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ABSTRACT

Postbiotics, considered the functional successors of live probiotics, retain most of probiotics” structural and/or bioactive properties,

and are key mediators of probiotic-environment interactions. Beyond influencing tumor proliferation, metastasis, and immune

regulation, postbiotics can enhance the effectiveness of current anti-cancer treatments. Postbiotic-based cancer therapy represents an

advanced evolution of bacterial treatment with improved safety and treatment potential. However, the field is limited by postbiotics’

imprecise definition and lack of standardized manufacturing methods, which together hinder their clinical application. Here,

we establish a systematic classification of postbiotics based on their formation processes, focusing on the complex mechanisms

underlying their activity in anti-tumor therapy, their therapeutic promise, and their current clinical use and challenges. Our aim is to

guide future research, translation, and industrial development.
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Introduction

Postbiotics are genetically defined, non-viable microbial
entities (such as heat-inactivated cells, lysed-cell fractions,
and purified fermentation metabolites) that confer health
benefits on the host!. Unlike live probiotics, postbiotics resist
gastric acid, are easily stored, and exhibit superior stabil-
ity and safety profiles, while providing precisely quantifia-
ble dose-response relationships and scalable, standardized
manufacturing routes®.. Over the past decade, postbiotics
have emerged as next-generation therapeutic ingredients
in microbiome-based interventions; their molecular diver-
sity underpins their immunostimulatory, gut-modulating,
anti-inflammatory, and anti-tumor activities’. In oncology
therapeutics, postbiotics, distinguished by an exceptional
safety margin, multimodal synergistic mechanisms, and pre-
cise immunomodulation, have provided a transformative
therapeutic paradigm. Postbiotic nanostructures are natural,
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self-assembled targeting platforms built around bacterial
membrane vesicles and metabolite supramolecular assem-
blies. This review synthesizes current mechanistic insights,
as well as pre-clinical and clinical advances in postbiot-
ic-based anti-cancer strategies, to provide a comprehensive
framework for the rational development and clinical deploy-
ment of postbiotic anti-tumor therapeutics.

Classification of postbiotics

Postbiotics can be taxonomically classified according to their
mode of biogenesis, into metabiotics and paraprobiotics, both
of which have a pleiotropic range of bioactivities. The modes
of postbiotic biogenesis are illustrated in Figure 1, and the
characteristics of postbiotics are summarized in Table 1.

Metabiotics

Metabiotics are composed of live bacteria-derived metabolites
and soluble factors, including short-chain fatty acids, exo-
polysaccharides (EPS), and bile acids. These molecules have
antitumor effects by reprogramming tumor metabolism and
modifying the immune system microenvironment!®.

Paraprobiotics

Paraprobiotics, also called parabiotics, are non-living forms
of bacteria that can improve human health. These include
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Schematic classification of postbiotics. Postbiotics are classified into metabiotics and paraprobiotics. Metabiotics derived from

bacterial culture supernatants include a variety of bioactive compounds, such as short-chain fatty acids, exopolysaccharides, teichoic acids,

tryptophan metabolites, and bacteriocins. Paraprobiotics comprise various structural and functional components, including lipoteichoic acid,

S-layer proteins, peptidoglycans, lipopolysaccharides, and outer-membrane vesicles. EPS, exopolysaccharides; G+, gram-positive bacteria;

G-, gram-negative bacteria; LPS, lipopolysaccharides; OMVs, outer-membrane vesicles; SCFAs, short-chain fatty acids. (This figure was created

with Adobe lllustrator.)

bacterial cell structure components, cell lysates, and bacterial
fractions such as surface proteins and outer-membrane vesi-
cles (OMVs). These entities act as innate immune adjuvants
by engaging pattern-recognition receptors and subsequently
boosting anti-tumor immunity. They are increasingly used as
adjuvant options in modern cancer treatments'’.

Antitumor mechanisms of
postbiotics

The specialized barrier architecture of malignant neoplasms
prevents efficient drug delivery to neoplastic cells'®!?, whereas
the immunosuppressive milieu of the tumor microenvi-
ronment (TME) restricts infiltration by inflammatory and
immune effector cells. This limitation decreases the efficacy
of immunotherapeutic modalities?’. As successors to probi-
otics, postbiotics directly regulate oncogenic signaling path-
ways, remodel the TME, and enhance antitumor immunity,
while simultaneously reprogramming tumor metabolism. At
a deeper level, postbiotic nanostructures, such as bacterial
OMYVs and metabolite-assembled nanoparticles, constitute
the fundamental material basis for antitumor activity. These
naturally derived nanocarriers exhibit inherent tumor tropism
and exceptional biocompatibility, thereby enabling intelligent,
site-specific drug delivery to neoplastic lesions. When used
as adjuncts to existing antineoplastic regimens, they provide

synergistic efficacy benefits and mitigate treatment-related
toxicities (Figure 2).

Intervened in the main pathways that regulate
tumor growth and metastasis

The most frequently used pharmacological strategy for sup-
pressing tumor growth is direct activation of tumor-cell
apoptotic pathways to trigger cell death. EPS are metabiotic
carbohydrate macromolecules secreted outside the micro-
bial cell wall during active growth and metabolism; they may
remain attached to the cell surface as capsular polysaccha-
rides or disperse into the extracellular environment as muci-
laginous polysaccharides. Sun et al. have demonstrated that
crude EPS from Lactobacillus plantarum 12 inhibit HT-29
cell proliferation in a time-dependent manner; induce apop-
tosis by up-regulating pro-apoptotic Bax, Caspase-3, and
Caspase-9; and concurrently down-regulate anti-apoptotic
Bcl-22!. Similarly, the antimicrobial peptide Plpl_18 pro-
duced by Lactobacillus plantarum is a metabiotic that dest-
abilizes the p38/NF-«B signaling pathway in oral squamous
cell carcinoma (OSCC) through direct molecular interac-
tions, thereby suppressing tumor proliferation?2. Postbiotics
also demonstrate strong anti-metastatic effects. Lactobacillus-
derived EPS disrupt tumor cell-fibronectin adhesion and
inhibit invadopodia formation. In mouse models, this
intervention has been found to decrease pulmonary breast
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Intervened in the main pathways that
regulate tumor growth and metastasis

Regulated immune microenvironment
and enhanced anti-tumor immunity
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Figure 2 Continued

cancer metastases by 73% and to block TGF-B-driven epithe-
lial-to-mesenchymal transition?®. Furthermore, Deepak et al.
have demonstrated that EPS suppress tumor angiogenesis and
survival-gene expression by down-regulating VEGF and HIF-
lo. while up-regulating TIMP-3 and HO-1%. Future research
should focus on how different structural types of postbiotics
inhibit tumor growth and metastasis through distinct mech-
anisms. Collectively, postbiotics directly target tumor cells
via non-immune-dependent pathways, thereby orchestrating
proliferation, apoptosis, invasion, and metastasis across mul-
tiple biological axes.

Regulated immune microenvironment and
enhanced anti-tumor immunity

Aberrant tumor vasculature, a lack of lymphatic drain-
age, and high interstitial pressure collectively inhibit pro-
inflammatory immune cell activity and limit the infiltration
of effector T cells into the tumor core, thus promoting

immune evasion and preventing immune-mediated tumor
cell detection and destruction. Notably, certain postbiotics
retain the immunogenicity of their probiotic progenitors,
and consequently remodel the tumor immune microenvi-
ronment and trigger anti-tumor immunity through multiple
mechanisms. Li et al. have demonstrated that lipopolysac-
charide-bearing OMVs derived from Escherichia coli DH50.
induce macrophage polarization toward a proinflammatory
M1 phenotype and initiate pyroptosis, thereby enhanc-
ing anti-tumor immunity?®. This formulation comprising
heat-killed bacteria and metabolites (Post-ZW18) from
Lactobacillus kefiri ZW18 activates the Toll-like receptor
2 (TLR2)/NF-«xB pathway and significantly increases the
phagocytic ability of RAW264.7 macrophages®®. Postbiotics
additionally enhance antigen presentation and adaptive
immune responses. Specifically, the sphinganine metabolite
secreted by Lactobacillus paracasei CNCM 1-5220 activates
the MYD88/NF-«B pathway and consequently the transcrip-
tion factor NLRC5, thereby increasing HLA-I expression on
tumor cells and enhancing the recognition and killing ability
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Figure 2 Anti-tumor mechanisms of postbiotics. Interventions targeting major pathways regulating tumor growth and metastasis: (i)
EPS induce apoptosis by upregulating the expression of Caspase-3, Caspase-9, and Bax, while simultaneously downregulating Bcl-2 expres-
sion. (ii) Bacteriocins (Plpl_18) inhibit tumor proliferation in OSCC by interfering with the p38/NF-kB signaling pathway. (iii) By disrupting
tumor cell-fibronectin adhesion, inhibiting invadopodia formation, and blocking TGF-B-driven epithelial-to-mesenchymal transition, EPS
collectively suppress tumor cell metastasis. (iv) EPS suppress tumor angiogenesis by downregulating the expression of VEGF and HIF-1a and
upregulating the expression of TIMP-3 and HO-1. Regulated immune microenvironment and enhanced anti-tumor immunity: (i) OMVs
drive macrophage repolarization toward the M1 phenotype, thus reshaping the tumor immune microenvironment and inducing pyropto-
sis. (i) Heat-killed bacteria and metabolites (Post-ZW18) from Lactobacillus kefiri ZW18 activate the TLR2/NF-«xB pathway and significantly
increase the phagocytic capacity of macrophages. (iii) Sphinganine produced by Lactobacillus paracasei CNCM 1-5220 engages the MYD88/
NF-kB axis, thereby inducing the transcriptional upregulation of NLRC5, enhancing HLA-I display on malignant cells, and facilitating more
efficient recognition and cytolysis by tumor-reactive CD8* T cells. (iv) Inactivated Akkermansia muciniphila, together with its outer-membrane
phospholipid (a15:0-i15:0 PE), reprograms the activation threshold of DCs via TLR2 signaling, thus promoting their maturation and potenti-
ating anti-tumor immune responses. Improved metabolic reprogramming: (i) Postbiotic factors from Lactobacillus plantarum CGMCC 8198
suppress the key cholesterol-biosynthetic regulators HMGCR and SREBP-2, thereby limiting intracellular lipid accrual and restricting tumor
cells” access to critical lipid substrates. (i) Sodium butyrate generated by Firmicutes constrains aerobic glycolysis in hepatocellular carcinoma
via the c-Myc/hexokinase-2 axis, decreases ATP output, and ultimately triggers apoptosis in malignant cells. (iii) An attenuated Salmonella
strain (SGN1) engineered to overexpress L-methioninase (METase) selectively depletes methionine in the tumor microenvironment, thereby
curbing malignant cell proliferation. (iv) Engineered bacteria expressing cystathionine-y-lyase (CGL) selectively drain cysteine and block its
downstream metabolic flux, thereby heightening tumor cell susceptibility to ferroptotic cell death. Synergistic application with other anti-
tumor therapies: (i) Metabolites from Limosilactobacillus fermentum and Lactiplantibacillus plantarum isolated from mule milk markedly
increase 5-FU sensitivity in colorectal cancer cells, and concurrently attenuate 5-FU-associated cytotoxicity in HEK-293 cells. (ii) Bacterial
metabolites can transcriptionally increase the abundance of TA and HLA-I on malignant cells, thereby increasing their susceptibility to tumor
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antigen-specific CTL killing in vitro and in vivo, potentiating ICl efficacy, and yielding synergistic antitumor activity. (iii) The microbial metabo-

lite I3A engages the AhR/IL-10/Wnt cascade, thus driving epithelial proliferation and differentiation; reinforcing mucosal barrier integrity; and
mitigating radiation-induced enteropathy/dysbiosis while also decreasing chemotherapy-associated intestinal injury. 5-FU, fluorouracil; AhR,
aryl hydrocarbon receptor; ATP, adenosine triphosphate; CO,, carbon dioxide; CTL, cytotoxic T-lymphocyte; DC, dendritic cell; EPS, exopolysac-
charides; HIF-1a, hypoxia inducible factor-1o; HLA-I, human leukocyte antigen class I; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase;
HO-1, heme oxygenase; I13A, indole-3-aldehyde; ICls, immune-checkpoint inhibitors; IL-10, interleukin-10; MYD88, myeloid differentiation
primary response gene 88; NF-kB, nuclear factor-k-gene binding; NLRC5, NOD-like receptor caspase recruitment domain-containing 5; O,,
oxygen; OMVs, outer-membrane vesicles; OSCC, oral squamous cell carcinoma; SREBP-2, sterol regulatory element-binding protein 2; TGF-8,
transforming growth factor-B; TA, tumor-antigen; TIMP-3, tissue inhibitor of metalloproteinases-3; TLR2, toll like receptors 2; VEGF, vascular

endothelial growth factor. (This figure was created with Adobe lllustrator.)

of tumor-specific CD8+ T cells*’. Furthermore, postbiotics
influence immune cell differentiation. Luo et al. have demon-
strated that heat-killed Akkermansia muciniphila combined
with its outer-membrane phospholipid (a15:0-i15:0 PE) resets
the activation threshold of dendritic cells through TLR?2 sig-
naling, thus leading to dendritic cell maturation and enhanc-
ing anti-tumor immunity®®. Future research should focus
on harnessing postbiotics to regulate the gut-tumor axis
and improve cancer immunotherapy. In particular, targeted
delivery approaches and rational selection of postbiotic types
that precisely manipulate the gut microbiota might potenti-
ate antitumor immune responses and beneficially reprogram
the tumor immune microenvironment. Collectively, postbi-
otics not only have direct cytotoxic effects on tumor cells but
also modify the TME and activate both innate and adaptive
immune responses, thereby reversing the tumor’s immuno-
suppressive environment and providing a promising addi-
tion to improve cancer immunotherapy.

Improved metabolic reprogramming

In tumor cells, reprogramming of the metabolic circuitry sig-
nificantly increases flux, thereby ensuring the ATP and bio-
mass needed for rapid growth. This heightened metabolic
state not only facilitates tumor growth but also shapes the
TME, a complex ecosystem comprising malignant cells, vas-
culature, secreted factors, and extracellular matrix. The result-
ant metabolic hyperactivity creates specific physicochemical
constraints in the TME, including hypoxia, acidosis, and an
increase in reactive oxygen species?. Given the crucial role of
tumor metabolism, targeting metabolic pathways has become
a primary therapeutic strategy. Among these pathways, abnor-
mal lipid metabolism is a major change occurring in cancer.
Wang et al. have demonstrated that postbiotics derived from
Lactobacillus plantarum CGMCC NO. 8198 downregulate the
master transcriptional regulators of cholesterol biosynthe-
sis 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR)
and sterol regulatory element-binding protein 2 (SREBP-2),
thereby blocking intracellular lipid accumulation and depriv-
ing malignant cells of essential lipid resources®. Furthermore,
sodium butyrate produced by Firmicutes inhibits aerobic gly-
colysis (the Warburg effect) in hepatocellular carcinoma cells

through the c-myc/hexokinase 2 pathway, thereby decreasing
ATP production and ultimately inducing apoptosis in tumor
cells’’. The metabolic pathway of methionine, an essential
amino acid for tumor cell growth, is significantly upregulated
in neoplastic cells. Zhou et al. have engineered an attenuated
Salmonella strain (SGN1) to overexpress L-methioninase,
thereby selectively depleting methionine within the TME and
effectively decreasing tumor cell proliferation®2. Cysteine is
the essential precursor for glutathione, coenzyme Q10, and
tetrahydrobiopterin, which are crucial antioxidants in the fer-
roptosis defense network. Engineered bacteria expressing cys-
tathionine y-lyase selectively deplete cysteine and completely
block its downstream metabolism, thereby increasing tumor
cells’ sensitivity to ferroptosis cell death®. Collectively, post-
biotic-mediated targeting of tumor metabolic reprogramming
and its resultant TME through nutrient-deprivation strategies
offers a new therapeutic approach for fighting tumor growth.

Synergistic application with other antitumor
therapies

Postbiotics not only exhibit direct antitumor activity but also
synergize with various anticancer treatments through multiple
mechanisms; therefore, they have potential to improve ther-
apeutic effectiveness while decreasing adverse effects. Salek
et al. have shown that metabolites from Limosilactobacillus
fermentum and Lactiplantibacillus plantarum, isolated from
mule milk, significantly sensitize colorectal cancer cells to
5-fluorouracil (5-FU) and importantly decrease 5-FU-induced
cytotoxicity in human embryonic kidney cells (HEK-293)3,
thus underscoring their dual ability to potentiate chemother-
apy efficacy and control off-target toxicity. Postbiotics upregu-
late antitumor cytokines, including IL-17A and IFN-y, thereby
enhancing the sensitivity of cancer cells to 5-FU. In normal
HEK-293 cells, the postbiotics mitigate 5-FU-induced cyto-
toxicity by upregulating DNA repair enzymes and scavenging
reactive oxygen species, thus ultimately preserving cell viabil-
ity and decreasing apoptosis. Emerging evidence indicates that
postbiotics heighten sensitivity to immune-checkpoint inhib-
itors (ICIs). ICI efficacy depends on tumor-antigen (TA)-
specific cytotoxic T-lymphocyte (CTL) activity, which in turn
requires TA presentation via cancer-cell HLA-I. Tumor cells



476 Li et al. Postbiotics in cancer therapy: application, mechanisms, and challenges

often evade recognition by down-regulating HLA-I, thereby
decreasing CTL responses and IC responsiveness. Bacterial
metabolites such as phytosphingosine have recently been
shown to transcriptionally increase tumor-cell HLA-I expres-
sion®*. Consequently, the increased tumor cell vulnerability to
TA-specific CTL lysis in vitro and in vivo enhances ICI effi-
cacy and elicits synergistic antitumor responses*’. Bender and
colleagues have further demonstrated that indole-3-aldehyde
(I3A), a metabolite released by Lactobacillus reuteri, enhances
ICI effectiveness®. Furthermore, Xie et al. have shown that I3A
activates the AhR/IL-10/Wnt signaling pathway, thereby pro-
moting intestinal epithelial proliferation and differentiation,
strengthening the mucosal barrier, and effectively preventing
radiation-induced enteropathy and dysbiosis while decreas-
ing chemotherapy-related intestinal damage. Collectively,
postbiotics work together with existing anticancer approaches
by increasing chemotherapy effectiveness, reprogramming
the immune microenvironment to enhance immunotherapy,
and protecting normal tissues against therapy-related toxici-
ties, thus highlighting their important translational potential.
However, the synergistic application of postbiotics with other
antitumor therapies remains largely in preclinical stages, with
limited mechanistic investigations and a lack of high-quality
clinical evidence.

Progress in clinical research and
industrialization

The mechanisms of postbiotics in anti-tumor therapy have
been increasingly clarified in terms of signaling pathway reg-
ulation, immune regulation, and metabolic intervention. The
production process has become more precise and standard-
ized, including extraction, purification, activity stability, and
quality control. Basic research and translational application
systems in this field have progressively improved as research
has advanced and matured.

Postbiotic formulation MS-20 is a multi-strain metabo-
lite consortium derived from probiotic bacteria and yeasts.
When co-administered with an anti-PD-1, MS-20 increases
gut microbial diversity, promotes effector CD8* T-cell
expansion, and downregulates PD-1 expression, thereby
reconfiguring the TME. In mouse xenograft models, this
combination elicits significant growth inhibition of colorec-
tal and lung tumours®”. Notably, MS-20 is the first postbi-
otic preparation to receive U.S. FDA Generally Recognized
as Safe status for oral use as an adjunct cancer therapy. It is
compatible with standard-of-care agents, thereby offering a
safe and effective option for patients'®. Phase III trials eval-
uating MS-20 as an adjuvant treatment for non-small cell
lung carcinoma (NSCLC) are currently underway®®. The
study enrolled patients diagnosed with unresectable stage
IIIB-1V metastatic NSCLC, including those with metastatic
non-squamous carcinoma with wild-type EGFR/ALK/ROS1

genes, as well as patients with squamous cell carcinoma with
wild-type EGFR/ALK genes. Eligible participants received
an oral solution of the study drug at a dose of 4 c.c. twice daily
for 48 weeks, and treatment efficacy was assessed accord-
ing to the Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST 1.1). The objective response rate was
defined as the proportion of patients achieving a predefined
decrease in tumor size sustained for a minimum duration,
encompassing both complete response and partial response.
The MS-20-Keytruda combination group achieved an
objective response rate of 75%, a value three times the 25%
observed in the Keytruda monotherapy group. Moreover,
the median progression-free survival was extended from
4.5 months in the control group to more than 12 months
in the MS-20 group. A complete response was observed in
12.5% of patients receiving the combination therapy. These
results support the potential of MS-20 to modulate the gut
microbiome and enhance the clinical efficacy of Keytruda in
advanced NSCLC. Orally administered Clostridium butyri-
cum cells display surface-expressed SecD, which specifically
binds the tumor-restricted receptor GRP78 on colorec-
tal cancer cells. This binding inhibits downstream PI3K/
Akt—NF-kB signaling, thus decreasing the secretion of the
immunosuppressive cytokine IL-6 and alleviating CD8*
T cell inhibition. Consequently, enhanced T-cell receptor
signaling, as indicated by increased phosphorylation of
LCK/ZAP70, leads CD8* T cells to release effector mole-
cules (IFN-y, TNF-a, and granzyme B). Simultaneously,
tumor-associated macrophages are prevented from adopting
the immunosuppressive M2 phenotype. Collectively, these
effects remodel the tumor immune microenvironment and
offer a clinically translatable approach to address resistance
to immune-checkpoint blockade in microsatellite-stable
colorectal cancer®. Sudheer et al. have demonstrated that
the postbiotic 2,4-di-tert-butylphenol, a bioactive small-
molecule metabolite produced by Lactobacillus plantarum,
disrupts carbohydrate metabolism and induces a metabolic
shift toward lactose utilization, while simultaneously engag-
ing the oral-squamous-cell-carcinoma-associated signaling
proteins p38 and NF-«kB?2. To accelerate clinical translation,
researchers should delineate specific protein-protein inter-
action networks and core molecular mechanisms of post-
biotics, to establish a foundation for the precise prediction
and screening of highly effective therapeutic candidates. In
addition, innovative targeted delivery technologies should
be developed to expand the multitarget synergistic network
of postbiotics in combination with radiotherapy, targeted
therapy, and engineered bacterial therapy. Large-scale clin-
ical investigations in diverse cancer types including breast
and lung cancers should also be promoted to strengthen the
evidence base with high-quality clinical data. Furthermore,
individualized therapeutic regimens for postbiotics should
be optimized, and standardized efficacy evaluation systems
should be established.
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Postbiotics have progressed to industrial-scale production
as complementary agents in cancer treatment. A postbiotic
nutritional solution has been found to counteract cyclo-
phosphamide-induced myelosuppression, thereby promot-
ing strong recovery of white blood cell and platelet counts
after chemotherapy, and decreasing irinotecan-associated
diarrhea by 60%. Mechanistically, the formulation enhances
intestinal barrier function by increasing the expression of
the tight junction proteins ZO-1 and occludin. This sup-
portive therapy consequently decreases both immunosup-
pression and gastrointestinal toxicity. Similarly, the same
group has developed a multi-strain Bifidobacterium longum
preparation that effectively inhibits the growth of the mouse
hepatocellular carcinoma line H22. When combined with
botanical compounds from Astragalus mongholicus and
Polygonatum sibiricum, it lessens tumor-related inflamma-
tory responses*’.

Although several postbiotic formulations have entered
clinical trials, and a subset have received regulatory approval
as adjuvant therapeutics, their large-scale industrial man-
ufacture faces many obstacles. At the process level, current
inactivation protocols remain suboptimal: thermal inactiva-
tion frequently degrades functional moieties, thus resulting
in fluctuating lot-to-lot potency. Stabilization technologies
are equally limited: spray-drying, for example, retains only
68%-72% of the initial bioactivity and compromises storage
stability. In quality control, the substantial variability (as much
as £35%) in vitro immunostimulation assays highlights the
lack of a standardized framework for potency assessment and
hinders meaningful cross-batch comparability. Another chal-
lenge is determining appropriate dosages for postbiotics. The
dose-response relationship for inactivated lactic acid bacteria
often follows a biphasic, U-shaped curve, wherein bioactivity
is absent at low doses and suppressed at high doses, thereby
posing substantial challenges in defining a safe and effective
therapeutic window*!.

Challenges and prospects

Postbiotics are non-viable cellular fractions and metabolites
derived from probiotic organisms. Both types of postbiotics
specifically target oncogenic signaling pathways and conse-
quently exert tumor-suppressive effects, while simultaneously
regulating the immune microenvironment and enhancing the
effectiveness of anti-tumor immunity. Additionally, postbiot-
ics reprogram tumor metabolism and, when used as adjunc-
tive therapies alongside existing cancer treatments, improve
therapeutic outcomes and decrease treatment-related toxic-
ities. Their chemically diverse and bioactive profiles enable
multiple synergistic anticancer mechanisms.

Although postbiotics’ established safety profiles and the
ability for scale-up with standardized manufacturing provide
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a foundation for translation, their clinical applications remain
limited by several major challenges. Postbiotic is a loosely
defined term, and products from different taxa or manufac-
turing processes exhibit markedly differing bioactivities. No
quality control framework is currently universally accepted.
Advancing mechanistic understanding of probiotic activity
is driving the diversification of the quality standard frame-
work for postbiotic formulations. For example, paraprobiotic
preparations composed primarily of intact, heat-inactivated
probiotics can be quality-controlled through well-defined
physicochemical metrics, such as the numerical count of
microbial bodies and culture pH. Metabiotics comprising
secreted metabolites are monitored by targeted identification
and quantification of bioactive moieties such as short-chain
fatty acids and bacteriocins. Omics platforms now furnish
high-resolution routes for postbiotic taxonomic authenti-
cation and quality framework construction: metabolomics
comprehensively maps the secreted metabolite landscape,
proteomics defines the proteinaceous signature of para-
probiotic biomass, and genomics provides unambiguous tax-
onomic authentication plus early exclusion of virulence or
antimicrobial-resistance determinants, thereby enabling the
establishment of rigorous quality specifications. Additionally,
the therapeutic effectiveness of postbiotics depends on host
microbiota composition, genetic background, and tumor
type, and substantial variability is observed among individ-
uals. To address this challenge, integrating patient tumor
genomic profiles with genomic fingerprints of postbiotic
strains would enable precise estimation of host strain com-
patibility, thereby providing a rational basis for personal-
ized regimen design and enhancing therapeutic precision
and efficacy. Similarly, because mechanistic understanding
of the anti-tumor effects of postbiotics has come primarily
from animal studies, their targeting efficiency in humans and
long-term safety remain to be addressed. Moreover, only few
postbiotics have advanced to clinical trials, most of which
have been limited by small sample sizes and have lacked
randomized controlled designs. The optimal administration
method, considering dose and timing for adjuvant therapy,
remains to be determined.

Given their polypharmacological anti-tumor mechanisms
and favorable safety margins, postbiotics are a valuable ther-
apeutic approach. Future directions should include: (i) syn-
thetic-biological consortia that combine probiotics and
prebiotics to increase postbiotic bioavailability; (ii) devel-
opment of precision-medicine algorithms that incorporate
microbiota profiling to identify responders and provide per-
sonalized supplementation of the specific postbiotic compo-
nents each needs; and (iii) engineered delivery platforms in
which synthetic-biology circuits control tumor-microenvi-
ronment-responsive release, thereby enhancing on-target
effectiveness.
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