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Abstract 
The human gut microbiome plays an important role both in human’s health and disease. Recent 
studies have shown the undeniable influence of gut microbiota composition on cancer immunotherapy 
efficacy. However, these researches show a lack of consensus in defining reproducible metagenomic 
markers for a positive immunotherapy outcome. Accordingly, extended published data re-analysis 
may help reveal clearer associations between the composition of the gut microbiota and treatment 
response. In this study, we analyzed 358 stool metagenomes from 5 studies published earlier: 210 
metagenomes from melanoma patients with positive immunotherapy outcome, 148 metagenomes 
from melanoma patients with negative immunotherapy outcome. The biomarkers were selected by the 
group comparison of patients' stool samples with different treatment responses (47 responders vs 55 
non-responders, 102 metagenomes). Selected biomarkers were verified using the available data 
describing the influence of the fecal microbiota transplantation on melanoma immunotherapy 
outcomes (9 donors, 6 responders, 19 non-responders, 256 metagenomes). According to our 
analysis, the resulting cross-study reproducible taxonomic biomarkers correspond to 12 Firmicutes, 4 
Bacteroidetes, and 3 Actinobacteria. 140 gene groups were identified as reproducible functional 
biomarkers, including those potentially involved in production of immune-stimulating molecules and 
metabolites. In addition, we ranked taxonomic biomarkers by the number of functional biomarkers 
found in their metagenomic context. In other words, we predicted a list of the potential “most 
beneficial” bacteria for a positive response to melanoma immunotherapy. The obtained results can be 
used to make recommendations for the gut microbiota correction in cancer immunotherapy, and the 
resulting list of biomarkers can be considered for potential diagnostic ways for predicting melanoma 
immunotherapy outcome. Another important point is the functional biomarkers of positive 
immunotherapy outcome are distributed in different bacterial species that can explain the lack of 
consensus of defining melanoma immunotherapy beneficial species between different studies. 
 
Keywords: gut microbiota, cancer immunotherapy, melanoma, metagenomics, fecal transplantation, 
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Background 
Until recently, cancer therapy was mainly focused on treatments such as surgery, ionizing 
radiation, and chemotherapy. However, lately, outstanding successes have been achieved in 
the treatment of melanoma and other cancerous types using methods of activating the 
patient's own immunity - immunotherapy. This effect is provided by immune checkpoint 
inhibitors (ICIs), the administration of which induces T-lymphocyte-mediated immune 
responses against tumors [Borghaei et al., 2015]. However, responses to these treatments 
are often heterogeneous and non-durable. A significant number of patients fail to benefit 
from ICIs [Robert et al., 2019], while others have severe autoimmune side effects [Horvat et 
al., 2015]. 

The gut microbiota is well known to be involved in metabolic reactions that are 
important for human health. An active study of the human intestinal microbiome has shown a 
relationship with several clinical conditions including response to anticancer therapy with 
ICIs. Some studies using human biosamples describe differences in the microbiota 
composition of cancer patients with various responses to immunotherapy [Chaput et al., 
2017; Frankel et al., 2017; Routhy et al., 2018; Matson et al., 2018; Gopalakrishnan et al., 
2018; Peters et al., 2019; Spencer et al., 2021]. Moreover, transferring feces from a 
responder patient may modulate the outcome of a non-responder [Davar et al., 2021; Baruch 
et al., 2021]. These experiments confirm the vital role of the gut microbiota in regulating the 
response to cancer immunotherapy. Expansion of research in this area may lead not only to 
the creation of new diagnostic tools, but also, possibly, new medications and treatment 
strategies, that increase the effectiveness of immunotherapy. However, despite a large 
number of studies, researchers still cannot reach a consensus on gut microbial determinants 
of immunotherapy positive outcome. Moreover, performed meta-analyses [Limeta et al., 
2020; Lee et al., 2022] also don’t clearly answer this question. Certainly, objective constant 
factors such as the general metagenomic data complexity and technical and/or biological 
variations, as well as specific individual factors, can cause difficulties. However, the choice 
of data analysis strategy may help to reveal previously unidentified trends and 
dependencies. 

In the present work, we identify reproducible biomarkers linked to positive ICIs 
outcome using the compositional data analysis methods [Gloor et al., 2017] and stool 
metagenomes data from earlier published studies. We also verified our findings using the 
available data describing the  influence of the fecal microbiota transplantation  on melanoma 
immunotherapy outcomes. Additionally, we determined the connections between taxonomic 
and functional biomarkers that predicted potential “most beneficial” bacteria for a positive 
response to immunotherapy. Produced connections may explain the lack of consensus of 
identified taxonomic biomarkers between different studies. 
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Results 
Discovery of reproducible taxonomic biomarkers linked to positive immunotherapy 
outcome 
In total, 358 stool metagenomes from 5 metagenomic studies from the NCBI database were 
used in the analysis: 210 metagenomes from melanoma patients with positive 
immunotherapy outcome (responders, R group), 148 metagenomes from melanoma patients 
with negative immunotherapy outcome (non-responders,  NR group). The group comparison 
of patients stool samples with different immunotherapy outcomes (Frankel 2017, 
Gopalakrishnan 2018, and Matson 2018: Group 1 datasets) as well as data analysis results 
of the fecal microbiota transplantation influence to melanoma immunotherapy outcome 
(Baruch 2021 and Davar 2021: Group 2 datasets) were used in the analysis. Sequencing 
statistics and other metadata about the metagenomes are presented in Supplementary 
Table S1. Discovery of reproducible taxonomic biomarkers linked to the positive 
immunotherapy outcome was performed in two stages. At the first stage, taxonomic 
biomarkers that distinguished melanoma patients by immunotherapy outcome were obtained 
using the differential rankings via Songbird approach individually for the Group 1 datasets. 
Log-ratio assessment of the selected features across metagenomes shows the clear 
statistically significant difference between R and NR groups (see Figure S1). Concatenate 
Songbird-derived rankings and differentials for selected species presented in Supplementary 
Figure 1.  

Based on obtained results, Nine bacterial species (Ruminococcus bromii, Blautia 
wexlerae, Bacteroides ovatus, Ruminococcus bicirculans, Barnesiella intestinihominis, 
Roseburia hominis, Alistipes putredinis, Bacteroides vulgatus and Roseburia faecis) were 
positive treatment response predictors in at least two Group 1 datasets, while 
Faecalibacterium prausnitzii and Eubacterium siraeum in all Group 1 datasets. 

However, the Group 2 datasets were processed in a special way. Using the RECAST 
approach, the donor-derived microbial diversity across the recipients metagenomes was 
identified while the Songbird was used for detecting donor-derived microbes which was 
linked to a immunotherapy positive outcome. A total of 102 donor-derived bacterial species 
were identified at least one recipient. The list of top 5 bacteria that colonize the most 
recipients includes Eubacterium rectale, F. prausnitzii, A. putredinis, R. faecis, and 
Bacteroides uniformis (see Figure S2). According to the analysis of variance, the donor-
derived microbes content are more significantly linked to the donor subject in comparison to 
the positive immunotherapy outcome in both FMT datasets (PERMANOVA, R2 = 0.20, adj. p 
< 0.05; R2 = 0.07, adj. p < 0.05 respectively for Baruch 2021; R2 = 0.14, adj. p < 0.001; R2 = 
0.09, adj. p < 0.001 for Davar 2021;  Aitchison distance, 10000 permutations). Log-ratio 
assessment of the Songbird differential rankings features across donor-derived microbial 
profiles shows the clear statistically significant difference between R and NR groups (see 
Figure S3). 

Reproducible biomarkers list in Group 2 datasets included E. reclate, 
Acidaminococcus intestini, Collinsella aerofaciens, Roseburia intestinalis, R. faecis and F. 
prausnitzii. However, only Prevotella copri is a reproducible negative immunotherapy 
predictor (see Figure 2). Interestingly, E. rectale engraftment is a more powerful predictor of 
positive treatment results for FMT-related datasets in comparison to the F. prausnitzii. 
Firmicutes were beneficial in both datasets (maintaining difference in the species content) 
while Bacteroidetes and Actinobacteria demonstrate contradictory behavior in the impact on 
immunotherapy context. For example, only in the Davar 2021 dataset Bacteroides dorei and 
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B. uniformis were strongly linked to immunotherapy benefit but not in the Baruch 2021. 
Similarly, A. putredinis were linked to immunotherapy benefit in the Baruch 2021 dataset but 
not in the Davar 2021. Moreover, Actinobacteria colonization was only identified in the 
Baruch 2021 dataset as a significant predictor, while the main part Bacteroidetes only in the 
Davar 2021. 

It is clear that the FMT useful effect is strongly dependent on both donor subject and 
donor specific microbial content. However, not all recipients have benefited from the impact 
of a successful donor. 

The second stage of analysis was the formation of a list of reproducible biomarkers 
using the following rules: 1) microbial species were added to the list which linked to positive 
immunotherapy outcome in more than one dataset; 2) microbial species that were classified 
as linked to negative immunotherapy outcome in at least one dataset were excluded from 
biomarkers list regardless of the number of datasets in which it were associated with a 
positive outcome. For additional validation of the identified taxonomic biomarkers, we cite 
publications that also demonstrate the links to cancer immunotherapy benefit and added that 
to the resulting table. The obtained results presented in Table 1. 

The list of reproducible taxonomic biomarkers linked to positive immunotherapy 
outcomes included 19 bacterial species: 12 Firmicutes, 4 Bacteroides and 3 Actinobacteria.  
Many major short-chain fatty acid producers such as F. prausnitzii, R. faecis, R. hominis, R. 
bromii, and Eubacterium rectale have been included to the reproducible biomarkers list. 
However, F. prausnitzii was identified as a significant predictor of positive immunotherapy 
results in all datasets added to the analysis. In addition, we found 9 studies in the scientific 
literature that also note the beneficial role of F. prausnitzii in immunotherapy response. 
Interestingly, all defined reproducible taxonomic biomarkers were identified as colonizers in 
FMT-datasets (see Figure S2). However, only 17 out of 19 (excluding Ruminococcus 
bicirculans and E. siraeum) were defined as positive immunotherapy in FMT-related 
datasets. Moreover, E. reclate and A. intestini were defined as positive immunotherapy 
outcome predictors only in FMT-related datasets. It should be additionally noted that F. 
prausnitzii and Roseburia spp. have been identified as cross-cohort biomarkers of response 
to ICIs therapy in previously published meta-analyses [Limeta et al., 2020; Lee et al., 2022] 
which further confirms the role of these bacteria in the positive ICIs response. 
 
Discovery of reproducible functional biomarkers linked to positive immunotherapy 
outcome 
Discovery of reproducible functional biomarkers linked to a positive immunotherapy outcome 
was performed in an identical way to taxonomic characteristics. Log-ratio assessment of the 
selected KOG across studied metagenomes or donor-derived microbial profiles for added 
datasets shows the clear statistical significant difference between R and NR groups 
(Wilcoxon rank-sum test, p < 0.001). A total of 140 KOGs linked to positive immunotherapy 
outcome in more than one dataset were identified (see Supplementary Table S2). 

Among the list of reproducible functional biomarkers are KOG involved in the 
polysaccharides metabolism (K16148, K16147, K01210, K01218, K01136), peptidoglycan 
(K07284, K05364, K12554) and lipopolysaccharide (K12983, K12997) biosynthesis as well 
as fatty acids biosynthesis (K11533, K11263). It should be noted that gluABCD glutamate 
uptake system (K10005, K10006, K10007, K10008) and gfrABCD PTS system (K19506, 
K19507, K19508, K19509) of Maillard reaction products (MRPs) fructoselysine/glucoselysine 
utilization are also predictors of  positive immunotherapy outcome. Among other things, 
significant predictors of response were gene groups involved in the biosynthesis of cofactors 
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such as cobalamin (K13542, K24866) and ubiquinone (K03688). Moreover, the KOG 
corresponds to sporulation (K18955, K06383, K06297, K06313, K06330, K06413) and 
motility/secretion system (K02653, K02398, K02417, K02420, K02278) also were linked to 
the success of ICIs therapy outcome. 

Using the MetaCharchant and Kraken2 tools, we studied the metagenomic context of 
selected reproducible functional biomarkers described above (see Supplementary Table S3). 
According to the analysis of variance using PERMANOVA, different bacterial phyla were 
linked to different functional content (R2 = 0.17, adj. p < 0.001;  Bray-Curtis dissimilarity, 
10000 permutations). More KOG-biomarkers were identified in Actinobacteria and 
Firmicutes, while Bacteroidetes were least linked to selected gene groups (Wilcoxon rank-
sum test, p < 0.05). Top bacteria in which most of the functions linked to a positive response 
to cancer immunotherapy include B. longum, B. adolescentis, E. rectale, F. prausnitzii (see 
Figure 3A). Moreover, 12 out of 19 (~63%) previously described reproducible taxonomic 
biomarkers were linked to KOG-biomarkers.  

In addition, network analysis of the associations of selected functional biomarkers 
and bacterial species was performed (see Figure 3B). According to this analysis, bacterial 
phyla differed in the content of functional biomarkers also as demonstrated above. For 
example, cobalamin biosynthesis is strongly linked to the Firmicutes and Verrucomicrobia 
(Akkermansia muciniphila) while the glutamate uptake system to the Actinobacteria. 
However, ubiquinone biosynthesis and MRPs utilization system have been presented in both 
Actinobacteria and Firmicutes. It is worth noting that according to this analysis Bacteroidetes 
have been associated only with gene groups involved in polysaccharides degradation. 
Interestingly, F. prausnitzii occupies an intermediate position between Firmicutes and 
Actinobacteria clusters and is linked to the specific KOGs of both bacterial phyla. It is worth 
also noting that the list of species associated with functions predicted ICIs outcome included 
F. prausnitzii, Akkermansia muciniphila, and Roseburia spp. which was earlier determined 
as reproducible biomarkers in meta-analyses [Limeta et al., 2020; Lee et al., 2022]. 

 
Discussion 
The world scientific community is conducting extensive research to determine the influence 
of the human intestinal microbiota to positive outcomes of cancer immunotherapy. However, 
despite a large number of studies, researchers still cannot reach a consensus on the 
detection of reproducible gut microbial determinants of immunotherapy positive outcome. In 
this way, the development and application of new types of metagenomic analysis tools as 
well as published data re-analysis may help reveal new associations between the 
composition of the gut microbiota and immunotherapy outcome. 

We analyzed the gut metagenomes of melanoma patients from five published studies 
and determined nineteen cross-study taxonomic biomarkers linked to positive 
immunotherapy outcome. This list included twelve Firmicutes, four Bacteroidetes, and three 
Actinobacteria species. However, only F. prausnitzii is reproducible for all datasets included 
in the analysis. Identified biomarkers are confirmed by many published studies [Sivan et al., 
2015; Chaput et al., 2017; Frankel et al., 2017; Gopalakrishnan et al., 2018; Matson et al., 
2018; Jin et al., 2019; Peters et al., 2019; Zheng et al., 2019; Tanoe et al., 2019; Derosa et 
al., 2020; Coutzac et al., 2020; Limeta et al., 2020; Fedorov et al., 2020; Heshiki et al., 2020; 
Sun et al., 2020; Lee et al., 2021; Spencer et al., 2021; Mao et al., 2021; Usyk et al., 2021; 
Lee et al., 2022]. Additionally, we identified 140 KOGs as reproducible functional biomarkers 
of positive immunotherapy outcome corresponds to fatty acids biosynthesis, polysaccharide 
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biosynthesis and degradation, peptidoglycan and lipopolysaccharide biosynthesis, 
cobalamin biosynthesis, fructoselysine/glucoselysine utilization system, sporulation, and 
motility/secretion system. 

It is known that gut microbial community promotes large scale digestive metabolic 
function involved in health, some of which may be associated with improved immune system 
function and immunotherapy outcome. Identified biomarkers can be linked to published 
results on molecular mechanisms involved in response to immunotherapy. For example, 
increased intake of plant polysaccharides improves the outcome of immunotherapy [Huang 
et al., 2021; Spencer et al., 2021]. Moreover, a large number of taxonomic biomarkers are 
major butyrate and other short-chain fatty acid producers. It's known that gut microbiome 
derived SCFAs are necessary for the implementation of normal body metabolism and 
modulate cytotoxic immunity, which improves immunotherapy efficiency [Luu et al., 2021; He 
et al., 2021; Dann et al., 2021]. On the other hand, gene groups involved in sporulation, 
motility and polysaccharides production were also identified as positive immunotherapy 
outcome biomarkers. These gene groups can be characterized as pattern of recognition 
receptors ligands, which involved to modulation of host immunity and immunotherapy 
effectiveness [Vétizou et al., 2015; Daillère et al., 2016; Pushalkar et al., 2018; Griffin et al., 
2021; Lee et al., 2021]. 

Nevertheless, novel findings that may be important in modulating immunotherapy 
outcome by gut microbes can be described. Gut bacteria may affect food safety through 
Maillard reaction products utilization [Wolf et al., 2019]. We have determined that the 
gfrABCD PTS system is used by bacteria as a fructoselysine/glucosolysine disposal system 
to predict a positive outcome of immunotherapy. Moreover, fructoselysine for intestinal 
bacteria may be used as additional butyrate production substrate [Bui et al., 2015], which 
increases the value of this finding for interpreting the beneficial properties of the microbiota 
for cancer immunotherapy. In addition, we ranked bacterial species by the number of KOG 
biomarkers found in their metagenomic environment. The largest number of KOG 
biomarkers were found in the metagenomic context of four bacterial species such as B. 
longum, B. adolescentis, E. rectale, and F. prausnitzii. Based on these results, we 
hypothesize that the distribution of beneficial functions in different bacterial species is the 
main reason for the lack of consensus in taxonomic biomarkers between different studies. 
Moreover, E. rectale, F. prausnitzii and bifidobacteria were defined as bacteria with 
immunomodulatory potential in comparison of COVID-19 patients cohort and healthy 
persons [Yeoh et al., 2021].  

Fecal microbiota transplantation impact to immunotherapy outcomes was strongly 
linked to donor variable. However, beneficial donors were not successful in improving 
treatment outcomes in all cases. In other words, the FMT immunomodulatory success may 
depend on both the donor stool characteristics and the recipient gut environment condition 
(or other unknown factors). Moreover, species that have been linked to therapy success 
have also colonized patients with negative outcomes. It’s possible that broad spectrum 
donor-derived species engraftment is a “side effect” of FMT [Goloshchapov et al., 2019], 
while special “hidden” donor microbiome characteristics such as bacteriophages, or specific 
strains-produced molecular structures can be linked to beneficial immunotherapy response 
[Ott et al., 2019; Lee et al., 2021]. On the other hand, microbial load (which cannot be 
assessed using metagenomic data) in donor stool and/or recipient mucosa [Sarrabayrouse 
et al., 2020] may play a decisive role for the FMT success. 
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Conclusions 

It is known that the gut microbiota has many positive effects on the host, ranging from 
metabolic function to the influence of microbial-derived molecular structures on specific cell 
receptors. Since metagenomic sequencing does not detect fecal microbial load, however, it 
can be assumed, a “general microbiome signal” detected by human cells is degraded in non-
responders in comparison to responders. On the other hand, the special characteristics of 
the responders intestinal community which can be transferred from one person to another 
may determine the impact on the outcome of immunotherapy. Anyway, the true biological 
nature of the observed phenomena has yet to be established. However, some useful 
conclusions can already be drawn. For example, digestive fibers and probiotic 
bifidobacterium can be included in treatment regimens to improve immunotherapy outcome, 
while the question of choosing the most useful strains among commercial probiotics remains 
open yet. 

 
Methods 
Metagenomic data 
Gut metagenomes of melanoma patients with different responses to immune checkpoint 
inhibitors were collected before any interventions from three published studies [Frankel et 
al., 2017; Gopalakrishnan et al., 2018; Matson et al., 2018]. These data were used for 
association analysis between taxonomic or functional metagenomic profiles and 
immunotherapy outcome. Additional data reflecting the impact of FMT to immunotherapy 
outcome [Baruch et al., 2021; Davar et al., 2021] was used for identified biomarkers 
verification. The features crossover between at least two datasets were considered 
reproducible biomarkers. In total, 358 metagenomic stool samples were used in the study, 
among them 210 metagenomes from melanoma patients with positive immunotherapy 
outcome (responders, R) group - R), 148 metagenomes from melanoma patients with 
negative outcome (non-responders,  NR) group - NR). 
 
Data analysis strategy 
Raw metagenomic data were downloaded from public NCBI/EBI repositories using fastq-
dump from the SRA Toolkit [Sherry and Chunlin, 2012] while quality assessment was 
performed with FastQC [https://github.com/s-andrews/FastQC]. Technical sequences and 
low-quality bases were trimmed with the Trimmomatic [Bolger et al., 2014] with threshold for 
sequencing quality > 30. The human sequences were removed from metagenomes by 
bbmap [Bushnell, 2014] and GRCh37 human genome version. Described metagenomics 
reads preprocessing computational steps were implemented in the Assnake metagenomics 
pipeline [https://github.com/ASSNAKE]. Donor-derived reads of post-FMT stool 
metagenomes in FMT-related datasets were identified using the RECAST algorithm 
[Olekhnovich et al., 2021]. Taxonomic and functional profiles of processed stool 
metagenomes or donor-derived reads were obtained using MetaPhlAn3 [Beghini et al., 
2021] and HUMAnN2 approaches [Franzosa et al., 2018] with and the KEGG database 
[Kanehisa et al., 2017]. 

Detection of reproducible taxonomic and functional biomarkers associated with a 
positive immunotherapy outcome was performed in two stages. At the first stage, using the 
taxonomic and functional profiles of stool metagenomes or donor-derived reads (for FMT-
related data), increased and decreased microbial species were identified in patients with a 
positive outcome of immunotherapy using the Songbird [Morton et al., 2019] and Qurro 
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[Fedarko et al., 2020] implemented in the QIIME2 framework [Bolyen et al., 2019]. The 
second stage was the formation of a list of reproducible biomarkers using the following rules: 
1) microbial species were added to the list that were associated with a positive 
immunotherapy outcome in more than one dataset; 2) microbial species that were classified 
as negatively associated with positive immunotherapy outcome in at least one data set, 
regardless of the number of data sets in which it were associated with a positive outcome, 
were excluded from this list. The search of links between taxonomic and functional 
biomarkers was performed as follows. Reconstruction of the functional biomarkers 
metagenomic context was performed using MetaCherchant [Olekhnovich et al., 2018] while 
its taxonomic annotation was obtained by Kraken2 [Wood et al., 2019].  

Additional statistical analysis and visualizations were carried out using vegan 
package [Oksanen et al., 2013], ggplot2 library and standard statistical procedures 
implemented in GNU/R. PERMANOVA (adonis function from the vegan package), Bray-
Curtis dissimilarity [Oksanen et al., 2013] and Aitchison distance [Aitchison et al., 1992; 
Aitchison et al., 1997] were used as measures for comparing taxonomy profiles of reads 
categories and functional biomarkers content. 
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Supplementary Figure S1 - Feature rankings and differentials derived from Songbird (A, C, 
E) and boxplots of the log ratios of the selected features (B, D, F). The log-ratios statistical 
assessment shows a clear significant difference between R (responders) and NR (non-
responders) groups (Wilcoxon rank-sum test, p < 0.001 for Frankel 2017 and Matson 2018 
and p < 0.05 for Gopalakrishnan 2018). Selected features (bacterial species) added for log 
ratios assessment denoted blue and green colors corresponding to R and NR groups, 
respectively. 
Supplementary Figure S2 - Donor-derived metagenomic reads per species found in the 
post-FMT recipients metagenomes. Different colors showed different immunotherapy 
outcome. The dot size corresponds to the number of metagenomic reads. Species that have 
been added to the list of reproducible biomarkers are highlighted in blue. 
Supplementary Figure S3 - Feature rankings and differentials derived from Songbird (A, C) 
and boxplots of the log ratios of the selected features (B, D). The log-ratios statistical 
assessment shows a clear significant difference in donor-derived microbial profiles between 
R (responders) and NR (non-responders) groups (Wilcoxon rank-sum test, p < 0.001). 
Selected features (bacterial species) added for log ratios assessment denoted blue and 
green colors corresponding to R and NR groups, respectively. 
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Figure captions 
Figure 1. Species rankings and differentials derived from Songbird. X-axis shows 
microbial species, Y-axis shows differentials, which describe the log-fold change in features 
with respect to immunotherapy outcome. Positive coefficient levels correspond to positive 
associations. The red star denoted species with positive associations in two datasets while 
two red stars - in three datasets. Species that have been added to the list of reproducible 
biomarkers are highlighted in blue. 
 
Figure 2. Donor-derived species rankings and differentials derived from Songbird. X-
axis shows microbial species, Y-axis shows differentials, which describe the log-fold change 
in features with respect to immunotherapy outcome. Positive coefficient levels correspond to 
immunotherapy response. The red stars denoted species with positive associations in both 
Baruch 2021 and Davar 2021 datasets. Species that have been added to the list of 
reproducible biomarkers are highlighted in blue. 
 
Figure 3. Links between bacterial species and functional reproducible biomarkers of 
immunotherapy positive outcome. (A). The number of KOGs found in the metagenomic 
context of bacterial species. X-axis shows bacterial species as well as Y-axis - number of 
KOGs. Species that have been added to the list of reproducible biomarkers are highlighted 
in blue. (B) The network shows KOG groups links to bacterial species. Only KOGs that were 
presented in Table 2 were added to the analysis to avoid visual overload of figure. Triangles 
correspond to Bacterial phyla while circles to KOGs. 
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Table 1. Reproducible taxonomic biomarkers associated with immunotherapy positive 
outcome. 

Species Phyla Analysis Cites 

Faecalibacterium prausnitzii Firmicutes 

Frankel et al., 2017; 
Gopalakrishnan et al., 
2018; Matson et al., 2018; 
Baruch et al., 2021; Davar 
et al., 2021; 

Chaput et al., 2017; Frankel et 
al., 2017; Gopalakrishnan et 
al., 2018; Matson et al., 2018; 
Peters et al., 2019; Coutzac et 
al., 2020; Limeta et al., 2020; 
Mao et al., 2021; Spencer et 
al., 2021; 

Roseburia faecis Firmicutes 

Gopalakrishnan et al., 
2018; Matson et al., 2018; 
Baruch et al., 2021; Davar 
et al., 2021; Lee et al., 2022; 

Bacteroides ovatus Bacteroidetes 

Gopalakrishnan et al., 
2018; Matson et al., 2018; 
Davar et al., 2021; Heshiki et al., 2020; 

Bacteroides vulgatus Bacteroidetes 

Gopalakrishnan et al., 
2018; Matson et al., 2018; 
Davar et al., 2021; 

Usyk et al., 2021; Huang et al., 
2021; 

Blautia wexlerae Firmicutes 

Frankel et al., 2017; 
Matson et al., 2019; 
Baruch et al., 2021;  

Collinsella aerofaciens Actinobacteria 

Matson et al., 2018; Baruch 
et al., 2021; Davar et al., 
2021; Matson et al., 2018; 

Eubacterium siraeum Firmicutes 

Frankel et al., 2017; 
Gopalakrishnan et al., 
2018; Matson et al., 2018; 

Derosa et al., 2020; Mao et al., 
2021; 

Roseburia hominis Firmicutes 

Frankel et al., 2017; 
Gopalakrishnan et al., 
2018; Davar et al., 2021; Lee et al., 2022; 

Ruminococcus bromii Firmicutes 

Frankel et al., 2017; 
Gopalakrishnan et al., 
2018; Davar et al., 2021; 

Gopalakrishnan et al., 2018; 
Zheng et al., 2019; Fedorov et 
al., 2020; 

Acidaminococcus intestini Firmicutes 
Baruch et al., 2021; Davar 
et al., 2021;  

Bifidobacterium adolescentis Actinobacteria 
Matson et al., 2019; Baruch 
et al., 2021 

Sivan et al., 2015; Matson et 
al., 2018; Fedorov et al., 2020; 
Sun et al., 2020; 

Bifidobacterium longum Actinobacteria 
Matson et al., 2019; Baruch 
et al., 2021 

Sivan et al., 2015; Matson et 
al., 2018; Jin et al., 2019; Sun 
et al., 2020;  

Eubacterium rectale Firmicutes 
Baruch et al., 2021; Davar 
et al., 2021;  

Fusicatenibacter saccharivorans Firmicutes 
Gopalakrishnan et al., 
2018; Baruch et al., 2021;  

Parabacteroides distasonis Bacteroidetes 
Gopalakrishnan et al., 
2018; Davar et al., 2021; 

Tanoue et al., 2019; Huang et 
al., 2021; 

Parabacteroides merdae Bacteroidetes 
Matson et al., 2018; Davar 
et al., 2021; 

Matson et al., 2018; Fedorov 
et al., 2020; 

Phascolarctobacterium faecium Firmicutes 
Gopalakrishnan et al., 
2018; Davar et al., 2021;  
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Ruminococcus bicirculans Firmicutes 

Frankel et al., 2017; 
Gopalakrishnan et al., 
2018;  

Ruthenibacterium lactatiformans Firmicutes 
Matson et al., 2018; Davar 
et al., 2021; Tanoue et al., 2019; 
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Bacteroides dorei

Parabacteroides distasonis

Bacteroides vulgatus

Streptococcus thermophilus

Alistipes finegoldii

Acidaminococcus intestini

Lactobacillus ruminis

Roseburia hominis

Akkermansia muciniphila

Phascolarctobacterium succinatutens

Phascolarctobacterium faecium

[Ruminococcus] gnavus

Adlercreutzia equolifaciens

Bifidobacterium adolescentis

Bifidobacterium longum

Collinsella aerofaciensEgerthella lenta

Flavonifractor plautii

[Eubacterium] eligens

Roseburia intestinalis
Anaerobutyricum hallii

[Eubacterium] rectale

Anaerostipes hadrus

Faecalibacterium prausnitzii

Escherichia coli
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