1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
N Engl J Med. Author manuscript; available in PMC 2020 October 05.

-, HHS Public Access
«

Published in final edited form as:
N Engl J Med. 2020 February 27; 382(9): 822-834. doi:10.1056/NEJM0a1900623.

Microbiota as Predictor of Mortality in Allogeneic Hematopoietic-
Cell Transplantation

A full list of authors and affiliations appears at the end of the article.
# These authors contributed equally to this work.

Abstract

BACKGROUND—REelationships between microbiota composition and clinical outcomes after
allogeneic hematopoietic-cell transplantation have been described in single-center studies.
Geographic variations in the composition of human microbial communities and differences in
clinical practices across institutions raise the question of whether these associations are
generalizable.

METHODS—The microbiota composition of fecal samples obtained from patients who were
undergoing allogeneic hematopoietic-cell transplantation at four centers was profiled by means of
16S ribosomal RNA gene sequencing. In an observational study, we examined associations
between microbiota diversity and mortality using Cox proportional-hazards analysis. For
stratification of the cohorts into higher- and lower-diversity groups, the median diversity value that
was observed at the study center in New York was used. In the analysis of independent cohorts, the
New York center was cohort 1, and three centers in Germany, Japan, and North Carolina composed
cohort 2. Cohort 1 and subgroups within it were analyzed for additional outcomes, including
transplantation-related death.

RESULTS—We profiled 8767 fecal samples obtained from 1362 patients undergoing allogeneic
hematopoietic-cell transplantation at the four centers. We observed patterns of microbiota
disruption characterized by loss of diversity and domination by single taxa. Higher diversity of
intestinal microbiota was associated with a lower risk of death in independent cohorts (cohort 1:
104 deaths among 354 patients in the higher-diversity group vs. 136 deaths among 350 patients in
the lower-diversity group; adjusted hazard ratio, 0.71; 95% confidence interval [CI], 0.55 to 0.92;
cohort 2: 18 deaths among 87 patients in the higher-diversity group vs. 35 deaths among 92
patients in the lower-diversity group; adjusted hazard ratio, 0.49; 95% CI, 0.27 to 0.90). Subgroup
analyses identified an association between lower intestinal diversity and higher risks of
transplantation-related death and death attributable to graft-versus-host disease. Baseline samples
obtained before transplantation already showed evidence of microbiome disruption, and lower
diversity before transplantation was associated with poor survival.

CONCLUSIONS—Patterns of microbiota disruption during allogeneic hematopoietic-cell
transplantation were similar across transplantation centers and geographic locations; patterns were
characterized by loss of diversity and domination by single taxa. Higher diversity of intestinal
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microbiota at the time of neutrophil engraftment was associated with lower mortality. (Funded by
the National Cancer Institute and others.)

ALLOGENEIC HEMATOPOIETIC-CELL transplantation is a curative therapy for
hematologic cancers in which a patient receives a cytotoxic conditioning regimen followed
by infusion of hematopoietic precursor cells from a donor matched for major
histocompatibility antigens. Complications such as graft-versus-host disease (GVHD)
remain a major cause of illness and death, limiting the broader applicability of allogeneic
hematopoietic-cell transplantation.

The intestinal microbiota play a role in host physiology.! We and others have reported that
patients undergoing allogeneic hematopoietic-cell transplantation have microbiota disruption
that is characterized by expansions of potentially pathogenic bacteria and loss of alpha
diversity — a variable that reflects the number of unique bacterial taxa present and their
relative frequencies.2~> Diversity of the intestinal microbiota has previously been linked with
inflammatory bowel disease and response to cancer immunotherapy.®” The major adverse
outcomes after allogeneic hematopoietic-cell transplantation are relapse, GVHD, infection,
and toxic effects to organs. Each of these outcomes, as well as overall survival, has been
associated in single-center studies with features of the intestinal microbiota in the period
after hematopoietic-cell transplantation.2=48-15 For example, domination of intestinal
communities by a single bacterial taxon leads to an increased risk of bloodstream infection
by a bacterium of that same taxon,3 and exposure to certain antibiotic agents at specific
times is associated with transplantation-related mortality and GVHD-related mortality,10.16
Preclinical models have shown that commensal bacteria influence the pathophysiology of
GVHD.10’17_20

These findings in small, single-center studies raise questions regarding the development of
clinical strategies to manipulate the microbiota with the goal of improving outcomes of
allogeneic hematopoietic-cell transplantation.21-24 However, it is unclear whether the
relationships between microbiota composition and outcomes of allogeneic hematopoietic-
cell transplantation are generalizable. Practice patterns vary across transplantation centers,
particularly with regard to antibiotics and nutrition — two critical determinants of
microbiota injury.2>-27 Moreover, geographic variations in the composition of intestinal
microbiota have been described and implicated in the development of autoimmunity.28:2% We
studied patterns of microbiota disruption and their associations with clinical outcomes in
recipients of allogeneic hematopoietic-cell transplantation at four institutions on three
continents.

METHODS
STUDY DESIGN

We conducted this study at four centers: Memorial Sloan Kettering Cancer Center (MSK) in
New York; Duke University Medical Center in Durham, North Carolina; the University
Medical Center, University Hospital Regensburg, in Regensburg, Germany; and Hokkaido
University Hospital in Sapporo, Japan. The study center at MSK was defined as cohort 1,
and the other three centers made up cohort 2.
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Stool samples were obtained prospectively at each center with the use of similar procedures.
The study protocol (available with the full text of this article at NEJM.org) was approved by
the institutional review board at MSK. Samples were obtained at the other centers with
approval from the local institutional review board. Written informed consent was obtained
from all the participants, including recipients of allogeneic hematopoietic-cell
transplantation and healthy volunteers. DNA extraction, polymerase-chain-reaction
amplification of genomic 16S ribosomal RNA V4-V5 regions, and sequencing were
performed in a central laboratory as described in the Supplementary Appendix, available at
NEJM.org.8:9

The hematopoietic-cell transplantation comorbidity index (HCT-CI) is a tool for assessing
the risk of death after hematopoietic-cell transplantation.3% Weighted scores for individual
organ dysfunctions before transplantation are summed; scores range from 0 to a theoretical
maximum of 26, with higher scores indicating a higher risk of death after transplantation.

The primary outcome was overall survival. Transplantation-related death, relapse (defined
here as relapse or progression of disease), and GVHD-related death were also analyzed. The
variable of alpha diversity, which we calculated using the inverse Simpson index, is a single
value that summarizes a microbiome community according to the count of unique species
and how evenly their frequencies are distributed. However, this value does not provide any
information about the actual species present.

STATISTICAL ANALYSIS

For the primary analysis of clinical outcomes, patients were stratified into higher-diversity
and lower-diversity groups according to the median diversity value observed in the
periengraftment samples obtained at MSK. When diversity was additionally analyzed as a
continuous variable, hazard ratios refer to the risk of the outcome per 1 logyg change in
inverse Simpson values. Analyses were adjusted for multiple comparisons with the use of
the Benjamini-Hochberg procedure.3!

Associations between microbial diversity and outcomes were assessed with overall and
cause-specific Cox proportional-hazards multivariable regression models. In cohort 1 and
exploratory subgroups within it, the cumulative incidences of transplantation-related death,
GVHD-related death, and relapse were estimated in analyses that accounted for respective
competing outcomes. Subgroups within cohort 1 were defined according to allograft
manipulation (T-cell depletion) and analyzed for overall survival and cause-specific
outcomes. Analyses of clinical outcomes are presented as hazard ratios with 95% confidence
intervals. We used a Wilcoxon rank-sum test to compare continuous microbiota features
between groups and Fisher’s exact test to compare categorical microbiota features.
Microbiota composition was visualized with the use of the t-distributed stochastic neighbor
embedding (t-SNE) algorithm (see the Supplementary Appendix).
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CHARACTERISTICS OF THE PATIENTS

Stool samples were obtained prospectively at the four institutions: at MSK; Duke University
Medical Center; University Medical Center, University Hospital Regensburg; and Hokkaido
University Hospital (Table 1). Samples were requested weekly, which resulted in a median
of four samples per patient. A cohort of 1362 participants was identified, each of whom had
at least one sample that could be evaluated that had been obtained no more than 30 days
before the first allogeneic hematopoietic-cell transplantation.

Acute leukemia was the most common among a range of indications for transplantation.
Various intensities of conditioning regimens were used before hematopoietic-cell
transplantation. Unmodified peripheral-blood stem cells were the most common graft type
(in 43% of patients). At MSK, infused grafts were ex vivo T-cell-depleted in 42% of
patients. Practices regarding the use of prophylactic and empirical antibiotic therapies varied
across centers (Table S3 in the Supplementary Appendix). The mean (£SD) HCT-CI score
was 2.6£2.0 (range 0 to 11).

ASSOCIATION BETWEEN SURVIVAL AND DIVERSITY IN THE PERIENGRAFTMENT

PERIOD

To characterize patterns of microbiota injury across different geographic locations, we used
16S ribosomal RNA gene sequencing to analyze 8767 stool samples that had been obtained
from 1362 patients across all four centers. A loss of diversity was observed in patients at all
four centers during the course of the transplantation period (P<0.001 for each center) (Fig.
1A).

To evaluate the association between diversity and overall survival in a multicenter fashion,
we considered patients who had stool samples that could be evaluated that had been obtained
between days 7 and 21 and who had survived to day 21. For patients who had more than one
stool specimen in the sampling window, the median diversity value of those samples was
used. Among patients at MSK (i.e., in cohort 1), the median diversity value was 2.64; higher
diversity (>2.64) was associated with a lower risk of death than lower diversity (<2.64) (104
deaths among 354 patients in the higher-diversity group vs. 136 deaths among 350 patients
in the lower-diversity group; hazard ratio, 0.75; 95% confidence interval [C1], 0.58 to 0.96)
(Fig. 1B and Table 2). This association was also observed after multivariable adjustment for
age, intensity of the conditioning regimen, graft source, and the HCT-CI (hazard ratio, 0.71;
95% ClI, 0.55 to 0.92), as well as in an analysis in which diversity was considered as a
continuous variable (240 deaths among 704 patients; adjusted hazard ratio, 0.50; 95% ClI,
0.31 to 0.80).

The same association between higher intestinal diversity in the periengraftment period (days
7 to 21) and longer survival was observed in the combined cohort of the other three centers
(i.e., cohort 2). Patients with higher intestinal diversity had a lower risk of death than those
with lower diversity both in the univariate analysis (18 deaths among 87 patients in the
higher-diversity group vs. 35 deaths among 92 patients in the lower-diversity group; hazard
ratio, 0.46; 95% ClI, 0.26 to 0.82) and in the multivariable analysis (hazard ratio, 0.49; 95%
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Cl, 0.27 to 0.90) (Fig. 1C and Table 2). In cohort 2, diversity considered as a continuous
variable was predictive of mortality only in the univariate analysis (53 deaths among 179
patients; hazard ratio, 0.33; 95% CI, 0.13 to 0.84) but not in the multivariable model. These
data showed that higher diversity of intestinal microbiota during the periengraftment period
was associated with a lower risk of death after allogeneic hematopoietic-cell transplantation.

In cohort 1, higher intestinal diversity was associated with a lower risk of transplantation-
related death than lower diversity (52 deaths among 354 patients in the higher-diversity
group vs. 82 deaths among 349 patients in the lower-diversity group; hazard ratio, 0.63; 95%
Cl, 0.44 to 0.89) and was not associated with a higher risk of relapse (84 relapse events
among 354 patients in the higher-diversity group vs. 81 relapse events among 349 patients in
the lower-diversity group; hazard ratio, 1.03; 95% CI, 0.76 to 1.39) (Fig. 1D). Because some
recipients in cohort 1 received T-cell-depleted grafts, we had the opportunity to explore the
influence of graft composition on the association between diversity and clinical outcomes.
Although diversity declined similarly in recipients of unmodified (T-cell replete) grafts and
recipients of T-cell-depleted grafts (Fig. S3), the association of microbiota diversity with
survival and transplantation-related mortality was observed among recipients of unmodified
grafts (30 transplantation-related deaths among 244 patients in the higher-diversity group vs.
46 such deaths among 184 patients in the lower-diversity group; hazard ratio for
transplantation-related death, 0.49; 95% CI, 0.31 to 0.77) and not among recipients of T-
cell-depleted grafts (Fig. 1E). Among recipients of unmodified grafts, the risk of GVHD-
related death was lower among patients with higher intestinal diversity than among those
with lower diversity (17 GVHD-related deaths among 244 patients in the higher-diversity
group vs. 26 such deaths among 184 patients in the lower-diversity group; hazard ratio, 0.49;
95% Cl, 0.26 to 0.90).

In further exploratory analysis, the association between microbiota diversity and survival
was also observed in cohort 1 when multivariable models were modified to include exposure
to two antibiotic agents (piperacillin—tazobactam and meropenem) that we identified as
being associated with a decline in diversity during hematopoietic-cell transplantation (Fig.
S5 and Tables S5 and S6). This finding was consistent with previous reports that antibiotics
are an important determinant of microbiota composition, including in patients undergoing
allogeneic hematopoietic-cell transplantation.3:4:8:10.16.21,32

SPECTRUM OF MICROBIOTA DISRUPTION IN TRANSPLANTATION

Differences in microbiota composition among samples can be visualized by means of the t-
SNE algorithm, such that each point represents a single stool sample. Similar samples are
located relatively close to each other, and clusters of distinct microbiota compaositions can be
appreciated (Fig. 2). Color-coding a t-SNE projection according to the time that the sample
was obtained showed a large cluster of early samples and several clusters of samples
obtained mostly at later time points (Fig. 2A). As expected from the known decline in
microbiota diversity over time (Fig. 1A), the samples in the early cluster tended to be highly
diverse, whereas samples from later time points were enriched for several distinct lower-
diversity compositions (Fig. 2B).

N Engl J Med. Author manuscript; available in PMC 2020 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peled et al.

Page 6

Samples from all four centers spread across the different composition clusters, revealing no
obvious transplantation-center—specific effect (Fig. 2C). To quantitatively assess microbiota
differences between institutions (over geography) versus within institutions (over time) we
compared samples that had been obtained before and after hematopoietic-cell transplantation
at each institution. The variation among institutions in microbiota composition before
hematopoietic-cell transplantation was smaller than the changes that occurred over the
course of transplantation, as measured by Bray—Curtis beta-diversity distances (adjusted
P<0.005) (Fig. S6A).33

Color-coding the t-SNE according to the most abundant taxon (Fig. 2D) showed that several
of the lower-diversity compositions were characterized by an abundance of enterococcus,
klebsiella, escherichia, staphylococcus, and streptococcus. Enterococcus domination, a
lower-diversity state that was previously shown to confer an increased risk of vancomycin-
resistant enterococcal bacteremia® as well as a higher risk of GVHD,2:20 occurred at all four
centers.

We previously described a pattern of intestinal microbiota domination characterized by
dramatic expansions of single taxonomic units that is common in patients undergoing
allogeneic hematopoietic-cell transplantation.3 To better understand these microbiota
disruption patterns across geographic locations, we quantified the occurrence of domination
during the transplantation period at each institution, defined as a relative-abundance
threshold of any single taxonomic unit of at least 30%.2 The cumulative incidence of
domination by any taxonomic unit rose similarly at the four institutions; the fraction of
samples with domination peaked 1 week after transplantation and decreased moderately
thereafter (Fig. 2E and 2F). A variety of taxonomic groups contributed to domination events,
the most common belonging to the genera enterococcus and streptococcus, at both MSK
(Fig. 2G) and the other study sites. Taken together, these data show that microbiota
disruption frequently accompanies allogeneic hematopoietic-cell transplantation and that
patterns of microbiota injury are observed consistently across transplantation centers,
although not in all patients.

MICROBIOTA DISRUPTION BEFORE HEMATOPOIETIC-CELL TRANSPLANTATION AND

SURVIVAL

Given the link between intestinal microbiota integrity and outcomes after allogeneic
hematopoietic-cell transplantation, we asked whether this association was evident earlier
than the periengraftment period. To characterize the microbiota composition of fecal
samples obtained from patients arriving at transplantation units for allogeneic
hematopoietic-cell transplantation, we compared the composition of the first sample
obtained from patients (within a sampling window from day —-30 to —6) with those from two
sources of healthy volunteers: 313 samples obtained from 212 participants in the Human
Microbiome Project,34 whose publicly available raw sequences were processed with the use
of our computational pipeline; and stool samples from 34 healthy adult volunteers that were
obtained and sequenced at MSK.

The initial samples from 606 patients at all four institutions had lower diversity than did
those of the healthy volunteers (P<0.001), and the diversity between the two cohorts of
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healthy volunteers did not differ significantly (Fig. 3A). We also evaluated the extent to
which initial microbiota compositions could be described according to enterotype, a
reference classifier of healthy human intestinal communities (see the Supplementary
Appendix).3® The initial compositions of stool samples from patients were distinct from
those of healthy volunteers, as assessed according to the fraction of samples that could be
categorized to an enterotype (adjusted P = 0.002 for Regensburg; adjusted P<0.001 for all
other study sites) (Fig. 3B). This finding indicates that patients arrived for transplantation
with microbiota compositions that were already distinct from those of healthy volunteers.

In the MSK cohort, higher diversity in the period before hematopoietic-cell transplantation
was associated with a lower risk of death (173 deaths among 501 patients; adjusted hazard
ratio with diversity as a continuous variable, 0.41, 95% CI, 0.24 to 0.71; two-group analyses
are shown in Fig. 3C) and a lower risk of transplantation-related death (103 deaths among
501 patients; adjusted hazard ratio with diversity as a continuous variable, 0.44; 95% ClI,
0.22 to 0.87). We observed a weak correlation between diversity values measured at baseline
and those measured during the periengraftment period (Pearson’s r=0.22; 95% CI, 0.12 to
0.31). The association between microbiota diversity before transplantation and survival was
not observed at the other three sites (Duke, Regensburg, and Hokkaido), either individually
or combined; however, 15 or fewer deaths had occurred among the patients with available
baseline samples at each of those centers.

PREDICTIVE MICROBIOTA SIGNATURE

Since alpha-diversity metrics provide no information about which specific species are
present, we sought to identify a signature of bacterial abundances in the periengraftment
period that could predict mortality. From the set of taxonomic levels (species through
phylum), we selected as candidates those taxa that were present in at least 10% of samples
with a minimum relative abundance of 104, We also removed features that were correlated
according to a Pearson’s rgreater than 0.75 with a hierarchically lower taxonomic rank,
which yielded an input set of 172 candidate taxonomic features. Regularized Cox regression
with cross-validation was performed in cohort 1 to derive a risk score (see the Supplemental
Methods section). We found that higher values of the score were associated with a higher
risk of death in cohort 2 (53 deaths among 178 patients; adjusted hazard ratio, 1.39; 95% ClI,
1.02 to 1.91) (Fig. S8), which indicates that not only a diversity metric but also a signature
of specific bacterial abundances were informative about the risk of death after
hematopoietic-cell transplantation across institutions.

DISCUSSION

We report the results of a multicenter study of longitudinal profiling of intestinal microbiota
in patients undergoing allogeneic hematopoietic-cell transplantation. We observed similar
patterns of microbiota disruption and associations with clinical outcomes across
transplantation centers and geographic locations. Microbiota compositions before
transplantation were relatively similar across geographic locations but were distinct from
those of healthy persons. Profound microbiota injuries — namely, loss of diversity and
domination by single taxa — are common events that occur with strikingly convergent
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kinetics worldwide. These microbiota disruptions are of interest because lower diversity at
the time of neutrophil engraftment predicts poor overall survival, particularly among
recipients of T-cell-replete grafts. The results of this international study extend previous
observations that have been made in smaller, single-center cohorts.34.8:36

The association of lower microbiota diversity with poor survival was explained in part by
higher transplantation-related mortality and was most prominently observed in recipients of
T-cell-replete (unmodified) grafts, even though the diversity of intestinal microbiota
declined similarly in recipients of T-cell-depleted grafts. Among recipients of unmodified
grafts, higher diversity of the intestinal microbiome was associated with lower GVHD-
related mortality, a result consistent with previous observations.4? This finding suggests a
hypothesis that the correlation between microbiota injury and mortality requires early
alloreactivity (e.g., that driven by mature T cells in the graft); however, it may also reflect
other clinical variables that differ in these two patient groups, which include indications for
transplantation, coexisting conditions, antimicrobial exposures, intensity of the conditioning
regimen, and GVHD prophylaxis.

We found that by the day of cell infusion, many patients already had an intestinal
community that differed markedly from those in healthy volunteers and that was
characterized by loss of diversity and domination by single taxa. This finding is consistent
with previous work that showed that the risk of bloodstream infections could be predicted by
microbiota composition before hematopoietic-cell transplantation3” and that the risk of
transplantation-related death could be predicted by the timing of exposure to antibiotics and
by colonization with antibiotic-resistant bacteria before transplantation.16:38-40 Taken
together, these results highlight two specific times relative to transplantation at which
strategies to remediate or prevent microbiota injury could be evaluated in clinical trials —
before transplantation and during the periengraftment period.

Our results extend beyond microbial diversity to provide multicenter evidence that
microbiota compositions — specifically the relative abundances of bacterial taxa — may
offer relevant information about outcomes of allogeneic hematopoietic-cell transplantation.
Microbiota-based classification algorithms that distinguish cases from controls and that can
be extrapolated across geographic regions have been described previously for inflammatory
bowel disease and colorectal cancer.*142 However, these studies did not consider clinical
outcomes beyond diagnosis, and microbiome variation across geographic regions has limited
other attempts to apply classifiers across populations.*3 Despite the clinical heterogeneity of
the participants in this study, we found that a microbiota-composition risk score that was
trained in one cohort (cohort 1) could predict survival in an independent international cohort
(cohort 2). It may be of interest to integrate microbiota classifiers into prospective trials of
GVHD-predictive biomarkers.

Strengths of this study include its international design, longitudinal serial sampling, and the
uniform tracking of standardized clinical outcomes by transplantation centers. Many larger-
scale observational studies of the human microbiome have detailed the interactions between
microbial communities and their human hosts,** but few have examined an outcome as
important as mortality. The central analysis of samples in this study was another important
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element because both wet-laboratory processing and computational pipelines are critical
factors in the reproducibility and quality of microbiota data.*

The diversity of clinical practices across institutions and differences in underlying diseases,
conditioning regimens, antibiotic exposures, and graft sources imposed considerable
heterogeneity on the study population; nevertheless, we observed parallel patterns of
microbiota injury and associations with clinical outcomes. Another limitation of this study is
that samples were analyzed by targeted sequencing of genes encoding the 16S ribosomal
RNA across all bacteria, which allows reliable genus-level annotation, or in some cases
species information, and limits the scope of the analysis to bacteria. The alternative of
metagenomic shotgun sequencing would expand the scope to viruses and fungi and allow the
identification of encoded metabolic pathways but with the support of less well annotated
reference databases. In addition, samples were not obtained at uniform time points relative
to transplantation owing to the inherently unscheduled nature of obtaining stool samples. A
key limitation of an observational study such as this is that it can show only correlations and
not causative relationships. However, our findings are consistent with preclinical models of
allogeneic transplantation and GVHD, which have provided mechanisms by which microbial
communities can modulate alloreactivity.1017-20

This study defines opportunities for rational interventions to restore integrity to the intestinal
microbiota, such as with fecal microbiota replacement or other strategies, 2124 which could
also be evaluated in clinical settings beyond allogeneic hematopoietic-cell transplantation.
746 The similarities we observed in patterns of microbiota injury and their associations with
clinical outcomes highlight the important interactions that occur between microbial
communities and their hosts. In patients undergoing allogeneic hematopoietic-cell
transplantation, these associations were observed consistently across graft sources,
conditioning regimens, and around the world, despite local variations in microbiota
composition and clinical practice.
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Figure 1 (facing page). Intestinal Diversity during Transplantation Period and Association with
Overall Survival.

Intestinal microbiota diversity, as measured by 16S ribosomal RNA gene sequencing and the
inverse Simpson index, declined similarly during the course of allogeneic hematopoietic-cell
transplantation (HCT) at all four institutions (Panel A). Each point represents a stool sample,
color coded according to institution. Curves are loess-smoothed averages. Between each
patient’s baseline sample (earliest sample obtained on day —30 to —6) and the
periengraftment period (median value of samples obtained from day 7 to 21), the median
diversity decreased by a factor of 4.3 at Memorial Sloan Kettering Cancer Center (MSK); by
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a factor of 3.3 at Duke University Medical Center, Durham, North Carolina; by a factor of
1.7 at University Medical Center, University Hospital Regensburg, Regensburg, Germany;
and by a factor of 2.5 at Hokkaido University Hospital, Sapporo, Japan (Fig. S2). Overall
survival was longer among patients with higher intestinal diversity in periengraftment
samples, both in cohort 1, which comprised patients from MSK (Panel B), and in cohort 2,
which comprised patients from the other three sites (Panel C). Tick marks indicate censored
data. The median diversity value in cohort 1 (2.64) was used as the stratification cutoff in
these landmark analyses (day 21). In cohort 1, there were 104 deaths among 354 patients in
the higher-diversity group and 136 deaths among 350 patients in the lower-diversity group;
in cohort 2, there were 18 deaths among 87 patients in the higher-diversity group and 35
deaths among 92 patients in the lower-diversity group. CI denotes confidence interval. The
cumulative incidences of transplantation-related death and of relapse or progression of
disease are shown for cohort 1 (Panel D). There were 52 transplantation-related deaths in
354 patients in the higher-diversity group and 82 such deaths in 349 patients in the lower-
diversity group. There were 84 relapse events in 354 patients in the higher-diversity group
and 81 relapse events in 349 patients in the lower-diversity group. Panel E shows the
subgroup analysis involving recipients of T-cell-replete (unmodified) grafts or T-cell-
depleted grafts in cohort 1 (Fig. S4). The numbers of patients at risk in the analyses shown
in Panels D and E are provided in Table S4. Subsets of the data plotted in Panels A and D
have been reported previously.12:21
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Figure 2 (facing page). Global Spectrum of Microbiota Disruption in Patients Undergoing
Allogeneic HCT.

The microbiota composition of 8767 samples from 1362 patients from all four institutions
are shown according to the t-distributed stochastic neighbor embedding (t-SNE) algorithm.
Each point represents a single stool sample, and the axes (t-SNE1 and t-SNE2) have
arbitrary units. The more similar the samples are, the closer together they appear on the t-
SNE plot. Earlier samples (Panel A, left side) are enriched for higher-diversity
configurations (Panel B, left side), whereas later samples are enriched for lower-diversity
configurations (Panel B, right side). Samples from all four institutions were well distributed
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across t-SNE space (Panel C). A quantitative comparison of beta-diversity distances between
samples from different institutions is shown in Figure S6A. Color coding according to the
most abundant taxon in each sample shows that the early cluster was characterized by
Clostridia (brown, orange, and pink), Bacteroidetes (teal), and Actinobacteria (purple)
(Panel D). Some low-diversity states were characterized by domination with the genera
enterococcus (dark green), streptococcus (light green), klebsiella (bright red), and
escherichia (dark red). Among patients who had at least one sample obtained both before
and after hematopoietic-cell transplantation, the fraction of patients who had had at least one
instance of domination each week, defined as a relative abundance of at least 30% for any
taxonomic unit, is shown in Panel E. The fraction of samples with domination in each 7-day
sliding window is shown in Panel F. The odds over time of a sample being dominated was
similar in three of the cohorts and was slightly higher at Hokkaido (Fig. S6B). The taxa that
contributed to domination events in cohort 1 are shown in Panel G. Domination was defined
at the level of operational taxonomic units; color coding is at higher taxonomic ranks (see
color legend in Panel D).
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Figure 3. Microbiota Injury before HCT and Association with Transplantation Outcomes.
The diversity of the initial pretransplantation samples from patients (obtained on day —30 to

-6) is lower than the diversity of 313 samples from 212 participants of the Human
Microbiome Project (HMP) and 1 sample obtained from each of 34 healthy adult volunteers
at MSK (healthy controls) (Panel A). A total of 993 patients were included in the analysis at
MSK, 95 at Duke, 40 at Regensburg, and 45 at Hokkaido. The horizontal line in each box
represents the median, the lower and upper boundaries of the boxes the interquartile range,
the ends of the whisker lines the minimum and maximum values within 1.5 times the
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interquartile range, and the dots the individual data points. The proportions of samples from
healthy volunteers and initial samples from patients that could be classified according to the
enterotype scheme are plotted (Panel B). Samples obtained before HCT were less likely to
be classified as belonging to an enterotype than were samples obtained from healthy
volunteers. In cohort 1, overall survival was longer among patients with higher intestinal
diversity in the initial samples than among those with lower diversity (Panel C). There were
72 deaths among 250 patients in the higher-diversity group and 101 deaths among 251
patients in the lower-diversity group (Table S7). Tick marks indicate censored data.
Combined analyses of diversity before transplantation and during the periengraftment period
are shown in Table S8 and Figure S7.
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