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Aim: demonstration of basic molecular biological, metabolic and immunological effects of fecal microbiota trans-
plantation (FMT), on the example of a rare case of acute graft-versus-host disease (GVHD) with intestinal damage
in a patient after allogeneic hematopoietic stem cell transplantation (allo-HSCT).

Materials and methods. To monitor the basic effects of FMT, we performed targeted DNA sequencing of 16S
rBRNA gene (V3-V4) using MiSeq platform as well as multiplex real-time PCR, MS/gas chromatography technique,
immunophenotyping of blood lymphocytes, histological and immunohistochemical techniques.

Clinical case. A 40-year-old female patient diagnosed with myelodysplastic syndrome, with a history of two un-
successful allo-HSCTs due to graft failure, underwent the third haploidentical HSCT (haplo-HSCT) from her father
as ‘salvage’ therapy. Due to early viral/bacterial colitis post-transplant associated with a multidrug-resistant strain
of K. pneumoniae and herpes virus type 6, FMT was performed on days 46 and 47 after allo-HSCT. Complete reso-
lution of the enteropathy symptoms was noted following FMT. However, immunosuppressive therapy was canceled
on D+106 after haplo-HSCT due to the detection of minimal residual disease causing development of the ‘overlap’-type
GVHD with damage skin lesions grade 4, and intestinal mucous membranes grade 3. This complication required resump-
tion and subsequent intensification of immunosuppressive therapy with complete resolution of GVHD symptoms.
Following FMT treatment, the patient showed complete resolution of clinical colitis symptoms. According to results
of 16S rBRNA sequencing, the species-specific diversity of fecal microbiota increased significantly, along with de-
creased relative contents of opportunistic bacteria (Klebsiella, Enterococcus, Streptococcus genera). A significant
growth was revealed for commensal Bacteroidota, and re-emergence of Faecalibacterium, Blautia, Roseburia.
Acute gastrointestinal GVHD promoted by tacrolimus withdrawal was associated with repeated depletion of intestinal
microbiota. Upon resolution of GVHD and resumed immunosuppression, increased microbiota diversity (Shannon in-
dex) was again recorded, and the parameters of patient’s fecal microbiota reached the donor values. The microbiota
shifts at all clinical stages (before and after FMT, at the peak of acute intestinal GVHD and intensive immunosuppres-
sive therapy) showed some relations with metabolism of bile and fatty acids in blood plasma and immune parameters.
Conclusions. FMT may be a component of complex therapy aimed at early reconstitution of immune system and or-
ganic acid metabolism in patients after allo-HSCT. The composition of fecal microbiota, metabolic profile and spec-
trum of lymphocyte subpopulations may be markers for monitoring complex rehabilitation after allo-HSCT.
Keywords: fecal microbiota transplantation, graft-versus-host disease, allogeneic hematopoietic stem cell trans-
plantation, metabolome, bile acids, lymphocyte subpopulation
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Llenb npeacraBneHus KJIMHNYECKOro HabGnogeHus: npoaeMOHCTPUPOBATb OCHOBHbIE MOJIEKYNSPHO-OMON0-
rmyeckme, Metabonmyeckue 1 UMmyHonormdyeckne apdekTbl TpaHchaaHTaumMm dekanbHo MUKPobunoTsel (TOM)
Ha NpUMEpPE PenKoro crnyvyasa pa3BmTus OCTPON peakuun «TPaHCMIaHTaT MPOTUB XO3NHA» C MOPAKEHNEM KMLLEY-
Huka (PTIX XKT) y naumeHTKkn nocne nNpoBeAeHUa aijloreHHON TPpaHCrnaHTauum reMono3TMYeckmnx CTBOJIOBbIX
knetok (anno-TrCK).

Matepuanbl U meToabl. [115 OLEHKM OCHOBHbIX, U3BECTHbIX MexaHn3moB TOM Oblno NCMOb30BaHO TapreTHoe
cekBeHnpoBaHne pparmeHToB V3-V4 yyacTka reHa 16S pPHK Ha nnatdpopme Miseq (16S cekBeHMpPOBaHUS), MyJib-
TUNAeKCHasa noanmepasHas LenHas peakuys B peXnMe peasibHOro BPEMEHM, XpOMaTo-MacCc-CNeKTPOMETPUS, M-
MyHO(EHOTUNMPOBaHNE CyOnonynaunin TMM@OoLUNTOB, MMCTONOMMYECKNN N UMMYHOTMCTOXUMMUYECKNIA MEeTOAbl UC-
C/iefoBaHus.

KnuHuyeckun cnyvamn. MNaumentke 40 net ¢ ANarHO30M «MUENOAMNCINACTUYECKNIA CUHAPOM», aHAMHE3OM OBYX
HeycnelHbix anno-TICK B cBA3M C HENPUXUB/IEHMEM TPAHCMIAaHTaTa B KA4EeCTBE «Tepannn crnaceHus» Obina Bbi-
nosiHeHa TpeTbs rannougeHTnyHasa TICK oT oTua. B cBS3Kn ¢ pa3BUTMEM B PaHHEM MOCTTPAHCM/IAHTALMOHHOM ne-
puoLe BUPYCHO-BakTepmanbHOro konmta (accouMMpoBaHHOIO C MOJSIMPE3UCTEHTHBIM WTaMmMoM K. pneumoniae
1 BUpPYCcOM repneca 6-ro tuna) Ha 46—-47-e cytku nocne anno-TICK 6bina BeinonHeHa TOM. MNocne nposeneHHOM
npouenypbl 0TMEYasOCh NOJHOE paspeLleHne CMMNTOMOB aHTeponatum. OgHako Ha [+106 nocne rannoMaeHTuy-
Holi TICK B cBA3M C meTekumer MUHUMaNIbHOM OCTaTO4YHOM 60Ne3HN Oblna OTMEeHeHa MMMYHOCYMNPECCUBHAA Te-
panus, 4To npmeeno K passutuio PTIX no Tuny overlap-cuHopomMa ¢ nopaxeHnemM KOXu 4-i CTeneHun, CAN3ncTbIxX
060n04ek kuleyHmka 3-i cteneHn. ATo noTpeboBano BO30OHOBMEHMS U B MNOCNEOYIOWEM YCUIEHUS UMMYHOCY-
MPECCMBHON Tepanumn, Ha GOHE Yero 0TMEeYasnoCh NOJSIHOE pa3peLleHne cnmntomon PTIIX.

Mocne BbinosnHeHns TOM y nauyeHTKM OTMEYEHO MOJIHOE pa3peLleHne KIIMHUYECKMX CUMATOMOB BUPYCHO-0akTe-
puanbHoro konuta. MNo pesynsratam 16s cekBeHMPOBaHUS, 3HA4YMMO BO3POCIIO BUOOBOE pa3Hoobpasne dekasb-
HO MUKPOOMUOTLI, BbISIBIEHO YMEHbLUEHNE OTHOCUTEJIbHOMO KOMIMYECTBA YCJIOBHO-MATOrFEHHbIX GakTepuii (pop,
Klebsiella, Enterococcus, Streptococcus), yBepeHHbI POCT KOMMEHCasbHbIX MMKPOOPraHn3MoB: Bacteroides, no-
saBneHne ponoB Faecalibacterium, Blautia, Rozeburia. Pazsntue octpon PTIX XXKT, cnpoBoumpoBaHHOW OTMEHOW
TakponumMyca, criocobCTBOBaNo NOBTOPHOMY ann3oay 06eaHEHNS MUKPOBOMOTHI K1LeYHMKa. 1o Mepe pa3peLleHmns
cumMnTomoB PTIMX Ha ¢poHe BO30OHOBNEHNS UMMYHOCYNpPeccum 6biil BHOBb 3adpUKCUPOBaH POCT nHAekca LLieHHoHa,
a cocTaB dekanbHOM MUKPOOUOTLI MaLMEHTKM NPUBAN3UICSA K TaKOBOMY Y AoHOpa. CocTaB MMKPOOMOTLI HAa BCEX
KJIMHMYEeCKNx aTanax — o v nocne TOM, B nepmon MakcMmanbHOM MaHUdEeCcTaLmMm CUMITOMOB ocTpoi PTIX ku-
LLEYHMKa, YCUNEHUS MIMMYHOCYMNPECCUBHOW Tepanmm — okasbiBas BAUSHNE Ha METab0NN3M XENYHbIX, XUPHbIX KNC-
JI0T NJia3Mbl KPOBU U HA NMokasaTesim UMMYHHOW CUCTEMBI.
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BbiBoabl. TOM MOXET ObITb HYACTbiO TEPANUN, HAMPABNEHHOW HA PAHHIOD PEKOHCTUTYLIMIO UMMYHHOM CUCTEMbI
1 0O6MeHa opraHMyYeckmx KUCNoT, y nauneHToB nocne amno-TICK. CoctaB dekanbHOM MUKPOOMOoThl, MeTabonnye-
ckuii npodunb 1 cnekTp cybnonynaumm NMM@oLMTOB MOryT GbiTb Mapkepamu KOHTPOSS KOMIJIEKCHOW peabunnta-
unm nocne anno-TICK.
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Introduction

Allogeneic hematopoietic stem cell transplanta-
tion (allo-HSCT) remains the most effective treat-
ment for most hematopoietic malignancies [1—3].
A graft-versus-tumor response is among the main
effects of allo-HSCT. It is caused by recognition
of histocompatibility antigens on the recipient’s
malignant cells followed by their destruction by
T lymphocytes of donor origin [1, 4]. However,
activated T-lymphocytes are able to recognize the
same antigens on normal cells of the recipient tis-
sue, leading in turn to the development of a graft-
versus-host disease (GVHD) [1].

Relapses of the underlying disease occur in
approximately 25 % of patients after allo-HSCT
[4]. Predictors of post-transplant relapse may
include detection of minimal residual disease
and/or reduction in donor chimerism, which
often requires reduction or even complete dis-
continuation of immunosuppressive therapy. It
is known that such tactics can induce the devel-
opment of GVHD [4, 5].

Involvement of gastrointestinal tract is the
most severe and difficult-to-cure manifestations of
acute GVHD [6]. To date, a correlation is shown
between altered composition of fecal microbiota
(FM) and GVHD development [7]. Allo-HSCT
and accompanying therapy (conditioning regimen,
antibacterial therapy and low-microbial diet) have
a significant negative impact on the composition
and species diversity of FM [8]. Reduced contents
of the main phyla of commensal bacteria, such as
Bacillota, Bacteroidota, Actinomycetota, leads
to excessive colonization of intestinal tract with

opportunistic pathogens such as Proteobacterota
(Gammaproteobacteria), certain Bacillota genera
(Enterococcus spp., Staphylococcus spp., etc.).
These bacteria induce production of pro-inflam-
matory cytokines (IL-1, IL-6), leading to activa-
tion of T lymphocytes and development of acute
GVHD of the gastrointestinal tract [3, 6, 7, 9].

Over recent years, fecal microbiota transplan-
tation (FMT) was established as an effective
strategy to correct the intestinal biocenosis in
many gastrointestinal diseases and an approach
to biological decolonization of antibiotic-resistant
strains [10—12], with proven effectiveness and
safety in the cohorts of immunocompromised pa-
tients [13], including those with acute gastrointes-
tinal GVHD and overlap syndrome [2, 14].

The results of recent studies have demonstrated
the role of FM in regulation of gene expression,
modulation of immune and metabolic processes
in the whole body [15—18]. Commensal bacteria
from gut microbiota produce short-chain fatty ac-
ids, bile acids, amino acids, which interact with
specific receptors, such as TLR, NLR, G-protein
receptors (GPR43, 41, 109A), FXR, which are in-
volved in regulation of immunity and metabolism
in the human host [15].

The presented clinical case demonstrates for
the first time distinct changes in gut microbio-
ta composition, certain dynamics of cellular and
humoral immune response, shifts in bile and un-
saturated fatty contents at all stages of treatment
for acute gastrointestinal GVHD in a patient after
allo-HSCT.
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Materials and methods

Fecal samples were collected at 15 time-points:
before FMT, on days +1 after allo-HSCT (D+1),
days +3, +8, +16, +30, +45, +60, +70, +75, +105,
+120, +140, +200, and +260 after FMT. Bacterial
composition and biodiversity of FM were assessed
by means of targeted DNA sequencing of 768
rRNA gene (V3—V4 fragments) performed on the
MiSeq platform (“Illumina”, USA) in accordance
with the standard protocol 16S Metagenomic
Sequencing Library Preparation (“Illumina”,
USA). The V3—V4 fragment amplification was
carried out using Phusion High-Fidelity DNA
Polymerase (“Thermo Fischer Scientific”, USA)
with proofreading activity. Nextera XT Index Kit
(“Illumina”, USA) was used to multiplex DNA li-
braries. Sequencing was performed using 600-cycle
MiSeq Reagent Kit v3 (“Illumina”, USA) to ob-
tain paired reads of 300 nucleotides long. Quality
control of NGS performed for each sample includ-
ed the following parameters: at least 50,000 se-
quence reads per sample; the optimal number of
high-quality reads with a Q30 value of more than
60 %; absence of chimeric sequences and overrep-
resented sequences.

To evaluate total bacterial mass in the FM sam-
ples, the real-time multiplex PCR technique was
used with a commercial test system “Kolonoflor-16”
(OO0 “Alfalab”, Russia) [19].

Chromato-mass spectrometry (MS) was used
to determine concentrations of bile acids in blood
plasma. The MS studies were performed at the
“Agilent 1200” high-performance liquid chromato-
graph with an “Agilent 6460” triple quadrupole
(“Agilent Technologies”, USA). Polyunsaturated
fatty acids (PUFAs) have been quantified with
“Agilent 7890” gas chromatograph with a mass-se-
lective detector (“Agilent Technologies”, USA).

Immunophenotyping of lymphocyte subpopula-
tions was performed on a “Cytomics FC500” flow
cytometer (“Beckman Coulter”, USA).

Histological and immunohistochemical stud-
ies of sections, embedded in paraffin tissue sam-
ples, were carried out using standard techniques.
Routine hematoxylin and eosin staining of sec-
tions and immunohistochemical determination of
CD3 expression in the tissue were used.

This study was approved by the local ethics
committee of the Pavlov First Saint Petersburg
State Medical University Protocol No. 192 of
January 30, 2017.

Clinical case

Patient K., 40 -years-old woman, was diag-
nosed in 2007 with acquired aplastic anemia and
paroxysmal nocturnal hemoglobinuria complicat-
ed with severe hemolytic crises. Therapy with

cyclosporine and eculizumab was carried out for
10 months resulting in stable clinical and labora-
tory remission which lasted 10 years.

In 2017, blood counts revealed two-lineage cy-
topenia (grade 2 thrombocytopenia, grade 1 ane-
mia). Trephine biopsy revealed myelodysplastic
syndrome, refractory anemia with excess blast-II
(RAEB 1II) was diagnosed.

Two courses of therapy with hypomethylating
agents resulted into stabilization of the disease.

In April 2018, the patient underwent allo-HSCT
from a completely HLA-matched donor found in
the international registry. Complete clinical and
hematological remission was achieved, with res-
toration of donor-type hematopoiesis. However,
a decrease in donor chimerism to 80—89 % was
observed at early terms after allo-HSCT thus
requiring early withdrawal of immunosuppres-
sive therapy (since D+64), administration of hy-
pomethylating agents, and the infusion of donor
lymphocytes. However, at the control restaging
(D+100), monosomy of chromosome 7 and a de-
crease in donor chimerism to 20—30 % were re-
vealed, and graft rejection was detected due to
relapse of the disease. Therefore, a decision was
made to perform a repeated HSCT from the same
donor. However, after second transplant (August
2018), hematopoiesis was restored with recipient
cells (donor cell ratio < 3 %, monosomy of chro-
mosome 7 in 100 % of metaphases) thus confirm-
ing primary non-engraftment.

Due to recovery of the own patient’s hema-
topoiesis, absence of “graft versus leukemia” ef-
fect, and persistence of primary malignant disease,
a decision was made to perform haploidentical
HSCT from her father as a part of “salvage ther-
apy” strategy.

After the third haploidentical HSCT,
post-transplant period proceeded as follows:

— D+3 to D+7, after allo-HSCT, — grade 3
cytokine release syndrome has been developed (fe-
brile fever, cytolysis, maculopapular skin rash).
Therefore, therapy with ruxolitinib was started at
a dose of 10 mg/day followed by resolution of
skin rashes; ruxolitinib was discontinued on D+29.

— D+15 — engraftment of the transplant, clini-
cal and hematological remission of underlying dis-
ease, donor chimerism of 95—97 % were registered.

— D+25 — development of diarrhea up to
7 times daily, 1300 mL/day, without patholog-
ical admixtures. Stool bacteriology showed high
levels (108 CFU/mL) of pathogenic K. pneu-
moniae which was resistant to most groups of
antibacterial drugs (penicillins, cephalospo-
rins, fluoroquinolones, carbapenems). Therefore,
a decision was made to carry out pharma-
cological decontamination with oral amikacin

the
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(1000 mg/day) added to the therapy protocol.
Intact mucosal surface was seen at fibrocolonosco-
py. Histomorphological study of intestinal walls re-
vealed mild stromal fibrosis and minimal reactive
changes of glandular epithelium (Fig. 1, a). DNA
PCR assay of colonic mucosa lysate showed human
herpes virus type 6 (HHV6). Therefore, viral colitis
was diagnosed, and ganciclovir (10 mg/kg/day) was
added to therapy.

— D+31 — positive changes were observed in
the course of antibacterial and antiviral thera-
py, i.e., decreased frequency of stools (3 times
and 300 mL/day). However, despite the thera-
py, bacteriological tests of feces, urine and throat
swabs still revealed the multi-resistant strain of
K. pneumoniae. In view of persisting enteropathy,
biological decolonization of K. pneumoniae was
decided by means of fecal microbiota transplanta-
tion (FMT).

— D+46 and D+47 after haploidentical
HSCT — FMT was performed from a healthy
unrelated donor. The patient took 15 capsules
of frozen FM daily on two subsequent days. The
total mass of fecal transplant was 22 g. Before
signing the informed consent, all the benefits, dis-
advantages and side effects of the FMT method
were explained to the patient. The protocols for
examining the fecal transplant donor, preparing
capsules with frozen FM, and the protocol for tak-
ing capsules with FM were described in previous
publications [10, 14].

— D+49-57 (D+3—11 after FMT) — posi-
tive dynamics manifested as a decreased stool fre-
quency and volume. On D+8 after FMT, formed
stool twice a day was detected.

— D+106 (D+60 post-FMT) — molecular ge-
netic study of bone marrow aspirate has confirmed
a complete donor chimerism (> 97 %). However,
minimal residual disease (+2.3 %) was diagnosed,
thus making us cancel immunosuppressive therapy
with tacrolimus.

— D+114 (D+68 post-FMT) — the patient
was diagnosed with severe GVHD with skin le-
sions grade 4, intestinal mucous membranes le-
sions grade 3. Therefore, tacrolimus administra-
tion was resumed at a dose of 1 mg/day.

— D+119 (D+73 post-FMT) — negative dy-
namics manifested as increased diarrhea (watery
mucous stools up to 17 times/day, at a volume of
500 mL/day). Repeated colonoscopy and fibrogas-
troduodenoscopy showed pathological changes in
the biopsy materials represented by extensive lym-
phocytic (CD3") infiltration of the mucous stroma
and epithelial lining of the glands (Fig. 1d) with
visible foci of lumpy nuclear destruction in apop-
totic epithelial cells, subtotal or total decay of
some mucous glands (Fig. 1c, e, f). Glucocorticoids

(methylprednisolone 2 mg/day and ruxolitinib
15 mg/day) were added to therapy.

— D+153 (D+105 post-FMT) — positive dy-
namics manifesting as decreased frequency and
volume of stool, decrease of fecal calprotectin
levels (from 774 pg/g on D+90 after FMT to
56 ug/g on D+120 after FMT). Repeated fibro-
gastroduodenoscopy and fibrocolonoscopy were
performed. The results of biopsy histology showed
pathological changes in the colon mucosa charac-
terized by focal scanty lymphocytic intraepithelial
infiltration and focal nuclear destruction of ep-
ithelial cells, however without visible gland de-
struction having been interpreted as mild acute
GVHD (Fig. 1b).

— D+244 (D+190 post-FMT) there are no
clinical signs of overlap syndrome at skin, mucous
membranes, or intestines; formed stool once a day.
The appetite is satisfactory, weight gain — 5.5 kg
(the weight loss was 20 % during previous overlap
syndrome, with minimum weight of 40 kg).

— D+304 (D+260 post-FMT) — the patient re-
mains in stable clinical and hematological remis-
sion. There are no signs of intestinal GVHD. The
complete follow-up period for the patient exceeds
S years.

Results

Dynamics of fecal microbiota during FMT

and therapy of intestinal GVHD

After FMT, an increase in the total bac-
terial mass was observed from 1.0 x 10° to
7.0 x 10" CFU/g, reached maximum values of
1.0 x 10" CFU/g at D+70 after FMT (Fig. 2d).
Along with the increase in total bacterial num-
ber, the species diversity of intestinal microbiota
was also enlarged, with Shannon index increased
from 2.0 to 3.6 within 3 days after FMT proce-
dure (Fig. 2¢).

The patient’s microbiota before FMT was mainly
represented by bacterial Proteobacterota (51.4 %)
and Firmicutes (47.1 %) (Fig. 2a). In particu-
lar, the opportunistic microorganisms belonged
to the following genera: Klebsiella (43.9 %),
Enterococcus (16.4 %), Streptococcus (23.6 %),
Lactobacillus (2.5 %), Enterobacter (0.6 %). On
the contrary, the donor microbiota was enriched
by anaerobic phyla, e.g., Bacteroidota (27.7 %),
Bacillota (60.9 %), Aktinomycetota (1.2 %).

From D+3 to D+70 after FMT, the patient’s
FM was gradually dominated by Firmicutes
(11.7-55.2 %), Bacteroides (10.4—36.3 %),
Actinomycetota (0.3—2.8 %), with increase
in  Faecalibacterium (up to 29.4 %), Blautia
(up to 7.8 %), Roseburia (up to 9.5 %) (Fig. 3a— d).
The presence of Enterobacter, Enterococcus,
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Figure 1. Morphological changes of colonic mucosa membranes at different stages of therapy: a — non-specific
reactive changes of mucous membrane on D+25; b — mild GVHD pattern without destruction of mucous glands
on D+1533; ¢c—f — severe GVHD pattern with massive intraepithelial lymphocytic infiltration and reduction/
destruction of glands in the lamina propria of the mucous membrane on D+119; hematoxylin and eosin staining —
a, b, ¢, e, f; immunohistochemical examination for CD3 — d; scale bars are shown in the pictures

Pucynox 1. Mopdosornyeckre u3MeHeHHs CTM3UCTON 0GOJOYKH TOJICTON KHUIIKKM HA BCEX dTAlaxX Tepamuu: a — He-
crierupuyecKre pPeakTHBHbIE M3MEHEHMs CJAU3NCTON o6omouku Ha [J[+25; b — caaGosbipaxkennass PTIIX Ges ge-
CTPYKIIUU >Kesie3 causucroil obosouku Ha [I+153; c—f — tskenass PTIIX ¢ BbIpaskeHHOI BHYTPUAIIUTETHATBHON
suMdorutapHoil nuHUIbTPANEl W CHUKEHUEM,/ IECTPYKIHEN sKeje3 B COOCTBEHHON ILTACTUHKE CJIU3UCTOH 060-
gouku Ha [[+119; okpacka reMaToOKCUJIMHOM M 303WHOM — a, b, ¢, e, f, UMMyHOrHCTOXMMHUYECKOE HCCIEI0BAHUE
(CD3) — d; yBennuenne oTpakeHO Ha U306PaKEHUAX B BH/IE MEPHON IMIKAJIbI
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Pucymnox 2. a — OTHOCUTENIbHOE COAEPKAHME OTJAEJNbHBIX THNOB Gakrepuit (mo ocn abenmee — cpokn mocae TAOM,
nEn); b — npoduab MUKPOGMOTBHI pElUIUeHTa; ¢ — WHIEKC BUAOBOrO pasHoo6pasust Ilennona; d — auHaMuKa
o6meit 6axrepuanbnoit Maccol (log10 KOE/T); ana ¢ u d: mo ocu abeuuce — cpoku nmocite TOM, gHE; 10 ocu op-
JIMHAT — mapaMerpbl MUKpo6uoTsl (JieBast och), o6beM cryJa (paBast 0Cb)

Klebsiella, and Lactobacillus genera has been re-
duced significantly (Fig. 3e—h). Composition of
the recipient’s microbiota was nearly close to the
donor values on days 3—8 after FMT (Fig. 2b).
Early after withdrawal of immunosuppressive
therapy, the patient developed acute GVHD of
gastrointestinal tract (at D+75 after FMT), fol-
lowed by a sharp decrease in total bacterial mass
to pre-transplant values (1.0 x 10° CFU/g) and
depletion of microbiota diversity on species lev-
el (Shannon index decreased to 2.0) (Fig. 2c, d).
The differences between microbiota composition
of donor and recipient were maximal on days
+70 to +140 after FMT (Fig. 2b). We observed
a repeated increase in Proteobacterota (up to
83 % on D+105 after FMT) (Fig. 2a), an in-
creased proportion of Klebsiella, Enterococcus,
Enterobacter, Lactobacillus (Fig. 3e—h). The lev-
el of Bacteroidota decreased from 10.5 to 0.3 %,
the number of Bacillota genera (Faecalibacterium,
Blautia, Roseburia) decreased (Fig. 3a—d).
A similar microbiota profile was maintained until
D+140 post-FMT. Upon recovery from acute gas-
trointestinal GVHD, the Shannon index showed

an increase to 3.0 (Fig. 2c¢) with total bacterial
mass increased to 1.0 x 102 CFU/g (Fig. 2d),
and the profile of patient’s microbiota again re-
sembled the donor parameters over D+200 to +260
after FMT, with domination of Bacteroidota
(56.7 %), Bacillota (33.5 %), and re-appearance
of Actinomycetota phylum (2.5 %). Meanwhile,
the levels of Proteobacterota decreased to 5.6 %
(Fig. 2a).

Time-dependent changes of organic acid

levels in the course of FMT and intestinal

GVHD therapy

Due to sufficiently changes of fecal microbi-
ota, over time after FMT, one could expect al-
tered levels of PUFAs and bile acids in blood
plasma. Prior to FMT, the patient exhibited low
levels of secondary bile acids (deoxycholic acid
(DCA) — 9.2 pg/mlL, lithocholic acid (LCA) —
3.3 pg/mL), and tertiary bile acid (ursodeoxy-
cholic acid (UDCA) — 0 pg/mL). After FMT,
a significantly increased content of bile acids was
observed, with maximum values at D+45 after FMT.
From D+70—75 after FMT, the levels of DCA and
UDCA were sharply decreased thus corresponding to
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Pucynox 3. [lunaMuKa OT/[eJbHBIX GaKTepHaIbHBIX POLOB B X0[€ HccaeqoBanus: a — Roseburia, b — Blautia, ¢ —
Bacteroides, d — Faecalibacterium, e — Lactobacillus, f — Klebsiella, g — Enterobacter, h — Enterococcus;
no ocu aberpce — cpoku nocae TAOM, 10 ocu OpAMHAT — OTHOINEHUE OTAEIBHOrO poja K obuiell GakTepraabHOil
Macce (q1eBast ocb), 00beM cTya, M/ cyT. (mpaBast ocb)
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Figure 4. Time-dependent changes of organic acids in blood plasma of the patient: a — polyunsaturated fatty
acids, b — primary bile acids, ¢ — secondary bile acids, d — paired bile acids; abscissa — terms after FMT;
ordinate — plasma bile acid content, ug/mL (left axis), stool volume, mL/day (right axis)

Pucyuox 4. Z[I/IHaMI/IKa OpPraHM4YeCKNX KHUCJOT B IJIa3M€ KPOBU B XO/i€ UCCJAENOBAHUA: a — TOJUHEHACHIIIEHHDBIEC
JKUPHbBIEC KNUCJIOTDBI, b — IIEPpBUYHbBIC JKE€/JTYHDBIE KUCJIOTbI, C — BTOPWUYHbIC JKE€JYHbIE KUCJIOTDI, d — IIapHbI€ JKEJYHbIE
KHNCJIOTBI; II0 OCH aéCLII/ICC — CPOKH 1ocJsie TCDM, TI0 OCH OpAWHAT — COJIEpyKaHue JKEJTYHDbIX KUCJIOT B ILIa3Me, MKT/MJI

(neBast ocp), o6beM cryara, M/ cyT (paBas 0ch)

the period of acute gastrointestinal GVHD (Fig. 4c).
By the end of observation period (D+200—260 post-
FMT), upon resolution of acute GVHD, the level of
secondary bile acids was restored again.

It should be noted that increased volume of diar-
rhea was accompanied by an increased level of paired
and primary bile acids, such as glycocholic acid
(GCA), taurocholic acid (TCA), cholic acid (CA)
and chenodeoxycholic acid (CDCA) (Fig. 4b, d).

There is a direct relationship between total bac-
terial mass and the level of UDCA, and an inverse
relationship between total bacterial mass and the
level of primary and paired bile acids. An increase
in UDCA synthesis was associated with expan-
sion of such bacterial families as Ruminocaccaceae,
Bacteroidaceae. On the contrary, the reduced levels
of Enterobacteriaceae and Enterococcaceae were re-
vealed.

After FMT, the levels of omega-3 PUFA (eicos-
apentaenoic acid, EPA) remained relatively stable.
However, before the onset of enteropathy (from
D+70), a decreased concentration of the latter is
observed. The maximum EPA values were record-
ed at D+105 after FMT, i.e. with documented

positive changes (decreased frequency and volume of
stool along with lower levels of fecal calprotectin),
40 days before resolution of gastrointestinal GVHD
(Fig. 4a). Omega-6 fatty acids, i.e., arachidonic
(ARA), linoleic (LA) acids and omega-3 — docosa-
hexaenoic acid (DHA) also correlate with total bac-
terial mass and clinical pattern of GVHD: their lev-
els decreased with severity of enteropathy. Omega-3
alpha-linolenic acid (alpha-LA) values showed in-
verse changes.

Time-dependent changes of immune pa-
rameters in the course of FMT and intestinal
GVHD therapy

The time dynamics of peripheral blood (absolute
leukocyte, neutrophils and lymphocytes count) fully
reflects the changes of clinical pattern. An increased
level of blood immune cells was registered imme-
diately after FMT, and the minimum values were
recorded during acute GVHD and escalation of im-
munosuppressive therapy (Fig. 5a).

The absolute lymphocytes count showed an in-
crease over the first 3 days after FMT due to
T-cytotoxic lymphocytes, T-NK cells and natural
killer cells. Meanwhile, the T helper and B cell
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counts were at stable levels. From D+8, absolute
T lymphocytes count decreased slightly, along with
the increase in B lymphocytes.

From D+70 to D+120 after FMT (upon tacro-
limus withdrawal), a continuous decline in T lym-
phocytes was found, in parallel with development
of acute intestinal GVHD, probably associated with
the escalation of immunosuppressive therapy. At the
same time, the maximal contents of B cells have
been approached, with a trend towards a decrease in
B1 lymphocytes and increase in activated memory B
cells (D+90 to D+120 FMT). Starting from D+120

FMT, upon gradual recovery from acute gastrointes-
tinal GVHD, we observed a significant increase in
T-cytotoxic lymphocytes, T killer and T helper cells
which persisted until D+140 FMT, then followed
by gradual decrease until the end of observations
(Fig. 5b—d, f). The parameters of humoral immuni-
ty were also restored following successful treatment
of acute gastrointestinal GVHD (Fig. 5e).

Hence, the time-dependent dynamics
of T-cytotoxic lymphocytes, NK cells and natural
killer cell populations showed some correlations
with total bacterial mass, Shannon biodiversity

1t el fday
pr 2000
]
1500

B

L] 1358

=00

i

¢ H )

R T TR Y ] A .

Jl.‘} I L ‘._r‘r o o qﬁ' ] '«."' - ﬁ_ﬁp
L

g oyt T ropiit B T — e v T ey
e mifday
008 2000
008 1500
a8 1000
ac L L 500

o [ &

;o gt
o o FAESLSA S :Pu

1!"’* -:|" o

o

¢ i B-tyrgiggytem CORC 0P o - gl COU S e Sl i, ol iy
en mifday
2] 2000
i

{F 1500
i)

a 1000
&

4 ]
2

a w.ow B S i

& £ P
f,“’ R A P u"p T ﬁ.‘i‘%.*
— A — g G — i wObame, T Gy
L]

md,'day

"REREEEEEEY

#*
g

-, R

* F P

*m unbﬁ-—;ﬂi

: i o
o o o '3'
o m— T-ymphocytes CO3-L018-

h T-oymows 008 =C08s

5 5
"'..? o Q‘_@' = 'a_\i“'

e S 0004 Y, T

o om
t_L"‘"Q’d

&

ek (D8 L0 1E=501 mm—T N ol COB=CO 16301 o0l wolume. mifosy

md[day
2000
1200
1800
1400
1m0
=)
BXQ
i)

W
g

0o

.1'-“4?—-‘?*?

=
A

.

53 L -]
i A P
B -rechooytes COHP «[DS=0 007 w1 1-yre phooytes CD13+005-COY7-

Memory Cels CO15-C00-{N7+ e 50001 WA, ' Y

Figure 5. Time-dependent changes of peripheral blood counts,

immune cell subpopulations, and humoral

68

immunity: a — peripheral blood cell counts; b — T cell counts, ¢ — B cell counts; d — natural killers; e — serum
immunoglobulins; f — naive lymphocytes and natural killers; abscissa — terms after FMT, ordinate — absolute
values (left axis), stool volume, mL/day (right axis)

Pucynox 5. [Junamuka nokasatesieil nepudepnyeckoii KpoBH, KJETOUHOTO U TYMOPQJIbHOTO UMMYHHUTETA: a — TIO-
kaszaresu nepudepudeckoil Kposu, b — T-rmmbonntsr, ¢ — B-mumdormrer, d — HaTypasbHble KUJLIEPDI, € — ChIBO-
POTOUYHbBIE UMMYHOTTOOYIHHBI, f — HauBHBbIE JTUM(OIUTHI U HATYPAJIbHbBIE KIJLIEPHI; MO OCH aGCIUCC — CPOKH MOCTe
TDOM, 1o ocu opanHaT — abcosoTHble 3Hadenns (Jiepast 0ch), o6beM cTyJa, Mt/ cyT (1paBast och)
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index of gut microbiota, and the level of secondary
bile acids in blood plasma. In addition, a coincidence
was found in the dynamics of primary bile acids and
B-lymphocytes, the values of which increased during
the development of acute intestinal GVHD.

Discussion

Variability of human microbiome may lead to
changes in bacterial genetic composition (metage-
nome) thus causing sufficient changes in metabolic
network (metabolome). Over recent years, multiple
researchers have applied the so-called metabolom-
ic approach in order to study pathogenesis of dif-
ferent disorders [16, 17]. The key concept of me-
tabolomics presumes that the changes occurring in
transcriptome, genome or proteome are reflected in
changing concentrations of metabolites in biological
fluids and tissues, thus leading to changes in the
metabolome [18]. Commensal intestinal microorgan-
isms are producers of short chain fatty acids, which
are necessary for maintaining epithelial barrier, reg-
ulating innate immune cells, and the antigen-specific
adaptive response mediated by T and B lymphocytes
[15]. In particular, butyrate suppresses the pro-
duction of proinflammatory cytokines (IL-6, 1L-12,
TNF-0, MCP-1) induced by lipopolysaccharides and
regulates T cell differentiation [16]. Propionate may
inhibit NF-kB signaling, also reducing the levels of
proinflammatory cytokines [20]. Over post-trans-
plant period, the patients who have developed GVHD
show scarcity of some bacterial species in fecal mi-
crobiota, along with predominance of opportunistic

flora (Enterobacteriaceae, Streptococcaceae) [21,
22]. In the present clinical case, FMT was followed
by an increase in total bacterial mass, reduction of
Enterobacteriaceae,  Streptococcus,  Lactobacillus,
Enterococcus, and re-appearance of Bacteroides, pro-
pionate-producing bacteria, along with increased
relative number of butyrate-producing bacteria
(Faecalibacterium, Blautia, Roseburia). In parallel
with these changes of intestinal microbiota, we have
found evident activation of T-cytotoxic lymphocytes
and differentiation of naive B lymphocytes into mem-
ory B cells.

In our case, early withdrawal of immunosuppres-
sive therapy led to the development of intestinal
GVHD accompanied by loss of bacterial diversity
and increase in opportunistic flora. As GVHD re-
solved, the gut microbiota was enriched again. It
should be noted, however, that the microbiota res-
toration proceeded to the donor composition rather
than to the pre-transplant parameters. In parallel to
recovery of bacterial mass and diversity of micro-
biota, we have observed differentiation of T and B
lymphocytes into T-cytotoxic lymphocytes, T helper
and memory B cells, respectively.

In addition to the short chain fatty acids pro-
duction, fecal microbiota is also involved in metab-
olism of bile acids by modifying primary bile acids
synthesized in the liver into secondary ones. Biles
acids regulate the metabolism of lipids, glucose, and
the synthesis of bile acids in the liver via activa-
tion of specific receptors, with farnesoid X FXR and
TGR-5 protein-associated receptors being the most

Figure 6. Interrelations between microbiome, metabolome, and changes of immune system

Pucynox 6. Css3b Mexly MUKPOOHMOMOM, MeTaG0JOMOM M M3MEHEHUSIMU B UMMYHHOI1 cucreme
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significant [23]. Activation of intestinal FXRs in-
duces transcription of several genes encoding proteins
involved in protecting the intestinal mucosa through
tight junctions. A decrease in bile acids concentration
leads to bacterial overgrowth syndrome and increased
bacterial translocation into bloodstream [23, 24].

Our study clearly demonstrates a correlation
between bile acids levels and total microbial mass.
The levels of primary bile acids (glycocholic and
taurocholic) increased with fecal microbiota deple-
tion, thus corresponding to pre-FMT time point
and the period of acute GVHD. The inverse pat-
tern was observed for secondary and tertiary bile ac-
ids (ursodeoxycholic, deoxycholic and lithocholic).
With increased production of secondary bile acids,
appropriate T cell dynamics was noted (increase in
T-cytotoxic lymphocytes, T helpers).

Basing on modern research concepts, it becomes ev-
ident that the microbiome plays an important role in
maintaining the main pool of organic acids, and, con-
sequently, homeostatic state of human immune system.
Molecular profile of metabolome, as well as immune
system parameters, could be directly influenced both
by means of medications (metabiotics and immunother-
apy) and via changes in the microbiome (Fig. 6).

This theory justifies the development of targeted
pre- and probiotic medications [24—26]. However,
the practice of long-term microbiome modification
has a significant advantage over the short-term
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