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Momusayus u yenr: MupoBoe HaydHOE COOOMIECTBO MPOBOJAUT MAacIITaOHEBIE
WCCIICIOBAHUS, HANpPaBICHHBIC HA OINpEIENICHHE CTENEHH BIMSHUSA MHKPOOHOTHI
KHULICYHUKA YeJIOBeKa Ha Pe3yJbTaThl MMMYHOTEPAIIUH 3J0KaYECTBEHHBIX OITyXOJEH.
CorjacHo TOJNYyYEHHBIM HEJABHO pE3yJbTaTaM, XapaKTePHCTHKH MHKPOOHOTHI
KALIEYHUKA YeJOBEKa HE TOJNBKO IIOJIOKUTEIBHO BIMSIOT Ha Pe3yJbTaThl
MMMYHOTEpaHy, HO U MOTYT OBITh iepenansl [ 1-5]. Tot dakr, uto peroTHn oTBeTIHKa
nepeaaeTcs Ipyu MepeHoce MUKPOOHUOTHL, TIO3BOJISIET PEATIONOKHTh, YTO STOT (heHOMEH
MOJKET OBITh CBSI3aH C KOHKPETHOW OakTepuel niv HabopoM OakTepuii (MIu Kakoi-11u00
JIpyToil OaKTepHaThbHON XapaKTEPHCTUKON WM METaO0OIHMTOM), KOTOPBIE MOTYT OBITh
BBIJICJICHBl M WCIOJB30BAaHBl B KAauecTBE aIbIOBaHTA ISl YIIyUYIICHHUs] PE3YyIbTaTOB
WMMYHOTEpaneBTH4IecKkoro yedeHus. OpHaKko, HECMOTpS Ha OOJIBIIOE KOJIUYECTBO
0IyOJIMKOBAaHHBIX UCCIIEIOBAHUH, yUEHbIE IO CHX IO HE MPHIUIM K €ANHOMY MHEHHUIO
OTHOCUTENFHO MHKPOOHBIX NETEPMHUHAHT OTBETa HA HMMMYHOTEPAIHIO MEJIAHOMBI.
Panee onyOnHMKOBaHHBIC METaaHAIN3bl YACTUYHO OTBETHJIM Ha 3TOT Bompoc [6, 7], HO
MOJTHOTO MTOHUMAaHUsI OMOJIOTHYECKHUX MPOIIECCOB, JISKAIIUX B OCHOBE ATOTO SIBIICHHS,
noka Her. llpm sTtoM wuneHTHdUKanus OaKTEpUNH-KAHOUIATOB  OCIOXKHAETCA
JIOKAJIbHOCTBIO COOpPaHHBIX KOTOPT, OTPaHMYEHUSIMH TI0 KOJHMYECTBY COOpaHHBIX
00pa3ioB, a TaKkke HEKOTOPBIMH JIPYTUMH OOBEKTHUBHBIMU (hakTopaMu. HenaBHo Harra
HCCIIeI0BATENbCKas TPyYIINa BBISIBHIIA NIOCIIE0BATEIbHbIE METar€HOMHBIE OMOMapKephl
Kaja, CBA3aHHbIE C 3(QPEKTHUBHOCTBIO HMMYHOTEpAalMHd MEJIaHOMBI, HCIONb3YS
OOIETNPHHATBIE METOJbl TAKCOHOMHYECKOW U (YHKIMOHAJIbHOW aHHOTaimu [8].
CrenyonyM IIaroM Hamero McciefoBaHus, OblJI0 MCHOJIb30BAaHHE METAIr€HOMHUKHU C
TC€HOMHBIM pa3pelIeHHEeM, METOAOB CPAaBHUTEIBHOM T€HOMHKH M MeTabOIMYecKon
PEKOHCTPYKIIMK IS W3YYEHHS BO3MOXKHBIX MEXaHHM3MOB Yy4acTUSI MHUKPOOHOTHI
KHIIIEYHUKA B OTBETE HA TEPAIMIO METACTATHIECKON MEIIaHOMBI.

Memoowr u ancopummsi: B HaHHOM HCCIIEIOBAaHUM HCIOJIB30BAINCH METOJBI
OnonH(MOpMATHKH, TAKHE KaK TEHOMHO-pa3pelIeHHasi MeTareHOMHUKa, MPOQUINPOBaHNE
ITaMMOB, CPAaBHUTENIbHASI TEHOMUKA M METa0oIMuecKass PeKOHCTPYKITHSL.
Pesynomamur: Vicions3ys 3arpyxennbie u3 6a3bl qanabix NCBI/EBI 680 meTarenoMoB
KaJjia 3 7 OImyOJMKOBAaHHBIX MCCIICJIOBAHUN MAIIMEHTOB ¢ MenaHoMmou [1-5, 7, 9], Mbr
coOpany HepeTyIMPOBAaHHBIN KaTalor OakTepuabHBIX TeHOMOB (Janee metagenome-
assembled genomes — MAGS, reHombl, cOOpaHHbIE W3 METareHOMOB), KOTOPBII
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Bkmouan 1422 MAG’a. CormacHO KayecTBY COOpPaHHBIX T€HOMOB IO KPHUTEPHUSIM
Genomic  Standards  Consortium  [10], coOpaHHBIii  KaTajor  BKJIFOYAI
1006 BricokokauecTBeHHBIX ¥ 416 MAG  cpemnero  kauectBa.  CoriacHo
TaKCOHOMHYECKOH aHHOTAIINH, U3 BCETo Katanora 1416 aBisumch TeHOMaMu OaKkTepuit
U 6 — reHoMaMu apxeil. Ciucok Hanbosiee pacnpocTpaHeHHBIX (uI BKItovai Firmicutes
(902 remoma), Actinobacteria (261 remom), Bacteroidetes (148 reaomoB), Proteobacteria
(59 reromoB), a Taxkxke apyrue Gpuaymbl (52 remoma). ITocie 3TOro 6bUTO MPOBEACHO
BBISIBIICHME  OHMOMAapKepoB, CBSI3aHHBIX C  pe3ylbTaTaMd  HWMMYHOTEpaIuH,
OCYILIECTBJICHHOE COTJIACHO paHee omucaHHoMy mpotokony [8]. B pesynbrare
MPOBEICHHOTO aHau3a ObUT ToJTy4eH crucok u3 137 MAGS-mMapkepoB, OTIHYAIOIINX
MNalMEeHTOB 1O MCXOAy HWMMyHOoTepanuu: &84 1 MOJOXHUTENBHOIO  HMCX0/a
ummMmyHotepanuu (R-rpynmna, anri. responder) u 54 ms orpunarensroro (NR-rpynma,
anria. non-responder). B 6 u Ooiee MCCAEMOBAHUAX C IMOJIOXKHMTEILHBIM HCXOIOM
uMMyHoTepanuu Obltr cBsizanbl 5 MAG’oB Brumrouas Bifidobacterium adolescentis,
Bifidobacterium unclassified, Gemmiger qucibalis u Barnesiella intestinihominis.
CnemyrouiM [iaroM Hamed paboThl CTaJlo CpaBHEHHE BBISBIEHHBIX TPy
OuomapkepoB M0  (YHKUMOHAJIBHOMY  COICPKAHHUIO B  COOTBETCTBHHM  C
kiaccupukanmavu KEGG u MetaCyc [11, 12]. B uactHOCTH, MBI OOHApYXWIIU
41 rpynmy opronoruit o knaccupukanmu KEGG u 63 no kinaccudukannn MetaCyc,
KOTOpbIE NPOJEMOHCTPUPOBAIN 3HAUYMUTENIBHBIE DPA3IUUYUsl B IPEICTABICHHOCTH B
rpynnax MAG-6uomapkepoB. [IprMedarenbHO, YTO BCE STH BBISIBICHHBIC TPYIIIBI
TCHOB ObUTM TOBBIMIEHB B R-Tpymnme. PesynbraTel ananu3a oOOramieHusi Tpynnamu
reHoB mokasan, uro 6 myreii KEGG u 4 myrm MetaCyc, Bxmouasi cBS3aHHBIE C
OMOCHHTE30M aMHUHOKHCJIOT M KoOajdamMuHa, ObLIM 3HAYMTEILHO ITOBBIINIEHBEI B R-
rpymnne. Kpome Toro, ™Mbl u3yunmnu cBs3b  Mexay MAG-Omomapkepamu u
BBIICYNOMSHYTBIMH IYTSMH. Pe3yiabpTaTel 3TOr0 aHaiu3a IO3BOJMIN BBIACIHUTH
5 pomos (Faecalibacterium, Blautia, Bacteroides, Bifidobacterium u Ruminococcus),
KOTOpBIE CoJiep Kali HauOoJbllee KOJINIECTBO KIACTEPOB I€HOB, OTHOCAIIMXCS K 3THM
MYTSIM.

Hcnonb3yst MeToap! MeTabOIMYECKON PEKOHCTPYKIMY U ()YHKLIMOHAIIBHOW aHHOTAIHH,
MbI BBISIBUJIM CHIBHT OajlaHCa MPOTOTPO(GHH B CTOPOHY ayKCOTPO(HUU aMUHOKHCIIOT y
MallMeHTOB C HETaTUBHBIMH  pe3ylbTaTaMH HMMyHOTepanuu. Kpome Toro,
HCCIIeIOBaHNE MyTell OMOCHHTE3a KOPOTKOLETIOYEUHBIX >KUPHBIX KHCIIOT, U3BECTHBIX
CBOCH UMMYHOMOJYJIMPYIOIIEH POJIbIO, BBIABUIO nupdepeHInaIbHOe OOMINe 3TUX
nyteil cpean xoHkpeTHBIXx MAG. Cpeau mpouero, Hanu4yue KoOaTaMHH-3aBUCHMOTO
NyTH cuHTe3a anerata Byna—Jlionrgans ObUIO HampsMyO CBS3aHO C IO3UTHBHBIM
OTBETOM Ha UMMYHOTEPAIHIO MEJIAHOMBI.

Bvigoowi: B nienoM, monydeHHbIe HAMU PE3yJIbTATHI TIO3BOJIWIN YIIYOUTh TIOHUMaHHUE
OMOJIOTHUECKUX MEXaHW3MOB BIMSIHUS MHMKpOOMOMa KHIIEYHHKAa Ha pPe3yJIbTaThl
MMMYHOTEpAlMyd MEJaHOMBl U 3aJI0KUTh OCHOBY JUIS JajbHEHIIMX HCCIEJOBAHUM,
HaTpaBJICHHBIX Ha MOBBINICHHE Y(PPEKTHBHOCTH JAHHOTO BUA JICUCHHS C TTOMOIIBIO
MOJIYJIALIMU MUKPOOHOMA.

Qunancuposanue: WccnenoBaHue mnoalepkaHo rpaHTtoM Poccuiickoro Hayunoro
®onna cornamenue Ne 22-75-10029. Mudopmanust 0 mpoeKTe AOCTYNHA MO CCHIIKE
https://rscf.ru/project/22-75-10029/.
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Motivation and Aim: The global scientific community is conducting extensive research
to determine the degree of influence of the human gut microbiota on the outcomes of
immunotherapy for malignant tumors. Characteristics of the human gut microbiota not
only positively influence the outcome of immunotherapy, but can also be transferred [1-
5]. The fact that the responder phenotype is transferred by microbiota transfer suggests
that this phenomenon may be associated with a specific bacterium or set of bacteria (or
some bacterial characteristic or metabolite) that can be isolated and used as an adjuvant
to improve the outcome of immunotherapeutic treatment. However, despite a large
number of published studies, researchers still do not agree on the gut microbial
determinants of response to melanoma immunotherapy. Previously published meta-
studies have partially answered this question [6, 7], but a complete understanding of the
biological processes underlying this phenomenon remains to be seen. However, the
identification of candidate bacteria is complicated by the location and limitations of the
samples collected, as well as some other objective factors. Recently, Olekhnovich and
co-authors [8] identified consistent stool metagenomic biomarkers associated with
melanoma immunotherapy efficacy using community-accepted methods of taxonomic
and functional annotation. The next step of our study which we described here is to use
enhanced methods including genome-resolved metagenomics, comparative genomics,
and metabolic reconstruction methods to explore possible mechanisms of gut microbiota
involvement in response to metastatic melanoma therapy.

Methods and Algorithms: This study used advanced bioinformatics techniques such as
genome-resolved metagenomics, strain profiling, comparative genomics, and metabolic
reconstruction to refine and develop the proposed concepts.

Results: Using our collected from NCBI/EBI database 680 stool metagenomes from
7 published studies from patients with melanoma [1-5, 7, 9], we assembled a non-
redundant catalog of bacterial genomes (further metagenome-assembled genomes —
MAGS) that included 1,422 genomes. According to the quality of the assembled
genomes by Genomic Standards Consortium criteria [10], our genomes included
1,006 high-quality and 416 medium quality MAGs. According to the taxonomic
annotation of the entire catalog, 1,416 were bacterial genomes of and 6 were archaeal.
The list of the most common phyla includes Firmicutes (902 genomes), Actinobacteria
(261 genomes), Bacteroidetes (148 genomes), Proteobacteria (59 genomes), and other
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phylums (52 genomes). After that the biomarkers linked to immunotherapy outcome
have been evaluated according to early described protocol [8]. As a result of the analysis,
we obtained a list of 137 MAGs-biomarkers that distinguished patients by the
immunotherapy outcome: 84 for positive immunotherapy outcome (R-group) as well as
54 for negative (NR-group). Consistent in 6 or more studies were 5 MAGs linked to the
positive immunotherapy outcome including Bifidobacterium adolescentis, unclassified
Bifidobacterium, Gemmiger qucibalis, and Barnesiella intestinihominis. The next step
in our work was to compare the identified groups of biomarkers by functional content
according to KEGG and MetaCyc classifications [11, 12].

Specific gene groups that distinguish functional categories among MAG biomarkers
have been identified. Specifically, we found 41 KOG and 63 RXN categories that
showed significant differences. Notably, all of these identified gene groups were
upregulated in the R-group. The results of gene set enrichment analysis revealed that
6 KEGG pathways, and 4 MetaCyc pathways including associated with amino acid and
cobalamin biosynthesis were significantly upregulated in the R-group. In addition, we
explored the relationship between MAG-biomarkers and the aforementioned
immunotherapy-relevant pathways. The results of this analysis, highlighted the top
5 genera that contained the highest number of gene groups from these pathways. These
genera were Faecalibacterium, Blautia, Bacteroides, Bifidobacterium, and
Ruminococcus.

Using metabolic reconstruction and functional annotation methods we identified a shift
in the balance of amino acid prototrophy to auxotrophy in patients with negative
immunotherapy outcomes. Furthermore, our investigation of the biosynthetic pathways
of short-chain fatty acids, known for their immunomodulatory role, revealed a
differential abundance of these pathways among the specific MAGs. Among others, the
cobalamin-dependent Wood-Ljungdahl pathway of acetate synthesis was directly
associated with responsiveness to melanoma immunotherapy.

Conclusion: In summary, our findings have advanced the understanding of the biological
mechanisms of gut microbiome influence on melanoma immunotherapy outcome and
provided a foundation for further investigations aimed at enhancing immunotherapy
efficacy through microbiome modulation. In summary, our findings have advanced the
understanding of the biological mechanisms of gut microbiome influence on melanoma
immunotherapy outcome and provided a foundation for further investigations aimed at
enhancing immunotherapy efficacy through microbiome modulation.

Funding: Financial support for this study was provided by the Russian Science
Foundation under the grant number 22-75-10029, available at https://rscf.ru/project/22-
75-10029/.
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