will further inhibit the activity 
of CD8+ T cells, making it difficult for the immune 
system to clear tumor cells [2]. 

3 Distribution and mechanism of action 
in the tumor microenvironment of the 
gut microbiota 
Based on their chemical structures, gut microbiota 
metabolites can be classified into five major categories, 
each with characteristic representative compounds and 
distinct mechanisms of action related to the PD-1/PD-
L1 mechanism. These categories are: nucleotide–sugar 
derivatives, short-chain fatty acids and other carboxylic 
acids, dicarboxylic acids, bile acids, and indole 
derivatives. Representative metabolites include ADP-
heptose, butyrate, lactate, succinate, secondary bile 
acids (BAs), and indole-3-lactic acid (ILA).   

Distribution of metabolites will have spatial and 
concentration differences in the bodies of normal people 
and cancer patients. This phenomenon is adjusted and 
controlled by the tumor microenvironment and immune 
factors. In a normal human body, the metabolites of the 
intestinal microbiota mainly act on specific receptors. 
However, when they enter the tumor microenvironment, 
they will interact with tumor cells in direct metabolism, 
receptor signal transduction, and gene expression.  

Taking six typical metabolites as examples. 
Analyzes of the concentrations of their metabolites in 
the cancer microenvironment, and compares them with 
the concentrations of general circumstances humans 
summarized in table 1. 

Table 1. The comparison of metabolite concentrations in the microenvironment of cancer and in the environment in normal 
physiological. 

metabolites 
The concentration 

in the tumor 
microenvironment 

The normal 
physiological 
concentration 

The specific type of 
tumor 

Butyrate 
Extremely low 

concentration (<1 
µM） 

It is extremely 
concentrated in the 

colon (100-200 mM), 
but almost undetectable 

in the blood. 

Colorectal cancer: The 
concentration of 

butyric acid in the 
center of tumor cells is 

lower than that in 
normal tissues [3]. 

Lactate 
Extremely high 

concentration（5-25 
mM） 

The normal serum 
concentration is 

approximately 1-2 mM.  

Pancreatic cancer & 
colorectal cancer: 

Extremely high lactate 
concentration (>10 
mM), acidification 
TME (pH<6.8) [4]. 

Succinate 
Medium 

concentration (-1-5 
mM) 

The normal serum 
concentration is 

approximately 0.1-0.5 
mM.  

Lung cancer: Succinic 
acid accumulates 

significantly in the 
hypoxic areas [5].  

Secondary BAs 
Extremely low 

concentration (<10 
µM) 

The normal serum 
concentration is 

approximately 100-200 
μM, but it is mainly 

composed of primary 
bile acids.  

Pancreatic cancer: The 
concentration of 

secondary bile acids in 
the tumor 

microenvironment 
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increases, activating 
the FXR pathway [6].  

ADP-heptone 
Some parts are 
extremely high 
concentration 

It is extremely low or 
undetectable in normal 

serum.  

Colorectal cancer: 
caused by carcinogenic 

bacteria such as 
Fusobacterium 
nucleatum are 
produced [7].  

ILA microscale It is extremely low in 
normal serum. 

Colorectal cancer: In 
the microbial 

environment with high 
levels of tryptophan, 

there is a higher 
concentration [8]. 

4 The core mechanism by which gut 
microbiota metabolites regulate PD-
1/PD-L1 expression and function 
The intestinal microbiota which adjust PD-1/PD-L1 can 
be classified into cancer-causing bacteria and beneficial 
bacteria. The metabolites produced by cancer-causing 
bacteria inhibit the immune response by activating 
immune suppression pathways or upregulating the 
binding of receptors to ligands expression. It is 
necessary for them to be removed in time. The beneficial 
bacteria can produce metabolites that improve the 
immune response by activating the metabolism of 
immune cells or inhibiting PD-1/PD-L1 expression. 
Therefore, they need to be supplemented more. 

Here are six typical metabolites of the gut microbiota 
as examples, and their regulatory mechanisms on PD-
1/PD-L1 are analyzed. 

Butyrate can regulate epigenetics, such as inducing 
histone 3 lysine 27 acetylation (H3K27ac) modification. 
It acts on CD8+ T cells, enhancing the acetylation 
modification of the promoter regions of the CD28 and 
PD-1 genes to promote their activity, increasing the 
secretion level of them. Butyrate regulates the secretion 
and phosphorylation of molecules such as Lck, Zap70, 
LAT, and PLCγ1 in the TCR signaling pathway, 
enhancing the anti-tumor function of T cells. It 
importantly enhances the result of PD-1 resistive 
treatment and improves the tumor immune 
microenvironment [3]. 

The lactate produced by Lactobacillus spp. can be an 
energy supplies for cells, including immune cells and 
cancer cells. Lactic acid promotes the expression of 
transcription factor Transcriptional co-Activator with 
PDZ-binding motif (TAZ) through receptor-dependent 
and receptor-independent mechanisms, affecting the 
operations of DCs and macrophages. Then lactic acid is 
a tool to help tumor cells complete the immune escape, 
inhibiting the activity of T cells and reducing 
antineoplastic immunity. For tumor-associated 
macrophages (TAMs), lactic acid may induce the 
polarisation of M2-type macrophages related to the 
immunosuppressive microenvironment, further 

promoting the expressed level of PD-L1. In the area of 
cancer cells, lactic acid can promote the generation of 
regulatory T cells and immune tolerance. Additionally, 
altering the metabolic state of DCs by regulating 
glycolysis and fatty acid oxidation is also an effect of 
lactic acid [4]. 

Succinic acid can directly stimulate macrophages to 
secrete pro-inflammatory cytokine IL-1β. By binding to 
the SUCNR1 receptor of immune cells, it induces an 
inflammatory response. In the tumor microenvironment, 
succinic acid can maintain the M1 phenotype of 
macrophages. It upregulates the Thymic Stromal 
Lymphopoietin (TSLP) and type I interferon pathways. 
It inhibits the activity of tumor-promoting cells such as 
M2-type macrophages. All of these can enhance the 
anti-tumor immune response [5]. 

The secondary bile acids produced by 
Bifidobacterium and Lactobacillus activate the nuclear 
receptor FXR/TGR5 and reduce the pro-inflammatory 
factor IL-6. Indirectly regulate the immunosuppressive 
axis. Reduce chronic inflammation and regulate the 
metabolism of immune cells [6]. 

The ADP-heptone produced by the carcinogenic 
bacterium Fusobacterium nucleatum activates the 
ALPK1/TIFA signaling pathway, induces the 
production of NF-KB, and directly upregulates the 
concentration of PD-L1 in cancer cells. This enhances 
the immunosuppressive signal, leads to T-cell 
exhaustion, promotes immune escape, and the "cold" 
state of the tumor microenvironment. In particular, in 
colorectal cancer, it will exacerbate the proliferation and 
chemical resistance of cancer cells [7]. 

The effect of ILA produced by Lactobacillus 
plantarum  is mainly achieved by altering the chromatin 
structure and metabolic state of CD8+ T cells [8]. 

5 The clinical significance of the gut 
microbiota metabolite - PD-1/PD-L1 line 
in tumor immunotherapy 
Through many clinical explorations in cancer 
immunotherapy, the metabolites of the intestinal 
microbiota and the PD-1/PD-L1 blockade in the 
immune signaling process treatment have become key 
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factors. FMT plays a role in reshaping the intestinal 
microecology and is a highly promising strategy. 

 A healthy microbiota will compete with the 
dysbiotic pathogenic bacteria in the intestines of cancer 
patients for resources or binding sites. By generating 
competition, occupying ecological niches, and 
producing normal physiological metabolites, the 
intestinal environment of patients can be restored to a 
normal physiological state. This can regulate the 
secretion of inhibitory receptors and their ligands on 
cancer cells and leukocytes, and change the cold or hot 
environment of the tumor. 

Patients with drug resistance usually show low 
diversity of intestinal microbiota and lack of key 
probiotics. For example, Matson et al.'s experiments 
showed that patients with metastatic melanoma get 
effective treatment by using PD-L1 inhibitor treatment, 
the abundance of Bifidobacterium and Collinsella 
aerofaciens had a significant impact. After transplanting 
the feces of these patients into germ-free mice, CD8+ T 
cells proliferate and Tregs cells decline in their cancer 
microenvironment, Tregs cells are exactly the opposite, 
and the tumor immune response is enhanced. Therefore, 
FMT can overcome drug resistance and inhibit tumor 
occurrence by restoring microbiota diversity and 
metabolite concentrations [9]. 

6 Conclusion 
Based on current research and clinical trials, the 
metabolites of the gut microbiota are no longer merely 
involved in digestion. Their metabolic products, such as 
senescent cancer-associated fibroblasts (SCFAs), bile 
acids, and indoles, interact with the axis and immune 
checkpoints to regulate the metabolic state of immune 
cells and precisely control tumor immunotherapy.  

The gut microbiota metabolites also serve as a bridge. 
SCFAs downregulate PD-L1 expression through histone 
deacetylation, secondary bile acids regulate Treg 
exhaustion through the G Protein-Coupled Bile Acid 
Receptor 1 (GPBAR1) receptor. Via epigenetic 
mechanisms, indole metabolites can reshape the 
function of T cells and influence the secretion level of 
PD-1/PD-L1 indirectly.  

The resistance to PD-1 inhibitors produced by 
tumors due to gut microbiota metabolites is reversible. 
In particular, methods such as FMT usually aim to 
restore microbiota diversity or directly supplement key 
metabolites to reprogram the gut microbiota structure 
and reverse the immunosuppressive state. This self-
originated treatment approach is safer and causes less 
damage to the patient's body and health.  

Looking to the future, by sorting out the gut 
microbiota metabolites and their functions, personalized 
treatments can be developed for different cancers and 
patients. By orally supplementing specific SCFAs or 
using metabolite mimics, the PD-1/PD-L1 signaling 
network can be quickly regulated, making the treatment 
more convenient. 
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