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c-di-AMP is a bacterial second messenger recognized by host immune sensors such as the STING 
pathway, linking gut microbiota activity to tumor immunity. This interaction holds significant 
therapeutic potential particularly for oncologic patients, given the increasingly recognized relationship 
between gut microbiota and tumor immunity. Recent evidence shows that microbial c-di-AMP can 
enhance anti-tumor responses and improve the efficacy of PD-1/PD-L1 blockade and radiotherapy. 
This study identified gut microbial species capable of synthesizing c-di-AMP by mining the Unified 
Human Gastrointestinal Protein catalogue for diadenylate cyclases (DACs), generating a database 
of 4,228 DACs across 3,901 species out of 4,744 presents in the Unified Human Gastrointestinal 
Genome catalogue. Analysis of metagenomic data from 190 healthy subjects and 569 cancer patients 
(melanoma, NSCLC, renal carcinoma) revealed a significantly higher abundance of DAC-encoding 
species in healthy microbiota, with no differences between responders and non-responders to 
immunotherapy. These findings indicate that c-di-AMP-producing bacteria are depleted in cancer-
associated microbiota, supporting further studies on their role in modulating anti-tumor immunity.
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Cyclic dimeric adenosine 3’,5’-monophosphate (c-di-AMP) is a ubiquitous and essential second messenger 
broadly distributed across the world of prokaryotes, being found in nearly all bacterial phyla and numerous 
archaeal groups1–7.

This signalling molecule orchestrates a diverse array of physiological processes vital for microbial survival 
and adaptation. It plays a critical role in maintaining cellular osmotic homeostasis and responding to cell wall 
stress, and it is involved in monitoring DNA damage and facilitating the recognition of stalled DNA replication 
forks1,8,9. Beyond structural and genomic integrity, c-di-AMP profoundly influences central metabolism 
and fatty acid biosynthesis10–13 and exerts control over fundamental cellular processes such as sporulation, 
competence development, and cell size regulation8,14–16. Its protective roles extend to confer resistance against 
environmental challenges, such as acid and oxidative stress17,18. Moreover, c-di-AMP is a key regulator of 
community behaviours, controlling biofilm formation19,20 and cellular differentiation21. For a range of bacterial 
pathogens, including Borrelia, Listeria, Mycobacterium, Staphylococcus, and Streptococcus, c-di-AMP is an 
important regulator of virulence22–26.

Beyond its direct impact on bacterial physiology, c-di-AMP can also be recognized by host pattern recognition 
receptors. Specifically, it is sensed by the endoplasmic reticulum protein STING (STimulator of INterferon 
Genes), which plays a pivotal role in modulating the host immune response. This interaction holds significant 
therapeutic potential, particularly in the context of oncologic patients, given the increasingly recognized 
relationship between the gut microbiota and tumour immunity27–29. c-di-AMP released by gut microbiota, 
particularly in individuals consuming a high-fibre diet, can signal through STING, remodelling macrophages 
and NK-dendritic cells interactions, ultimately promoting anti-tumour immunity and enhancing the efficacy of 
PD-1/PD-L1 blockade therapies, utilized to treat melanoma30. Consistently, elevated levels of c-di-AMP were 
observed in the responder group of hepatocellular carcinoma patients undergoing radiotherapy31. c-di-AMP 
synergized with radiotherapy, facilitating the maturation and antigen presentation functions of dendritic cells, 
thereby enhancing the production of interferon-beta (IFN-β) and promoting the activation of cytotoxic CD8 + T 
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cells. This corroborates the hypothesis that c-di-AMP may function as a critical mediator through which the gut 
microbiota exerts immunomodulatory effects.

The biosynthesis of c-di-AMP is catalysed by the enzyme diadenylate cyclase (DAC), categorized in the five 
principal classes DisA, CdaA, CdaS, CdaM, and DacZ32. They all share a conserved catalytic domain (DisA_N, 
DAC) responsible for the cyclization reaction. The varied domain architectures, flanking this catalytic core, led 
to a more granular functional and phylogenetic distribution, subdividing these five principal classes into 22 
distinct families33.

This work aimed to pinpoint the species within the human gut microbiota responsible for c-di-AMP synthesis. 
This was achieved through the identification of DACs and the subsequent construction of a comprehensive gut 
DAC database. To accomplish this objective, the Unified Human Gastrointestinal Protein (UHGP) catalogue34 
was mined. This catalogue represents an extensive resource, comprising proteins derived from 289,232 genomes 
clustered into 4,744 distinct species, identified in human gut metagenomes. The DAC database was utilized 
to quantify the abundance and diversity of intestinal DACs in a curated dataset comprising 190 healthy 
subjects and 569 oncologic patients affected by metastatic melanoma, non-small-cell lung cancer and renal 
cell carcinoma. The metagenomic profiles of the patients were obtained from baseline samples collected prior 
to immunotherapy, with patients later categorized as responders (262) or non-responders (307) according to 
their clinical response to the treatment. This comparative analysis assessed the presence of differential DACs 
abundance profiles among healthy, oncologic, responder, and non-responder subjects, to identify other potential 
indications of the relationship between c-di-AMP and cancer, or c-di-AMP and response to immunotherapy.

Materials and methods
Construction of the DACs database
The Unified Human Gastrointestinal Protein (UHGP) catalogue34, clustered at 100% identity, was downloaded 
from Unified Human Gastrointestinal Genome collection (UHGG, v2.0.1, ​h​t​t​p​s​:​​/​/​f​t​p​.​​e​b​i​.​a​c​​.​u​k​/​p​u​​b​/​d​a​t​​a​b​a​s​e​s​​/​
m​e​t​a​g​​e​n​o​m​i​c​​s​/​m​g​n​​i​f​y​_​g​e​​n​o​m​e​s​/​​h​u​m​a​n​-​​g​u​t​/​v​2​.​0​.​1​/​p​r​o​t​e​i​n​_​c​a​t​a​l​o​g​u​e​/). DAC sequences were searched with a 
two-step approach: first, all UHGP-100 sequences were queried against the HMM profile for the DAC family 
retrieved from the Pfam database (PF02457) integrated in InterPro (https://www.ebi.ac.uk/interpro/)35 with the 
hmmsearch function of HMMER v3.4 (hmmer.org). Hits with e-value > 0.01 were discarded. The results were 
further analysed with InterProScan36 to confirm that the proteins were uniquely identified by the DAC family 
profile and to assign them to a specific DAC type. The following InterPro family codes were utilized: DisA 
IPR023763, IPR050338; CdaA IPR034701; CdaS IPR034693, IPR053472; DacZ IPR014499; CdaM NF038327. 
A non-redundant version of the database with proteins clustered at 95% amino acid identity was built with 
MMseqs2 release 17-b804f37.

Metagenomes
The dataset herein analysed encompassed 190 metagenomic faecal samples from healthy subjects and 569 
oncologic patients affected by metastatic melanoma (MM; 292), non-small-cell lung cancer (NSCLC; 239) and 
renal cell carcinoma (RCC; 38), classified as 262 responders (R; 158 MM, 90 NSCLC, 14 RCC) and 307 as non-
responders (NR; 134 MM, 149 NSCLC, 24 RCC). The reads were collected from NCBI Sequence Read Archive 
(SRA) and are accessible with the Bioproject accession numbers listed in Suppl. Table 1. FASTQ files were 
downloaded with the function fasterq-dump of SRA Toolkit v. 3.0.5 (github.com/ncbi/sra-tools) and assessed for 
quality and primers presence with FastQC v0.11.838 to assure that only high-quality reads (length > 50 bp; quality 
score > 20) were further analysed. When necessary, the tool Trimmomatic v0.3939 was used for primer removal, 
employing ILLUMINACLIP setting with default values. Reads originating from human contamination were 
removed through the mapping of the human genome assembly GRCh38 with the tool bowtie240. Composition 
profiling was obtained utilising Kraken241 and Bracken42 with UHGG v. 2.0.134 as database. The compositions 
were imported into QIIME 243 as biom files with kraken-biom44 to conduct diversity analysis. Alpha diversity 
was investigated with Chao1, Pielou, and Shannon indices, with statistical significance assessed by Kruskal-
Wallis test, while beta diversity was explored with Principal Coordinates Analysis (PCoA) based on Aitchison 
distance and significance among groups was evaluated with PERMANOVA. PCoA results were plotted with R 
package scatterplot3d v 0.3–4445. LefSe analysis46 was conducted to identify biomarkers characterizing healthy 
and oncologic patients.

DAC search in genomes and metagenomes
The DACs database was utilized to query the 4,744 reference genomes of UHGG collection with DIAMOND47, 
considering positive the hits with at least 90% identity and 50% query coverage. This result was linked to the 
same genomes present in the UHGG database built for Kraken2, in order to identify which species possessed 
c-di-AMP synthesis capabilities and, in case, which type of DAC. DACs abundance was extrapolated from 
metagenome’s composition to reflect the relative abundance of the corresponding species. The comparison 
between DACs abundances of healthy and oncologic subjects was carried out with Kruskal-Wallis test and 
Wilcoxon pairwise comparison with Benjamini-Hochberg (BH) correction, calculated with R software v. 4.5.1. 
Spearman correlation tests between DAC abundances and selected microbial taxa were carried out with R 
software v. 4.5.1.

Results
Screening and clustering of DAC proteins
The UHGP-100 catalogue, encompassing all proteins encoded by gut prokaryotes included in the UHGG, was 
screened with hmmsearch against the DAC family HMM profile PF02457 (e-value < 0.01). This search retrieved 
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17,665 proteins, of which 17,586 putative DAC sequences were validated by InterProScan, forming the DAC 
database-100. These proteins were subsequently clustered at 95% amino acid identity with MMseqs2, yielding 
the DAC database-95, which comprised 4,141 sequences assigned to the subtypes CdaA (3,310), DisA (788), 
DacZ (22), and CdaS (21) (Suppl. Spreadsheet 1).

Taxonomic distribution of DAC-encoding species
The DAC proteins included in database-95 were used to identify the DAC-encoding species. Among the 4,744 
UHGG species, 3,901 harbored at least one DAC sequence. The vast majority of DAC-positive organisms 
were bacteria (3898/3901), with a smaller fraction belonging to archaea (3/3901). Across these 3,901 species, 
we identified 4,288 DAC sequences, divided into 3,163 CdaA, 1,082 DisA, 22 CdaS, and 21 DacZ. No CdaM 
sequence was found (Table 1, Suppl. Spreadsheet 1).

DAC-encoding prokaryotic taxa were widely distributed, spanning 19 phyla, 28 classes, 77 orders, 178 families, 
and 911 genera (Suppl. Spreadsheet 1). The phylum Bacillota A included the largest number of species encoding 
CdaA (1,549), followed by Bacillota (400) (Table 1). Bacteroidota was also largely characterized by the presence 
of only CdaA (562/619 species). In contrast, DisA was mainly associated with Actinobacteriota, whereas most 
species encoding both CdaA and DisA belonged to Bacillota A (176). Verrucomicrobiota were predominantly 
characterized by the presence of CdaA (39) and, with 19 out of the 21 species identified, represented the main 
phylum harboring DacZ. Notably, CdaS was exclusively encoded by Bacillota (22 species). With only a few 
exceptions, Proteobacteria lacked any DAC-encoding genes.

Notable differences in terms of DAC genes distribution emerged at genus level. With the exception of 
Bifidobacterium adolescentis, all other bifidobacterial species appeared unable to synthesize c-di-AMP. Collinsella 
spp. typically encoded DisA. Members of Bacteroides, Parabacteroides, Phocaeicola, and Prevotella predominantly 
carried CdaA, whereas Alistipes spp. encoded either CdaA alone (44) or CdaA together with DisA (10). Among 
Lactobacillales, the vast majority (160/168) displayed the potential to produce c-di-AMP due to the presence of 
CdaA. Within the genus Paenibacillus (including clades Paenibacillus A, B, F, and L), multiple gene combinations 
were identified: 6 strains carried DisA + CdaA + CdaS, 10 carried DisA + CdaA, and one carried CdaA + CdaS.

Most members of Clostridiaceae (44/47) and Peptostreptococcaceae (22/25), as well as Peptococcaceae (class 
Peptococcia), encoded both DisA and CdaA. By contrast, Lachnospiraceae, Oscillospiraceae, and Ruminococcaceae 
typically harboured only CdaA, a feature also observed in the genus Akkermansia.

Phylum

DAC families

CdaA CdaA + CdaS CdaS DacZ DisA DisA + CdaA DisA + CdaA + CdaS N° of species DAC+ (% of total species)

Archaea; Halobacteriota 0 0 0 2 1 0 0 3 (100)

Archaea; Methanobacteriota 0 0 0 0 0 0 0 0 (0)

Archaea; Thermoplasmatota 0 0 0 0 0 0 0 0 (0)

Bacteria; Actinobacteriota 0 0 0 0 653 0 0 653 (77.3)

Bacteria; Bacillota 400 3 2 0 43 37 17 502 (94.9)

Bacteria; Bacillota_A 1549 0 0 0 55 176 0 1780 (93.4)

Bacteria; Bacillota_B 2 0 0 0 2 9 0 13 (92.9)

Bacteria; Bacillota_C 137 0 0 0 3 1 0 141 (91.6)

Bacteria; Bacillota_G 0 0 0 0 0 1 0 1 (100)

Bacteria; Bacteroidota 562 0 0 0 8 14 0 584 (94.3)

Bacteria; Bdellovibrionota 0 0 0 0 1 0 0 1 (100)

Bacteria; Campylobacterota 0 0 0 0 0 0 0 0 (0)

Bacteria; Cyanobacteria 60 0 0 0 0 0 0 60 (96.8)

Bacteria; Desulfobacterota 31 0 0 0 0 0 0 31 (93.9)

Bacteria; Elusimicrobiota 0 0 0 0 0 0 0 0 (0)

Bacteria; Eremiobacterota 2 0 0 0 0 0 0 2 (50)

Bacteria; Fibrobacterota 1 0 0 0 0 0 0 1 (100)

Bacteria; Fusobacteriota 0 0 0 0 35 0 0 35 (100)

Bacteria; Myxococcota 1 0 0 0 0 0 0 1 (100)

Bacteria; Patescibacteria 0 0 0 0 0 0 0 0 (0)

Bacteria; Proteobacteria 6 0 0 0 0 0 0 6 (1.7)

Bacteria; Spirochaetota 19 0 0 0 0 0 0 19 (95)

Bacteria; Synergistota 8 0 0 0 0 0 0 8 (100)

Bacteria; Verrucomicrobiota 39 0 0 19 2 0 0 60 (90.9)

Table 1.  Distribution of DAC encoding species in bacterial and archaeal phyla present in the human gut 
microbiome. For each phylum the number of DAC encoding species (DAC+) is divided by DAC class.
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Abundance of DAC-encoding species in healthy versus oncologic patients
Two datasets were generated: one comprising healthy subjects (190, H) and another including cancer patients (569, 
C) diagnosed with melanoma, non-small-cell lung cancer, or renal cell carcinoma. The latter dataset consisted 
of baseline faecal samples from patients undergoing immunotherapy, further stratified into responders (262, R) 
and non-responders (307, NR). To investigate potential differences in DAC abundance, the two metagenome 
datasets were compared across healthy subjects and oncologic patients, with the latter further subdivided into 
responders and non-responders to immunotherapy.

Alpha diversity assessed using the Chao1 index was comparable between healthy subjects (H) and cancer 
patients (C), as well as the subgroups of responders (R) and non-responders (NR), indicating a similar species 
richness across groups (Fig. 1). In contrast, both Pielou’s evenness and the Shannon index were significantly 
lower in the C, R, and NR groups compared to H, suggesting that although the total number of species was 
similar, the distribution of species abundances was less even, and overall diversity was reduced in cancer patients.

Although the beta-diversity plots show considerable overlap among groups (Suppl. Figure 1), PERMANOVA 
revealed significant differences (p < 0.05) in the overall microbial community composition between healthy 
subjects and cancer patients, responders, and non-responders, as well as between responders and non-responders 
to therapy.

From the LEfSe analysis performed to identify taxa enriched in healthy subjects compared with oncological 
patients (R + NR), one of the most robust biomarkers associated with cancer patients was E. coli, together with 
all higher taxonomic ranks up to the phylum Proteobacteria (Suppl. Figure 2).

Considering the abundance of DAC-encoding species (Fig. 2a, Suppl. Table 2), healthy subjects harboured, 
on average, 95.9% of gut bacteria with the potential to synthesize DACs. This proportion was significantly lower 
in cancer patients, including both R and NR, with mean values of 91.7, 92.2, and 91.2%, respectively. The C, 
R, and NR groups also exhibited lower medians compared to H (Fig.  2a), accompanied by higher standard 
deviations (s.d. = .± 6.0%; 11.1%; 12.3%; 9.7% in H, C, NR, and R, respectively), reflecting the presence of 
several outliers with low and extremely low abundances of c-di-AMP producers in cancer patients. Although 
not statistically significant, responders showed higher mean and median abundances of DAC-encoding species 
compared to non-responders, accompanied by a lower standard deviation, suggesting a trend towards a more 
consistent presence of c-di-AMP producers in R, which could be associated with a healthier or more resilient 
gut microbiota.

E. coli, Proteobacteria and Bifidobacteria resulted significantly more abundant in oncologic patients than in 
healthy subjects (Kruskal-Wallis test, p < 0.05), according to the absence of DAC genes and lower potential to 
produce c-di-AMP and negatively correlated with DAC abundance (Suppl. Table 3).

When accounting for cancer type, the relative abundance of DAC-encoding species in the healthy cohort was 
again statistically higher than MM and NSCLC patients, whereas it lacked statistical significance compared with 
the RCC cohort (Fig. 2b). Comparisons between NR and R patients within the MM, NSCLC, and RCC cohorts 
presented no significant differences (Suppl. Table 4).

Discussion
This analysis provides a comprehensive overview of DAC-encoding species in the human gut microbiome 
and their potential relevance in cancer immunotherapy response. The extensive screening of the UHGP-100 
catalogue revealed that DAC proteins are widespread across gut prokaryotes, with 3,901 out of 4,744 UHGG 
species harbouring at least one DAC gene. The predominance of CdaA across most bacterial phyla, and the 
more limited distribution of DisA, DacZ, and CdaS, highlights the evolutionary and functional diversification of 
diadenylate cyclases in gut microbes. Bacillota and related clades represented the bulk of DAC-encoding species, 
whereas Proteobacteria largely lacked these genes.

Fig. 1.  Alpha diversity calculated for Chao index, Pielou’s evenness and Shannon index of the healthy, 
oncologic, NR and R samples. Significance: * p < 0.05. In the boxplots, the upper edge indicates 75th percentile 
(Q3), the lower edge the 25th percentile (Q1), the inner line the median and the X the mean value. Whiskers 
extend to 1.5 × the interquartile range (IQR) beyond the first and third quartiles.
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At finer taxonomic resolution, clear genus-level patterns emerged. While Bifidobacteria, except for 
B. adolescentis, appeared largely incapable of c-di-AMP synthesis, most of the other dominant taxa such as 
Bacteroides, Lachnospiraceae, Oscillospiraceae, and Ruminococcaceae exhibited strong potential for DAC 
production. Notably, several genera of Bacillota/Bacillota A, including Clostridiaceae and Peptostreptococcaceae, 

Fig. 2.  Relative abundance of DAC-encoding species in healthy, oncologic, NR and R subjects (a) and in 
healthy MM, NSCLC, and RCC (b). Significance: * p < 0.05. In the boxplots, the upper edge indicates 75th 
percentile (Q3), the lower edge the 25th percentile (Q1), the inner line the median and the X the mean value. 
Whiskers extend to 1.5 × the interquartile range (IQR) beyond the first and third quartiles.
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encoded multiple DAC classes, suggesting that certain gut bacteria may employ complex c-di-AMP signalling 
networks.

When comparing healthy subjects and cancer patients, alpha diversity analyses indicated similar species 
richness across groups, but revealed reduced evenness and Shannon diversity in patients. This pattern suggests 
that, although the total number of bacterial species is maintained, the gut microbiota of oncologic patients 
is dominated by fewer taxa, leading to an uneven community structure. Complementing these findings, beta 
diversity analyses confirmed that the overall microbial composition of patients differed significantly from that of 
healthy subjects, despite substantial overlap in the ordination plots. This indicates a subtle but consistent shifts 
in community structure may underlie cancer associated differences.

Importantly, the abundance of DAC-encoding species was significantly lower in cancer patients compared 
to healthy subjects, reflecting a reduced potential for c-di-AMP production. The fact that different levels of 
c-di-AMP were found in healthy individuals compared with cancer patients clearly stems from the differing 
abundances of Proteobacteria and Bifidobacteria. The absence of DAC genes in these two groups indicates a 
consistent evolutionary trajectory and does not appear to be attributable to the loss of metabolic functions in 
certain species. These findings indicate that cancer patients generally harbour a gut microbiota with diminished 
capacity to produce c-di-AMP. This observation raises the intriguing possibility that reduced microbial c-di-
AMP synthesis may contribute to tumour development or progression, potentially by impairing host immune 
homeostasis or altering microbe-mediated signalling pathways. While causality cannot be inferred from these 
data, the consistent depletion of c-di-AMP-producing bacteria points to a potential mechanistic link between 
microbial signalling and oncogenesis, as well as a possible role in impairing and diminishing immunotherapy 
efficacy.

Even though our study also demonstrates that the capacity to produce c-di-AMP is widespread among 
intestinal bacteria, tumour occurrence seems to be associated with the increased abundance of the two major 
microbial groups unable to produce c-di-AMP, namely Bifidobacterium and Proteobacteria. Consistently, E. coli, 
Proteobacteria, and Bifidobacterium negatively correlate with the abundance of DAC-producing species.

The LEfSe analysis comparing healthy individuals with cancer patients highlighted E. coli as one of the most 
consistent microbial biomarkers associated with cancer, together with higher taxonomic levels up to the phylum 
Proteobacteria. These observations may suggest that Enterobacteriaceae, through their pro-inflammatory activity, 
could contribute to tumour development, a process that might not be adequately counteracted by the STING 
pathway in the context of reduced c-di-AMP levels.

In the study, we also focused on possible differences between responders versus not-responder patients, 
searching for unexplored predictive markers to immunotherapy. Although responders to immunotherapy 
exhibited slightly higher mean and median abundances of DAC-encoding species than non-responders, the 
difference was not statistically significant; however, the lower standard deviation among responders suggests a 
more consistent presence of c-di-AMP producers. When accounting for the type of cancer and the response, the 
same pattern was confirmed, without reaching statistical significance. However, in MM and NSCLC, the general 
trend showed higher mean and median and lower standard deviation in R than in NR.

In the gut microbiota-immunotherapy axis, c-di-AMP shapes host immune responses through STING 
signalling, which triggers type I IFN production in host cells. For example, c-di-AMP produced by A. muciniphila 
stimulates the activation of intertumoral monocytes, enhances type I IFN secretion, and fosters an immune-
active tumour microenvironment30. This, in turn, drives the activation of NK cells and dendritic cells, ultimately 
supporting the efficacy of immune checkpoint blockade therapy in mice.

These findings underscore the substantial potential of c-di-AMP producers as immune system modulators. 
In vivo studies have already demonstrated that engineered E. coli strains producing c-di-AMP can effectively 
reinforce antitumor immune responses and therapeutic potency48.

The utilization of an engineered strain of Salmonella typhimurium to produce and deliver c-di-AMP resulted 
in an enhanced stimulation of immune system through STING activation in mice49. Furthermore, in animal 
models, a high-fibre diet has been shown to enrich for the c-di-AMP producer Akkermansia, which in turn 
triggers type I interferon (IFN-I) production via STING-c-di-AMP interaction30. It is noteworthy that the study 
of Li et al. (2022)31 correlates the response to anticancer radiotherapy with faecal c-di-AMP levels and identifies 
the abundance of Bifidobacterium-related taxa across multiple taxonomic levels as a potential biomarker of non-
responders. These findings highlight the potential of targeting specific gut bacterial functions, such as c-di-AMP 
synthesis, to optimize immunotherapy outcomes.

Our results might appear to contrast with limited existing data on c-di-AMP levels in oncologic patients, since 
we didn’t observe significant differences between R and NR. It is crucial to recognize a key distinction: our study 
estimated the relative abundance of DAC-encoding species within the gut microbiota, without assessing the level 
of c-di-AMP in faeces, like observed by Li et al. (2022)31, as well as it did not directly investigate the c-di-AMP 
effects on immune system stimulation, as seen by Lam et al. (2021)30. However, our findings underscore the 
potential of c-di-AMP as an immune system modulator and open new and important perspectives that warrant 
validation through clinical trials to demonstrate that c-di-AMP produced by the gut microbiota can enhance the 
response to oncologic therapies that benefit from immune stimulation. The scientific literature associating c-di-
AMP with STING-driven type I interferon responses in cancer immunity largely relies on review articles27,50–52, 
and our results emphasize the importance of advancing toward clinical validation.

A critical factor that might explain why our results showed no difference between R and NR groups is 
the unclear mechanism of c-di-AMP release into the extracellular environment and its subsequent uptake by 
immune cells. In Listeria monocytogenes, c-di-AMP is secreted through the multidrug efflux pumps MdrM, 
drT, MdrA, and MdrC (MDR), of the MFS superfamily. In the host cytosol, the secreted c-di-AMP induces a 
host type I interferon transcriptional response53. While it seems counterintuitive for a pathogen to release an 
inflammatory molecule that could lead to immune detection, one hypothesis suggests that coupling c-di-AMP 
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secretion to MDR activity offers a mechanism independent from phosphodiesterase, the enzyme responsible 
for c-di-AMP degradation, to reduce intracellular nucleotide levels54. This could be particularly advantageous 
under various environmental stresses54. Beyond c-di-AMP, MdrT and, to a lesser extent, MdrM also function as 
efflux pumps for bile acids55. Given that bile-induced transcriptomes significantly overlap with those of major 
virulence regulators and stress factor, c-di-AMP might also serve as an intracellular stress reporter, with its 
secretion potentially linked to specific stress responses54. While c-di-AMP secretion has been most thoroughly 
characterized in L. monocytogenes, MFS transporters are broadly conserved across bacteria, suggesting that 
the ability to secrete c-di-AMP could extend to many other microorganisms. However, it’s important to note 
that mutations in all MdrM and MdrT homologs in Staphylococcus aureus resulted in only a negligible change 
in extracellular c-di-AMP levels56, indicating that c-di-AMP secretion by MDRs may be organism-specific. 
Therefore, further research is needed to determine if additional c-di-AMP-specific transporters exist beyond 
MDRs.

Overall, our results suggest that c-di-AMP-producing bacteria are a core component of the healthy gut 
microbiome, and that reductions in their abundance may characterize the dysbiotic microbiota observed in 
cancer patients. The trends linking DAC abundance to immunotherapy response, though preliminary, provide 
a rationale for further mechanistic studies to explore the role of microbial c-di-AMP signaling in modulating 
anti-tumor immunity. The study provides insights into the human gut microbiota species responsible for c-di-
AMP synthesis. These findings can guide the selection of individual species or consortia as potential adjuvants in 
oncology, enabling in-depth characterization to determine their precise contribution in modulating the immune 
system.

Data availability
UHGP fasta file, UHGG Kraken2 database and UHGG reference genomes are available at UHGG repository (​h​
t​t​p​s​:​​/​/​f​t​p​.​​e​b​i​.​a​c​​.​u​k​/​p​u​​b​/​d​a​t​​a​b​a​s​e​s​​/​m​e​t​a​g​​e​n​o​m​i​c​​s​/​m​g​n​​i​f​y​_​g​e​​n​o​m​e​s​/​​h​u​m​a​n​-​​g​u​t​/​v​2​.​0​.​1​/). Accession numbers of 
metagenomes utilized in this work are reported in Suppl. Table 1.
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