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Studies of the relationship between the gastrointestinal microbiota and outcomes in
allogeneic hematopoietic stem cell transplantation (allo-HCT) have thus far largely
focused on early complications, predominantly infection and acute graft-versus-host
disease (GVHD). We examined the potential relationship of the microbiome with
chronic GVHD (cGVHD) by analyzing stool and plasma samples collected late after allo-
HCT using a case-control study design. We found lower circulating concentrations of the
microbe-derived short-chain fatty acids (SCFAs) propionate and butyrate in day 100
plasma samples from patients who developed ¢cGVHD, compared with those who
remained free of this complication, in the initial case-control cohort of transplant pa-
tients and in a further cross-sectional cohort from an independent transplant center. An
additional cross-sectional patient cohort from a third transplant center was analyzed;
/ however, serum (rather than plasma) was available, and the differences in SCFAs
observed in the plasma samples were not recapitulated. In sum, our findings from the primary case-control cohort
and 1 of 2 cross-sectional cohorts explored suggest that the gastrointestinal microbiome may exert immuno-
modulatory effects in allo-HCT patients at least in part due to control of systemic concentrations of microbe-
derived SCFAs. (Blood. 2020;136(1):130-136)

® The microbe-derived
SCFAs butyrate and
propionate in the
systemic circulation
are associated with
protection from
cGVHD.

® cGVHD is associated
with gastrointestinal
dysbiosis late
after HCT.
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Introduction

Chronic graft-versus-host disease (cGVHD) affects 40% to 50%
of long-term survivors of allogeneic hematopoietic stem cell
transplantation (allo-HCT) and is the leading cause of non-
relapse mortality among patients who survive to 2 years." In
contrast to acute GVHD (aGVHD), characterized by apoptotic
tissue damage, particularly in the intestine, cGVHD is a fibrotic
condition predominantly involving the skin and mouth that
shares features with the autoimmune condition systemic
sclerosis.2 We and others have demonstrated relationships
between the microbiota and overall survival, aGVHD mortality,
infection, organ toxicity, engraftment, and relapse®* in the allo-
HCT patient population, but cGVHD remains unexamined.
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Preclinical models have demonstrated that T follicular helper and
T helper 17 cells are critical for cGVHD development, partly due to
production of profibrotic cytokines which have been linked to
gastrointestinal (Gl) microbiota composition.®® Mouse studies also
suggest that the Gl microbiome modulates alloreactivity in
aGVHD, and that these effects are dependent upon microbe-
derived metabolites.>?'° In preclinical models, the microbe-
derived short-chain fatty acid (SCFA) butyrate has been shown
to exert local effects on intestinal epithelia and immune pop-
ulations in the Gl tract,®""'? and clinical studies have associated
colonization with butyrate producers with risk of viral infection.®'4
We have previously demonstrated that allo-HCT is accompanied
by a decrease in microbial diversity within the Gl tract, particularly
loss of commensal anaerobes.®'® We hypothesized that
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microbiota perturbations may be associated with the develop-
ment of cGVHD and investigated this using a case-control study
design using patient stool and plasma samples collected at our
center.

Study design

Patient selection

We used the cohort of adult transplant recipients at Memorial
Sloan Kettering Cancer Center (MSKCC) who had =1 stool
sample between day —30 and day +365 (8164 samples, 1081
unique patients). Patients provided written consent to an insti-
tutional review board-approved biospecimen-collection pro-
tocol. cGVHD cases were identified using National Institutes of
Health criteria."”” Diagnoses and onset dates were confirmed by
chart review. Controls were randomly selected from the overall
cohort on the basis of matched graft type (ie, CD34-selected/
T-cell-depleted or unmodified graft) in a 1:3 ratio. Three patients
in the cGVHD case group received fecal microbiota trans-
plantation, as did 4 controls as part of a randomized clinical
trial.'® Healthy volunteers (plasma samples included in Figure
2A) provided written informed consent prior to the collection of
samples for inclusion in this study.

For the analysis of the Duke University Medical Center (Duke)
and University Hospital Regensburg (Regensburg) cohorts, a
cross-sectional design was applied, whereby adult allo-HCT
recipients were eligible for inclusion on the basis of the avail-
ability of paired stool and plasma (Duke) or serum (Regensburg)
samples in the time window of interest (days 70 to 130), and
without specifying clinical variables or cGVHD outcomes. Pa-
tients provided consent in a fashion consistent with each insti-
tution’s institutional review board requirements.

Stool sequencing

16S ribosomal-RNA gene sequencing was performed and an-
alyzed as previously described.®#'¢ Shotgun sequencing was
analyzed by HUMANNZ,'” and the association between pathway
abundances and cGVHD was analyzed using linear discriminant
analysis of effect size.?° Stool samples from Duke and Regens-
burg were aliquoted and frozen locally; DNA extraction and
sequencing were performed at MSKCC. Bacterial DNA extrac-
tion was performed as previously described for the MSKCC
samples’ and with a modified protocol that extracts both
bacterial and fungal DNA from stool.?" Duke had 37 unique
patients, with 27 evaluable, and Regensburg had 89 unique
patients, with 44 stool samples evaluable; missing data were due
to sample extraction or sequencing failure.

Plasma metabolomic analysis

Plasma samples were processed as previously described?? and
analyzed using quantitative gas chromatography time-of-flight
(Agilent 7890B GC System, Agilent 7200A MS Detector). Data
analysis was performed using MassHunter Profinder software
(version B.08.00, Agilent Technologies).

Statistical analysis

P values for a-diversity were calculated using a Wilcoxon test
using R (version 3.5.0). PERMANOVA testing for B-diversity was
performed using the R package vegan (using the adonis
function).® P values for the plasma SCFA analysis were calcu-
lated using analysis of variance followed by Mann-Whitney U
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testing using GraphPad Prism (Figure 2A). Fisher's exact test,
where reported, was also performed using GraphPad Prism. For
Figure 2, the logqg abundances of the most abundant microbial
genera, as well as genera that have been associated with
immune-system dynamics in cancer patients (Faecalibacterium,
Clostridium, Rothia, and Staphylococcus),?*?¢ were analyzed
with a Bayesian logistic regression using Python and the pymc3
module,? further described in supplemental Methods (available
on the Blood Web site). P values for accuracy and recall of the
trained model were calculated by drawing 100 000 sets of n = 45
binomial samples with P = .2, as per the case-control design and
each time calculating accuracy and recall of this null model (for
the other centers, the binomial parameter p was set to the
fraction of observed cases across all patients per center data set).

Results and discussion

Allo-HCT is accompanied by a loss of fecal microbiota a-diversity.2®
Since samples in our previous studies were almost exclusively
collected from inpatients, the data from later time points were
biased toward patients who either remained admitted for pro-
longed periods after HCT or were readmitted, perhaps reflecting a
more complicated transplant course. Here, we describe a cohort of
patients who were sampled both during their inpatient stay and, in
some cases, following discharge (n = 1079 patients, 8164 samples;
522 of these samples [6.4%] were collected while the patients were
out of the hospital; supplemental Table 1) and demonstrate
that loss of a-diversity can be observed for up to 12 months
(Figure 1A). We speculate that hospitalization, dietary changes,
and exposure to antibiotics and other medications establish
lasting changes in microbial communities in the Gl tract.??*°

To examine associations between microbiota composition and
cGVHD, we identified 54 cGVHD patients from MSKCC with
banked stool samples (collected between day —30 and day 365
relative to HCT). The majority of these patients had either classic
c¢GVHD (n = 23; 42.5%) or an overlap syndrome (n = 23; 42.5%),
with the minority developing a late-onset aGVHD syndrome (n =
8; 14.8%). The overlap subtype of cGVHD is characterized by the
simultaneous presence of the clinical features of aGVHD and
c¢GVHD and has been associated with a poorer overall prognosis
than classic cGVHD.3' Most cGVHD cases (29) were mild (53.7%),
9 cases were moderate (16.6%), and 8 were severe (14.8%); the
8 late-acute patients did not have severity recorded. The median
time to onset of cGVHD was 184 days (range, 55-451 days),
consistent with the reported median onset in the literature of
7.4 months (range, 0.8-45.1 months).??> To draw comparisons
between patients who developed cGVHD and those who did
not, we employed a case-control study design and randomly
selected 171 controls (~3 controls per case) with stool samples
from our institutional database by matching for graft type (CD34-
selected or unmodified bone marrow or peripheral blood stem
cell grafts). The rate of preceding aGVHD was similar in the 2
groups (45.1% vs 55.1%; P = .36; subtype included in supple-
mental Table 2). Early exposure to broad-spectrum antibiotics
was similar between groups (supplemental Table 3). We ob-
served similar a-diversity patterns over time in the selected
cGVHD patients and controls (Figure 1B; supplemental Table 4).

We next analyzed the microbiota composition of samples col-

lected in the pretransplant, periengraftment, and peri-day 100
windows. Prior to allo-HCT, samples from both cases and controls
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Figure 1. HCT is characterized by an early dysbiosis that is slow to recover. (A) a-diversity (as measured by the Simpson reciprocal, a parameter that considers the relative
abundance of each unique bacterial taxa to summearize overall diversity) in 8073 stool samples from 1079 unique patients who underwent HCT at MSKCC between 2014 and 2018.
Demographics are tabulated in supplemental Table 1. (B) a-diversity of 491 stool samples from 53 unique cGVHD patients (red) and 1702 stool samples from 171 unique controls
(blue). One patient in the case group had 2 samples available (day 100 and day 7), but both had insufficient reads to include in this analysis. Samples collected from inpatients are
shown as filled symbols, and outpatient collections are shown in open symbols. The solid blue line summarizes the cGVHD cases and the dotted line the controls. (C) Fecal
microbial taxa pretransplant (day —30to day —6; n = 43 cases, 168 controls), periengraftment (closest sample to day 14 [d14]; n = 42 cases, 144 controls), and peri-day 100 (closest
sample to day 100 [d100], within the day 70 to day 130 window; n = 9 cases, 36 controls). Patient demographics are described in supplemental Table 1. The orange bar below each
bar plot denotes cGVHD cases, and the blue denotes controls. Legend describing the color scheme for bacterial taxa of interest is shown below panel D, as we have previously
described.’ These color schemes were developed to highlight common taxonomic patterns in microbiota community in allo-HCT patients. Each genus is assigned to a distinct
color shade derived from a basal color that is assigned to a higher-rank taxonomic group in the data set, facilitating the visualization of both genus-level and higher-rank
taxonomic information. Abbreviations are as follows: (f), family; (g), genus; (0), order; (p), phylum. (D) Shotgun metagenomic sequencing of available day 100 stool samples. Linear
discriminant analysis of effect size analysis shown, using a value of P = .05 (n = 8 cGVHD; n = 37 controls). Green squares denote pathways relevant to SCFA metabolism.

were comparably diverse, and bacteria of the phylum Firmicutes
dominated the community compositions (Figure 1C). Consistent
with our previous data,'8%? we observed many dysbiotic microbial
communities in the periengraftment period, as exemplified by
expansion of the Enterococcus genus (shown in green), but these
patterns were similar between cases and controls (monodomination

132 @ blood® 2 JULY 2020 | VOLUME 136, NUMBER 1

incidences: 8/42 cases [19.0%], 38/144 controls [26.4%)]; difference
was nonsignificant using Fisher's exact test [P = .68]), and we did
not detect significant differences in a-diversity. In the peri-day 100
window, several patient samples remained dominated in a fashion
similar to that seen periengraftment, while others reverted to
a composition that was more similar to their pretransplant

MARKEY et al

¥20g dunr L0 uo jsenb Aq ypd'69£€006 1 0ZPIAPO0IA/085 LY. L/OE L/L/9E L /Pd-Blolie/poojqAeu-suonedligndyse//:djy woly papeojumoq



butyrate propionate hexanoate isobutyrate
1.5x10° 1x10° 4x10°
o s *
- . . . 8x10 o 31 0°
o o 1.0x10 o 5 L
< < = 6x10 = 5
= = x 5 s x 2x10
& & 5.0x10° & W T &
8.7 2x10°
. . -5
3 0 4 favors | favors p: 0.001 p: <10 >
§ .’,*'. Control | cGVHD @ model 3
9 u- . - = null & 8’
& 5] 95%HDI = = s =
S — ) ) I I
& .‘%u 0 S =] O ©O
g %9 . g g non-cGVHD 27 9
g > Streptococcus —— firnd iy
by
g s cGVHD 0 9
< 0. . Akkermansia —— 0 05 0 0.5
g E A Recall
3 ccuracy eca
& w Blautia -+—o—
541 .
0
&
? 0 :;:_-ég Lactobacillus o F
3 53
o
5 min.obs. —
\'?35 5 e Bifidobacterium —o— g :
5 01 . S 001% - ee—l—
G i . - %
§§ 5 3 Erysipelatoclostridium —o— ‘_Z 0.1% ) .
%?}g _0 Tloseespeesee o = 1o
5 9. . Bacteroides —o— =] o ——
° % 2 max. (38%) {—Jl—--
PR =54 e Ruminococcus —— | T T
s §¢ o 0.0 0.5 1.0
253 V] ‘ ' '
S W é. Staphylococcus —— Predicted probability cGYHD
T &5 e
L Q ¢ B E— —
= S Enterococcus —or—
] § 01 ww G
= I .
= s} &
o -£ ar Faecalibacterium —o— "
= § ¢ =5 {eocecetesese min.obs. s
2 %§ 0+ ) S . E—
8 . Rothia —o =] 0.01%
N oo =
5 5 Z 0.1% 1 ——lll— -
ol L Clostridium —o-L <
S 3 2 1% 4 ——il——
o c\o o
S
§‘ ..}f;..- Lachnoclostridium — max. (58%) - —JIl—--
Le 54 . —T
< T T T
w 5 0 4 -25 00 25 0.0 05 10
& Iy T . o
¥ o coefficient Predicted probability cGVHD
9 .
8 =5 Heccesescece -
&
<, 04
5 H .
& butyrate propionate
_5
4
) § 04 . 3x10
8 ¥ S 2«10t 8
S § =5 asesessses < <
N -~ <
g 0- 8 10t g
5 "‘."5?“‘ a 1x10 £
N ES
S .
;§c =5 4 cecene 0
N
~ (\\_(o 4\2‘0
o4 ) &
S

Figure 2. Circulating microbe-derived metabolites are associated with protection from ¢cGVHD. (A) Metabolomic analysis of SCFAs in peri-day 100 plasma samples from
MSKCC (n = 10 cGVHD, 43 control, 5 healthy volunteers). P values were determined on the basis of analysis of variance followed by Mann-Whitney U testing. One sample was
included per patient; where multiple plasma samples were available, the closest sample to day 100 was chosen. Three cGVHD patients and 13 control patients had both stool and
plasma available in the peri-day 100 window. (B) Log relative abundance of 14 candidate microbial genera in cGVHD patients and controls. (C) Logistic regression coefficients of
the genus abundances associated with cGVHD or control status (9 and 36 patients, respectively, all recipients of unmodified grafts). Bars represent 95% highest posterior density
intervals (HDIs), and intervals highlighted in blue and red are entirely >0 or <0. (D-E) Recall and accuracy of our model compared with 100000 draws from a binomial null model
with P = .2 as per the case-control design. (F-G) Predicted probability of cGVHD at different abundances of Lachnoclostridium or Faecalibacterium in 1000 simulated microbiota
communities per abundance level (minimum observed [min. obs.], lowest observed, nonzero family abundance). (H) Duke plasma samples from a cross-sectional cohort of
patients who did or did not go on to develop cGVHD (n = 11 cGVHD, 17 no cGVHD).
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composition, but differences between cases and controls were
not significant. A comparison of a-diversity values and B-diversity
distances between the groups at the different time points of
interest is provided in supplemental Tables 4 and 5.

Since cGVHD is a late complication of allo-HCT, we focused on
the peri-day 100 time window to investigate features of the
microbiota that may be associated with the development of
cGVHD. All day 100 samples for these analyses were collected
prior to the onset of cGVHD, but of note, among the 225 patients
in this cohort, only 45 had samples available in the day 100
window (36 controls and 9 cases). We performed shotgun meta-
genomic sequencing on available stool samples, and multiple
microbial metabolic pathways were enriched in the cGVHD pa-
tients, many of which relate to SCFA metabolism (marked in
Figure 1D with green squares). This suggests that there may be
functional differences in the microbiome of patients who go on to
develop cGVHD compared with those who do not. To examine if
this difference in encoded microbial metabolic capacity was
correlated with differences in circulating SCFAs, we subjected
peri-day 100 plasma samples from cGVHD patients (n = 10) and
controls (n = 43) to metabolomic analysis. Of note, these samples
were not matched to stool, and in fact only 3 cGVHD plasma
samples and 13 control samples are from the same individuals
who had stool samples available for analysis in this time window.
Plasma concentrations of butyrate and propionate were both
significantly lower in patients who went on to develop cGVHD
compared with controls (Figure 2A). These molecules have been
reported to promote differentiation of regulatory T cells in pre-
clinical models,"* and butyrate is thought to protect mice from
lethal GVHD due by enhancing the repair of damaged intestinal
epithelial cells.” Hexanoate concentration was also lower in pa-
tients who went on to develop ¢cGVHD, and isobutyrate con-
centration was elevated in both of the transplanted patient groups
compared with healthy controls.

SCFAs are produced in the Gl tract as the end products of
microbial fermentation by anaerobic taxa. Therefore, to un-
derstand what may be causing the changes in plasma SCFA in
our patients, we reexamined the peri-day 100 stool samples,
focusing on the 10 most-abundant taxa as well as taxa previously
associated with immune dynamics in cancer patients, yielding a
list of 14 genera (Figure 2B). Of note, the abundance of genus
Faecalibacterium, previously associated with success of immune
checkpoint blockade therapy®® and increased total white cell
count after allo-HCT,?¢ was below the limit of detection in all
peri-day 100 samples from patients who developed cGVHD
(Figure 2B, arrow). To explore the association of gut microbiota
taxa with cGVHD, we performed a Bayesian logistic regression
(supplemental Figures 1 and 2). This revealed that high abun-
dances of the genus Akkermansia (log-odds ratio, 1.0 [0.2, 1.8];
mean and 95% highest posterior density intervals [HDI?5], re-
spectively) were associated with cGVHD development, and,
conversely, low abundance of the commensal obligate anaerobe
Lachnoclostridium was associated with remaining cGVHD-free
(=1.5, [-2.6, —0.4] HDI95; Figure 2C). Additionally, we de-
tected associations of the genus Streptococcus with cGVHD
(1.2, [-0.1, 2.5] HDI95) and the commensal genus Clostridium
(—0.6 [—1.4, 0.2] HDI95) with the absence of cGVHD. The lo-
gistic regression model using the stool sample data predicted all
cGVHD patients correctly (recall = 1) but also yielded 9 false
positives. Accuracy and recall were significantly improved (compared
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with the null) by including microbiota information in form of 16S
relative abundances (Figure 2D-E). The presence of the fer-
mentatively active, butyrate-producing genera Lachnoclostridium,
Clostridium, and, to a lesser degree, Faecalibacterium was
associated with reduced incidence of cGVHD. To demonstrate
the influence of the abundances of these commensal obligate
anaerobe genera on the probability of cGVHD, we developed
an additional predictive model (described in supplemental Methods).
The predictive model demonstrated that as the abundance of
Lachnoclostridium, Clostridium, and Faecalibacterium (Figure
2F-G; supplemental Figure 3A) approached 0 in a simulated
microbiome, the predicted probability of cGVHD approached
1 (conversely for Akkermansia and Streptococcus, supplemental
Figure 3B-C). These metagenomic and microbiota community
composition data, combined with the independent plasma data,
provide evidence that maintenance of butyrate producers within
the Gl is correlated with a lower risk of cGVHD; however, given
the small study size, we sought to validate these findings in
additional patients.

We assembled sets of peri-day 100 samples from 2 additional
transplant centers: Duke (United States) and Regensburg (Ger-
many) (demographics in supplemental Table 6). In contrast to the
matched case and control design for the MSKCC data set, the
evaluable samples from the additional 2 centers are cross-
sectional in nature; ie, patients were selected for inclusion on
the basis of the availability of paired stool and blood samples
within the peri-day 100 window and without regard to their
baseline clinical characteristics or their cGVHD outcomes. Initial
analysis of stool sample composition was similar to the MSK
data, and we did not observe differences in a-diversity or
community composition (as assessed by PERMANOVA test of
B-diversity distances) between cases and controls in these ad-
ditional centers (supplemental Figure 4). The Bayesian logistic
regression model predicted 8 out of 11 cGVHD cases in the
Duke cohort but only 10 out of 23 cGVHD cases in the
Regensburg cohort; neither result was statistically significant.
The reduced accuracy and recall of our model in the other
centers (compared with the MSKCC set) may in part be due to
different treatment regimens and patient demographics (not all
patients matched the case-control criteria used for MSKCC
patients). We also analyzed circulating SCFAs in blood samples
from these cross-sectional data sets and observed a similar
trend as in MSK patients toward a lower concentration of
butyrate in patients who went on to develop cGVHD in the
Duke sample set (P = .07) and a significantly lower concen-
tration of propionate (Figure 2H; P = .027). No differences
were seen in the Regensburg patient group (supplemental
Figure 5); however, these samples were serum, not plasma as in
the MSKCC and Duke samples, and the concentrations were
lower overall, which may explain the lack of observed differ-
ence between groups.

These data highlight that the lasting damage to the micro-
biome observed after HCT may be clinically significant. Within
a matched case and control group, features of the GI micro-
biota are associated with subsequent cGVHD onset. The ob-
servation that higher circulating concentrations of SCFAs are
associated with lower rates of cGVHD in 2 independent patient
cohorts supports further exploration of the immunotherapeutic
role of SCFAs within the gut lumen and systemic butyrate and
propionate.
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The MSK Fecal Biobank contains >10 000 samples from >1000 allo-HCT
recipients and has been used for many retrospective observational
studies. There is overlap between the patients in this study and some of
these prior papers, but none have examined cGVHD as a clinical out-
come. Data sharing requests can be e-mailed to the corresponding
author.

The online version of this article contains a data supplement.
There is a Blood Commentary on this article in this issue.
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marked “advertisement” in accordance with 18 USC section 1734.
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