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ABSTRACT
Cancer immunotherapy with checkpoint blockade 
has become standard of care treatment for numerous 
cancer types. Despite this, robust predictive biomarkers 
are lacking. There is increasing evidence that the host 
microbiome is a predictor of immunotherapy response, 
although the optimal host microbiome has not been 
defined. Metabolomics is a new area of medicine that aims 
to analyze the metabolic profile of a biological system. 
The microbiome-derived metabolome (fecal and serum) 
represents the end products of microbial metabolism and 
these may be functionally more important than the distinct 
bacterial species that comprise a favorable microbiome. 
Short-chain fatty acids (SCFA) are metabolites produced 
by gut microbiota and have a role in T cell homeostasis, 
including differentiation of regulatory T cells. Recent 
studies have confirmed differential expression of SCFA 
for immunotherapy responders compared with non-
responders. We propose that the microbiome metabolome, 
with a focus on SCFA may be a novel predictive biomarker 
for immunotherapy efficacy.

Immunotherapy has revolutionized the treat-
ment landscape in medical oncology and has 
led to improvements in survival across many 
solid tumor subtypes. Despite this, a signifi-
cant proportion of cancer patients still do not 
have a durable response to immunotherapy. 
Currently available biomarkers are unable 
to reliably select patients for optimal clinical 
benefit. Recently, investigators have looked 
at host-based factors as possible predictors of 
response to immunotherapy. Multiple studies 
have confirmed an association between 
a favorable microbiome and enhanced 
responses to immunotherapy. Despite this, 
there has been no consensus over which 
microbial species enhance response rates 
to immunotherapy treatment.1 The activity 
of the microbiome is reflected through its 
metabolic profile or metabolome and can 
be quantitatively assessed through mass 
spectrometry-based techniques. Correlation 
of metabolomic data together with taxo-
nomic composition of the microbiome may 
enable identification of a metabolic signature 

that is unique to immunotherapy responders. 
This metabolic signature could have appli-
cation as a predictor of response to cancer 
immunotherapy.

The microbiome consists of the trillions 
of commensal microbes that live within 
their human hosts.1 The microbiome has 
been shown to influence immunity and help 
regulate responses to checkpoint inhibitor 
therapy.2 Clinical trials continue to investi-
gate means of modulating the microbiome 
to elicit more favorable responses to immu-
notherapy.1 In a landmark study looking at 
melanoma patients undergoing anti-PD-1 
immunotherapy, Gopalakrishnan et al (2018) 
found significant differences in the micro-
bial composition and diversity of responders, 
compared with non-responders.2 Those 
patients with a sustained response to treat-
ment had a significantly higher fecal micro-
biome alpha diversity (p<0.01) together with a 
greater abundance of bacteria from the Rumi-
nococcaceae family.2 Other investigators have 
similarly assessed microbiome composition 
of patients undergoing checkpoint inhibitor 
therapy. The taxa that have been associated 
with favorable responses have varied between 
studies.1 2 Conversely, low microbiome diver-
sity, including recent use of antibiotics prior 
to initiation of checkpoint inhibitor therapy 
have been associated with poorer treatment 
responses, although these findings have not 
been universal.1

Possible techniques to modulate the 
microbiome include the use of dietary inter-
vention, prebiotics or probiotics, bacteria 
consortia or fecal transplantation.1 Most of 
these techniques have foreseeable problems 
in terms of the difficulties associated with 
reproducing the complex community that 
constitutes a ‘favorable microbiome’. The 
practicalities and standardization of proto-
cols for techniques such as fecal transplant 
are challenging and not entirely risk-free. In 
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view of this, it may not be realistic to routinely integrate 
such modalities into daily clinical practice.

Metabolomics is a relatively new field of medicine 
that investigates the set of metabolites expressed by a 
particular biological system. Metabolic signatures have 
already been developed for several chronic disease states, 
including diabetes, cardiovascular disease and chronic 
respiratory diseases.3 Analysis can be performed on 
bodily fluids including serum, urine, feces, saliva as well 
as tumor tissue. Cancer metabolomics is an active and 
expanding field. In the setting of checkpoint inhibitor 
therapy, the metabolome could provide insight into the 
functional microbiome-host interaction and may enable 
a greater understanding of whether the metabolic activity 
of bacterial communities is more important than their 
exact taxonomic constitution.

Commensal microorganisms present in the gut have 
important roles in regulation of local, innate and adap-
tive immunity. Microbial metabolic activity in the gut can 
drive diverse pathological systemic immune responses 
including autoimmune conditions such as diabetes, rheu-
matoid arthritis, inflammatory bowel disease and asthma.4 5 
For example, in neonates, distinct fecal metabolomes are 
associated with an excess of pro-inflammatory metabolites, 
which promote CD4 T cell dysfunction resulting in child-
hood atopy and asthma.4 A key function of gut bacteria 
is to convert dietary substrates into metabolites, such as 
short-chain fatty acids, phenolic compounds, N-nitroso 
compounds or bile acids.2 Short-chain fatty acids (SCFA) 

have been implicated as key metabolites in the regulation 
of T cell homeostasis6 (figure 1). Depending on immu-
nological conditions, including presence or absence of 
key cytokines, SCFA were able to regulate T cell differ-
entiation into either effector or regulatory (Treg) cells.6 
The efficacy of checkpoint inhibitor therapy is affected by 
endocrine, metabolic and environmental conditions. A 
favorable balance of T effector cells: Treg cells is required 
in the tumor microenvironment in order to enhance 
checkpoint inhibitor efficacy.5 Certainly, the immunosup-
pressive activity of Tregs in the tumor microenvironment 
is considered detrimental to cancer immunotherapy 
outcomes.5 In keeping with this, Treg depletion has also 
been put forward as a possible future treatment strategy 
that could be used in combination with current check-
point blockade.5 Thus, it is possible that the common end 
metabolic products of diverse microbial communities 
could shape the immune response in patients on check-
point inhibitor therapy through effects on T cell homeo-
stasis or through other as yet undiscovered mechanisms 
(figure  1). These metabolic products could also be a 
potential therapeutic target for modulating the immune 
response.

Studies to date have looked at the emerging role of 
metabolomic profiling and its association with immuno-
therapy efficacy. There is increasing evidence that systemic 
SCFA may modulate checkpoint inhibitor responses in 
humans.7 8 Nomura et al (2020) published a prospective 
cohort study of 52 patients with metastatic malignancy who 

Figure 1  Microbiome-derived metabolome as a predictor of response to cancer immunotherapy. Responses to checkpoint 
immunotherapy have been associated with a diverse fecal microbiome. Short-chain fatty acids, including acetate (C2), 
propionate (C3) and butyrate (C4) are products of bacterial fermentation of dietary fiber and are known to induce T cell 
differentiation (T0). The serum or fecal microbiome-derived metabolome can quantify the metabolic products of microbial 
communities and could be used as a predictive biomarker for identifying long-term responders to checkpoint immunotherapy 
(right panel). Short-chain fatty acids can promote both effector and regulatory T cell subsets, depending on the cytokine and 
immunological milieu (middle and right panel). Optimal conditions for checkpoint inhibitor therapy to facilitate tumor cell killing 
include increased T effector cell to Treg cell ratio.
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were treated with nivolumab or pembrolizumab.7 Both 
fecal and plasma concentrations of SCFA were measured 
for patients, who were categorized as either responders 
or non-responders. Fecal concentrations of acetic acid, 
propionic acid, butyric acid and valeric acid and plasma 
concentrations of propionic acid and isovaleric acid 
were significantly elevated for responders, compared 
with non-responders (p<0.05).7 Similarly, Botticelli et al 
(2020) assessed the fecal microbiome metabolome for 
11 patients with non-small cell lung cancer undergoing 
treatment with nivolumab. Investigators found that 
patients with early disease progression (defined as disease 
progression within 3 months of starting nivolumab) had 
a microbiome metabolome that was characterized by low 
levels of both SCFA (propionic, butyric, acetic and valeric 
acids) and amino acids (lysine, isoleucine and glutamic) 
but high levels of alkanes, methyl-ketones and p-cresol.8

In contrast to this, a recently published study of 
(n=85) metastatic melanoma patients receiving anti-
CTLA-4 therapy confirmed that low baseline butyrate 
and low baseline propionate (serum) were associated 
with increased progression free survival (p=0.0015 and 
p=0.0029, respectively).9 As these patients were receiving 
single agent treatment, further studies are required to 
investigate the effects of SCFA on treatment outcomes in 
patients receiving combination immunotherapy. Mouse 
studies suggested that butyrate reduced the efficacy of 
CTLA-4 blockade by limiting CTLA-4 induced dendritic 
cell maturation together with decreased ICOS expression 
on T cells and reduced accumulation of memory T cells.9 
Together, these recent studies suggest that SCFA are key 
regulators of systemic immunity during checkpoint inhib-
itor therapy and may be surrogate markers of specific 
microbial communities.

Apart from utility as a predictive biomarker, identifying 
and correcting certain metabolic derangements could 
potentially be used to help re-sensitize patients who may 
be identified as resistant to immunotherapy or who have 
developed progressive disease. The therapeutic effect of 
SCFA supplementation is currently under study in the 
setting of inflammatory bowel disease, where dysbiosis 
is prominent.10 To date, administration of SCFA either 
through oral administration or through the use of enemas 
has not had consistent clinical results.10

Integration of metabolomics and gut microbiota 
profiling is an excellent and obvious target for future use 
as both a predictive biomarker and as a point for manip-
ulating the host immune response. Host related factors 
have long been overlooked in favor of tumor-related 
factors in oncology, which is a significant oversight. SCFA 
are known to be key regulators of immune function and 
appear to be expressed differentially between immuno-
therapy responders and non-responders. We hypothesize 

that the serial evaluation of the microbiome-derived 
metabolome in a large cohort of patients on immuno-
therapy will enable the identification of a unique SCFA 
metabolic signature that may be robust enough to act 
as predictive biomarker for immunotherapy efficacy. 
Furthermore, this may become a therapeutic target for 
enhancing responses to checkpoint inhibitor therapy.
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