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Purpose: The gut microbiota is subject to multiple insults in allogeneic-hematopoietic cell
transplantation (allo-HCT) recipients. We hypothesized that preparative conditioning regimens
contribute to microbiota perturbation in allo-HCT.

Experimental design: This was a retrospective study that evaluated the relationship between
conditioning regimens exposure in 1,188 allo-HCT recipients and the gut microbiome. Stool
samples collected from 20 days before transplantation up to 30 days after were profiled using 16S
rRNA sequencing. Microbiota injury was quantified by changes in a-diversity.

Results: We identified distinct patterns of microbiota injury that varied by conditioning regimen.
Diversity loss was graded into three levels of conditioning-associated microbiota injury (CMBI)

in a multivariable model that included antibiotic exposures. High-intensity regimens, such as total
body irradiation (TBI)-thiotepa-cyclophosphamide, were associated with the greatest injury loss
(CMBI 111). In contrast, the non-myeloablative regimen fludarabine-cyclophosphamide with low-
dose TBI (FIu/Cy/TBI1200) had a low-grade injury (CMBI 1). The risk of acute graft-versus-host
disease correlated with CMBI degree. Pre-transplant microbial compositions were best preserved
with Flu/Cy/TBI1200, whereas other regimens were associated with loss of commensal bacteria and
expansion of Enterococcus.

Conclusions: Our findings support an interaction between conditioning at the regimen level and
the extent of microbiota injury.
TRANSLATIONAL RELEVANCE

Conditioning regimens have unique patterns of microbiota injury that correlate with GVHD.
We propose a novel scale for conditioning-associated microbiota injury. It offers a new axis for
assessing conditioning regimens distinct from typical conditioning intensity classification. Our
work identifies conditioning strategies that could potentially benefit from microbiota-directed
interventions.

Keywords

Allogeneic hematopoietic cell transplantation; Conditioning; Microbiome; Microbiota injury;
Graft-versus-host disease

INTRODUCTION

In allogeneic hematopoietic cell transplantation (allo-HCT) conditioning regimens facilitate
engraftment and eradicate residual tumor cells. Conditioning regimens are classified into
three intensity groups according to their ability to irreversibly ablate hematopoiesis:
myeloablative (MAC), reduced intensity (RIC), and non-myeloablative (NMA).(1,2) Higher-
intensity regimens are considered more toxic to the gastrointestinal tract and are associated
with higher risk of graft-versus-host disease (GVHD).(3) While aggregation of conditioning
regimens by intensity groups has proved clinically helpful,(1,2) conditioning drugs act
through unique mechanisms and have distinct toxicity profiles. Furthermore, there is
considerable intra-individual variability in toxicity patterns and clinical outcomes are
incompletely accounted for by clinical features.(4)
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Intestinal homeostasis is influenced by the intestinal microbiome and the neighboring
mucosal tissue, as well as the interaction of microbe-derived factors with host cell
populations.(5-8) In allo-HCT, the gut mucosa is inflamed and the microbiome markedly
altered;(9-11) antibiotic exposures partially account for these microbial shifts.(12—16)
Chemotherapy and radiation may also affect the microbiome,(17,18) but have not been
extensively studied in allo-HCT. Furthermore, the microbiome may modulate the sensitivity
and metabolism of these interventions.(19,20) In this observational study, we investigated
the hypothesis that microbiota injury in allo-HCT is also dependent on conditioning
regimens.

Patients that received allo-HCT at Memorial Sloan Kettering Cancer Center between
2009-09-04 and 2019-12-26 were screened for inclusion. Patients were eligible if they

had at least one stool sample collected between days —20 and +30. We excluded patients
treated with uncommaon conditioning regimens (n<40), those whose samples were collected
at the time of a second or third allo-HCT for graft failure or a third allo-HCT, and those

who received uncommon GVHD prophylaxis regimens (administered to <10 patients; Figure
1A). Conditioning regimens included were 1V busulfan (pharmacokinetics-directed) 9.6 —
12.8 mg/kg, melphalan 140 mg/m2, and fludarabine 125 mg/m2 (Bu4/M el/Flu); fludarabine
160 mg/m2 and IV busulfan (pharmacokinetics-directed) 9.6 — 12.8 mg/kg (Flu/Bu4);

total body irradiation (TBI) 1375 cGY, thiotepa 10 mg/kg, and cyclophosphamide 120
mg/kg (TBI1375/Tt/Cy); clofarabine 100mg/m2, melphalan 140 mg/m2, and thiotepa 10
mg/kg (Clo/Tt/Mdl); fludarabine 150 mg/m2, cyclophosphamide 50 mg/kg, thiotepa 10
mg/kg, and TBI 400 cGy (Flu/Cy/Tt/TBI1400); melphalan 140 mg/m2, thiotepa 5 mg/kg,
and fludarabine 160 mg/m2 (Mel/Tt/Flu); fludarabine 120 mg/m2 and nelphalan 140
mg/m2 (Flu/M€l); fludarabine 125 mg/m2, cyclophosphamide 50 mg/kg, and TBI 200 cGY
(FIu/Cy/TBI200). Conditioning intensity was was classified according to standard criteria
(Figure 1B).(1.2)

To validate the association between conditioning intensity and diversity loss, we included
an additional cohort of allo-HCT recipients from 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 cohort
features were previously reported by Peled ef al(11)

Patients provided written consent to an IRB-approved biospecimen-collection protocol.

Stool samples and sequencing

Stool samples were processed by disruption of bacterial cell walls with silica bead-beating,
isolation of nucleic acids, and amplifying and sequencing the genomic 16S ribosomal-RNA
gene V4-V5 variable region on the Illumina MiSeq platform, as previously described.

(11) Amplicon sequence variants (ASVs) were called using the DADA2 pipeline and
mapped to the NCBI 16S rRNA sequence database using BLAST.(21) a.- and B-diversity
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were calculated with the Simpson reciprocal index and Bray-Curtis distances, respectively.
Laboratory technicians ascertained stool consistency at the time of aliquoting.

The distances in Figure 2D were determined by applying multidimensional scaling (MDS)
to the Bray-Curtis distance matrix. For each patient that had samples collected before
conditioning, the earliest sample was selected for calculating per-regimen baseline centroids
(based on the first two MDS components). Figure 1F shows the Euclidean distance between
each patient’s latest sample and the regimen centroid.

Statistical analysis

Descriptive statistics, including median and interquartile range [IQR] for continuous
variables, and percentages for categorical variables, are provided. Acute GVHD was
estimated using the cumulative incidence function, with death and relapse considered as
competing events. A generalized estimating equation was constructed to assess correlations
between clinical covariates, including the timing of sample collection and a diversity.

Modeling taxonomic abundance with multivariate models

In order to separate the association of the microbial community composition with
conditioning regimens from the influence of the various patient variables, the data were
modeled using Microbiome Multivariable Association with Linear Models (MaAsLin2).
(22) In short, the dependency structure of the taxonomic composition within each patient
was modeled by a patient-specific random effect. Covariates with fixed effects included
conditioning regimens and time from HCT to sample collection. An alternative version

of the model included additional covariates with fixed-effects — antibiotic exposures,
diagnoses, GVHD-prophylaxis, previous allo-HCT, age, and graft type. Antibiotic exposure
was encoded such that any sample collected the calendar day after the first dose of that
antibiotic was considered exposed

MaAsLin2 was run with a minimum relative abundance threshold 2x10"-3 (corresponding
to the limit of detection given the inclusion criteria of a minimum 1000 reads per sample),
and a prevalence abundance of features being present in greater than or equal to 5% of

the samples. Taxa indicated by a “f_” prefix indicate that no annotation was available at
the Genus level. The base linear model was used on the log-scaled abundances; continuous
metatada was left un-standardized. The data were analyzed in two windows: day —10 to

0, and day 0-12; these windows represent the conditioning period and the post-transplant/
GVHD prophylaxis period, respectively. Hits were considered significant if they had a
Benjamini-Hochberg corrected p-value less than 0.05.

Some of the various computational tools that have been developed for determining microbial
differential abundance between groups have been observed to produce different sets of
results under certain circumstances. To validate the bivariate results of MaAsLin2, we also
used Corncob,(23) ANCOM2,(24) ANCOM-BC,(25) and metagenomeSeq (Bioconductor
package)(26-28) to assess the compositional data from this study under various statistical
approaches. Of these tools, only MaAsLin2 and ANCOM?2 natively support the analysis of
repeated measures from the same subjects.
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Healthy volunteers

Healthy volunteers who provided stool samples provided written informed consent
according to a biospecimen-collection protocol approved by the Memorial Sloan Kettering
Cancer Center Institutional Review Board.

Data Availability Statement

RESULTS

Patients

Data sharing requests can be e-mailed to the corresponding author.

Of 1,903 allo-HCT recipients, 1,188 met the inclusion criteria for this observational cohort;
key among these criteria were that the patient received one a relatively common conditioning
regimen and had an donated an evaluable fecal specimen between day -20 and +30

relative to transplantation (Figure 1A, Table 1). CD34-selected peripheral blood stem cells
(PBSC) were the most common graft source (498 [41.9%)]), followed by unmodified PBSC
(428 [36.0%]). Population and transplantation features differed between the conditioning
regimens (Figure S1, Table S1). Most patients with lymphoma and chronic lymphocytic
leukemia were conditioned with fludarabine, cyclophosphamide, and total body irradiation
(TBI) 200 cGY (Flu/Cy/TBI200),(29) the only NMA regimen. Busulfan, melphalan, and
fludarabine (Bu4/Mel/Flu), a myeloablative regimen frequently used before infusion of
CD34-selected grafts, was commonly administered in those with myeloid malignancies and
myeloma. Recipients of CD34-selected transplants did not receive any additional agents for
GVHD prophylaxis. Unmodified PBSC grafts and methotrexate-based GVHD prophylaxis
were most common after fludarabine and busulfan at a myeloablative dose (Flu/Bu4),
fludarabine and melphalan (Flu/Mel), and Flu/Cy/TBI200 conditioning. Exposure to non-
prophylactic antibiotics (i.e., antibiotics initiated empirically, as for fever or a documented
infection) between days 0 to 21 was highest with TBI1375.

Factors other than antibiotics contribute to changes in the microbiome of allo-HCT

recipients

To characterize patterns of microbiota injury, we used 16S rRNA gene sequencing to analyze
7,682 stool samples (mean of 6.5 samples per patient) collected between days —20 to 30
(Figure S2). Alpha-diversity, a measure that reflects the number of unique bacteria present
and their relative frequencies, was measured by the inverse Simpson index. Consistent with
our previous studies,(11) a-diversity markedly decreased during allo-HCT; in particular the
steepest decline was observed early in the treatment course, especially before day 0 (Figure
1C- black curve, Figure S2). The reduction was only partially explained by exposure to
non-prophylactic antibiotics and any antibacterial antibiotics (Figure 1C, blue and purple
curves). Among samples collected before graft infusion and not exposed to any type of
bacterial antibiotics, diversity was lower in samples collected between days -5 to 0 (Figure
1C, purple line, period t2) than those collected between days —20 to —6 (Figure 1C, purple
line, period t1, Figure 1D; p<0.01). Furthermore, in samples not exposed to antibacterial
antibiotics, the similarity of the patient samples and healthy controls (measured as the
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Bray-Curtis distance to the average of the healthy-volunteer samples) still increased over
time (Figure 1E, p<0.001). Therefore, additional factors besides antibiotics must be invoked
to explain gut-microbiome disruption in allo-HCT recipients.

Conditioning regimen-associated microbiota injury

Stool consistency is a surrogate for microbiome composition.(30) The fraction of stool
samples with liquid consistency (Figure 1F) correlated with conditioning intensity (MAC
72%, RIC 61%, NMA 27%, p<0.001), suggesting microbiome injury is highest with
myeloablative conditioning. Diversity declined over time in recipients of all three
conditioning intensities (Figure 2A). However, the decrease was greatest in recipients

of MAC, followed by RIC and NMA (Table S2). Notably, NMA was also associated

with preservation of diversity compared to MAC in an external, previously reported(11)
multicenter cohort (n=291, Table S3). Therefore, conditioning intensity partially explains the
variance in diversity trajectories among allo-HCT recipients.

We hypothesized that microbiota injury varies not only by conditioning intensity category
but also between specific conditioning regimens. Patient samples followed a similar overall
pattern of diversity reduction regardless of intensity (Figure 2B). However, diversity loss

in samples collected shortly after graft infusion was most pronounced with TBI 1375

cGY, thiotepa, and cyclophosphamide (TBI1375/Tt/Cy) and fludarabine, cyclophosphamide,
thiotepa, and TBI 400 cGy (Flu/Cy/Tt/TB1400) and lowest with Flu/Cy/TBI200 (Figure 2C).

We next asked whether conditioning regimens induce specific taxonomic changes in the
fecal microbiome. Microbial composition shifted over time with all regimens, as measured
by Bray-Curtis distance: compared to pre-conditioning samples, recipients of TBI1135/Tt/Cy
and clofarabine, melphalan, and thiotepa (Clo/Tt/Mel) exhibited the greatest magnitude of
change, and recipients of Flu/Cy/TBI200 the least (Figure 2D). Nonetheless, the cumulative
incidence of bacterial monodomination (defined as a relative-abundance threshold of any
single ASV of =30%)(11) exceeded 80% by day 30, irrespective of the conditioning regimen
(Figure S3). To explore the specific taxonomic changes that underpinned these shifts in
global composition, we constructed a MaAslin2 multivariable linear model(22) in which

the outcome variables were the changes in genus relative abundances and the exposure
variables were time relative to transplantation and exposure to each of the conditioning
regimens (Figure 2E). The red and blue circles in the figure indicate relative enrichment or
depletion of taxa between day 0 and day 12, respectively; the size and intensity of the circles
convey the magnitude of change and statistical significance, respectively. For example, a
relative decline in Blautia abundance was associated with all the regimens except Flu/Cy/
TBI200. Furthermore, Flu/Cy/TBI200 had a pattern distinct from the others with relative
preservation of members of the Clostridia class, including Anaerostipes and Ruminococcus;
an inverse relationship was seen with many of the other regimens and clostridia. To validate
the bivariate results of MaAsLin2, we used additional modeling tools that rely on different
statistical approaches (Figure S4).(23-28) Overall, there was strong agreement between the
methods.

In a similar MaAsLin2 model also taking into account antibiotic exposures, underlying
disease, GVHD prophylaxis, and other clinical features, a preponderance of the significant
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associations between taxa and clinical variables were observed for the antibiotic exposures.
Oral vancomycin and piperacillin/tazobactam were associated with extensive taxonomic
shifts, including a reduction in many of the commensal bacteria (Figure S5A). Nevertheless,
conditioning-associated microbiome changes were still evident in the multivariable models,
despite a correlation between conditioning regimens and antibiotic exposures (Figure S6).
For instance, many taxonomic shifts were observed in the Flu/Cy/Tt/TBI400 regimen
including the loss of Blautia, Ruminococcus, and other Ruminococcaea. GVHD prophylaxis
was associated with a significant reduction of Clostridia, including Blautia, Anaerostipes,
Dorea, and Drancourtella. We therefore constructed an additional multivariable model
separating GVHD prophylaxis to individual elements (Figure S5B). Methotrexate and
cyclophosphamide, which were used in mutually exclusive fashion for GVHD prophylaxis
(Figure S6), were both associated with Clostridia loss, although numerically a greater
change was observed with methotrexate. In contrast, cyclosporine and mycophenolate
mofetil were associated with minimal microbial changes. Notably, in analysis of individual
antibiotic or conditioning drug exposure in the pre-infusion time window, antibiotic
exposures had many strong associations (Figure S5C). Oral vancomycin was associated
with the greatest shifts. Collectively, our findings support a differential association between
conditioning regimens and microbiome composition.

Conditioning-associated microbiota injury grading

To provide a scale quantifying the degree of microbiota injury by regimen, we constructed
a generalized estimating equation multivariable model for a-diversity and then manually
grouped the resulting diversity-reduction coefficients into three levels of Conditioning-
associated Microbiome Injury (CMBI; Figure 2F, Table S4): low (CMBI I: Flu/Cy/
TBI200), intermediate (CMBI 1I: Flu/Mel, Flu/Bu4, Mel/Tt/Flu [melphalan, thiotepa, and
fludarabine]), and high (CMBI I11: Flu/Cy/TBI1400, Bu4/Mel/Flu, Clo/Tt/Mel, TBI1375/Tt/
Cy). Notably, the myeloablative regimen Flu/Bu4(1,2) was associated with intermediate
microbiota toxicity. Among recipients of unmanipulated grafts (i.e., excluding CD34-
selected), regimens assigned to intermediate and high-grade CMBI had a higher risk of
grade I1-1V acute GVHD compared to low-grade MBI (Figure 2G). Altogether, our findings
indicate that microbiota injury patterns are regimen-specific and can serve as a clinical
biomarker.

DISCUSSION

This observational study is the first to show regimen-specific relationships between
individual conditioning regimens and fecal microbiome composition. Conditioning-
associated changes in the microbiome were observed with global metrics of microbiome
composition, such as a.- and p-diversity, as well as the taxonomic level. Multivariable
modeling illustrated that antibiotic exposures and GVHD prophylaxis also contribute to
microbiome perturbations after HCT. Our results in cancer patients extend prior reports
of interactions between non-antibiotic drugs and gut microbiome in healthy volunteers,
inflammatory bowel disease, and /in vitro analyses.(17,31,32)
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Conditioning regimes are the backbone of allogeneic HCT. Conditioning intensity categories
(1,2) reflect the tradeoff between the degree of tumor eradication and toxicity, both

being greatest with myeloablative regimens and reduced with nonmyeloablative regimens.
We propose microbiota injury as a new axis for evaluating conditioning regimens and
provide a classification of commonly used regimens that summarizes their degree of
microbiota toxicity, which may be relevant to clinical outcomes such as GVHD and immune
reconstitution.(9,11,33-35) In contrast to intensity classification, which was based on expert
opinion,(1,2,36) we used a data-driven approach to quantitate microbiota changes and define
injury levels. We defined injury based on a-diversity since it is a measure associated

with survival after allo-HCT.(11,37) Given this association, there are ongoing efforts to
increase diversity in allo-HCT recipients.(38,39) Our results suggest that conditioning
regimens categorized with high-grade CMBI may serve as the optimal candidates for such
interventions.

Non-antibiotic drugs can influence growth of bacterial population.(17,31,32) Our
observation that changes in microbial patterns are conditioning-regimen dependent could
be explained by several potential mechanisms. First, there could be direct effects of
chemotherapy or radiation on bacteria. Indeed, radiation and cyclophosphamide, which are
both commonly used as part of the conditioning backbone, have been shown to induce
microbial changes in mice.(18,19,40) Conditioning may also lead to bacterial changes
indirectly. Chemotherapy and radiation damage the mucosal membrane and elements of
the intestinal epithelium, such as Paneth cells that secrete antibacterial peptides.(41-44)

Isolating the impact of conditioning regimens on the microbiota is challenging since
confounders such as antibiotics, GVHD prophylaxis, and nutrition also affect bacterial
populations. Nonetheless, we observed associations between conditioning regimens and
microbiome perturbation, even after accounting for antibiotic and GVHD prophylaxis drug
exposures. There are additional observations from the literature supporting conditioning

as a driver of microbiome shifts. Maier and colleagues demonstrated that non-antibiotic
drugs, including chemotherapeutic drugs, have an inhibiting effect on bacterial growth
in-vitro.(17) Others have shown that radiation and cyclophosphamide (both commonly used
for conditioning) have an impact on the gut microbiome.(18,19,40,45) The multivariable
models illustrate the profound impact of antibiotics on the microbiome. Specifically, oral
vancomycin and IV piperacillin-tazobactam were associated with dramatic changes in

the microbiome, including butyrate-producing members of the Clostridiaceae family. Our
findings raise the possibility that antibiotic stewardship and rational selection of antibiotics
could substantially mitigate microbiota injury in allo-HCT recipients, a hypothesis we are
testing in a randomized trial (NCT03078010).

Our findings indicate that conditioning regimens contribute to microbiota injury in allo-HCT
recipients. Notably, the degree of injury is not directly correlated to classical conditioning
intensity levels. For instance, conditioning with fludarabine and busulfan at a myeloablative
dose (Flu/Bu4) was associated with intermediate microbiota injury (CMBI I1). Since
conditioning regimens are modifiable, there may be a rationale to select less microbiome-
disruptive regimens in certain patients, perhaps those at higher risk of GVHD or those with
already injured microbiome composition at baseline. Finally, the microbiome injury index
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could potentially be used for risk stratification in clinical trials studying microbiome-based
interventions in HCT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Bud/Mel/Flu: IV Busulfan (PK adj.) 9.6 - 12.8 mglkg;
Melphalan 140 mg/m2; Fludarabine 125 mg/m2
Flu/Mel: Fludarabine 120 mg/m2;

Melphalan 140 mg/m2

Flu/Cy/Tt/TBI400: Fludarabine 150 mg/m2;
Cyclophosphamide 50 mg/kg; Thiotepa 10 mglkg;
TBI 400 cGy

TBI375/Tt/Cy: TBI 1375 ¢GY;

Thiotepa 10 mglkg; Cyclophosphamide 120 mg/kg
Flu/Cy/TBI200: Fludarabine 125 mg/m2;
Cyclophosphamide 50 mg/kg; TBI 200 cGY
Flu/Bud: Fludarabine 160 mg/m2;

IV Busulfan (PK adj.) 9.6 - 12.8 mglkg

Mel/Tt/Flu: Melphalan 140 mg/m2;
Thiotepa 5 mg/kg; Fludarabine 160 mg/m2

Clo/Tt/Mel: Clofarabine 100mg/m2;
Melphalan 140 mg/m2; Thiotepa 10 mg/kg
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Figure 1. Fecal samplesfrom 1,188 recipients of allo-HCT were analyzed.
(A) CONSORT diagram for patient inclusion. The patients were conditioned with one of the

eight regimens received by >40 patients with at least one stool sample collected between
days —20 to 30. (B) Flu/Cy/TBI1200 was the only nonmyeloablative (NMA) regimen.
Flu/Mel and Mel/Tt/Flu were the reduced-intensity conditioning (RIC) regimens; the rest
of the regimens were myeloablative (MAC). (C) Not all diversity loss can be attributed
to antibiotic exposures. Each point is a stool sample whose a-diversity (as measured by
16S amplicon sequencing and the inverse Simpson index) is plotted over time relative to
transplantation. Lines are smoothed average by the LOESS (locally estimated scatterplot
smoothing) method, in which each data point (a-diversity measurement) is considered as
an independent event. The black curve averages all samples, including those collected
before or after any antibiotic exposure. The purple curve ignores any sample collected after
exposure to any antibacterial antibiotic; as virtually all patients commenced prophylactic
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antibiotics by day —2 or with the onset of neutropenia, the purple curve does not

extend beyond day 0. The blue curve ignores any samples collected after exposure to non-
prophylactic antibiotics, i.e., samples exposed to the prophylactic antibiotics ciprofloxacin
and intravenous vancomycin are included in the blue smoothed average. Time bin #Z (day
-20 to —6) and 2 (day -5 to 0) are indicated with dashed vertical lines. (D) Among samples
from n = 507 patients whose samples were not exposed to any antibacterial antibiotics,
a-diversity declines significantly between ¢ and £2, indicating that not all diversity loss can
be attributed to antibiotic exposures. 7 a-diversity is also significantly lower than those

of healthy volunteers (n = 30). Only one stool sample per patient was considered in each
time window. (E) Among samples from n = 507 patients whose samples were not exposed
to any antibacterial antibiotics, microbiota composition is significantly different between ¢1
and #2, as measured by Bray-Curtis distance to a centroid of healthy volunteers (n = 28)
compositions, indicating that not all composition changes can be attributed to antibiotic
exposures. (F) Liquid stool samples (n=957), collected between days 0 to 10, were more
commonly collected from recipients of more intense conditioning regimens, as assessed by
laboratory technicians at the time of sample aliquoting. X-squared for all samples= 118.44,
df = 4, p-value < 2.2 x 10716,

*p<0.05, ** p<0.01, ***p<0.001, **** p < 0.0001

Abbreviations: allo-HCT — allogeneic hematopoietic cell transplantation; MAC

— myeloablative conditioning; RIC — reduced-intensity conditioning; NMA —
nonmyeloablative conditioning; Abx — antibiotics.
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Figure 2. Microbiotainjury patternsin allo-HCT are conditioning regimen-specific.
(A) Fecal microbiota a-diversity declines most in recipients of MAC and the least in

recipients of NMA conditioning (Table S2). Each point is a stool sample whose a-diversity
is plotted over time relative to transplantation. The smoothed curves plots are moving
averages of recipients of different regimens. (B) Distinct patterns of a-diversity dynamics
can be observed among recipients of specific conditioning regimens. Five MAC regimens

are plotted in the left panel, two RIC and one NMA regimen are

plotted in the right

panel. (C) In a patient-level pair-matched analysis of the earliest sample collected before
(days —20 to —-1) and earliest sample after conditioning (days O to 10), the NMA regimen
Flu/Cy/TBI200 was associated with the least reduction in diversity (42%). In contrast,
the MAC regimens were associated with the greatest reduction (69%-78%). Regimens
were compared to Flu/Cy/TBI1200 with the Wilcoxon signed-rank test. (D) Microbiome
dissimilarity, as determined by applying multidimensional scaling to the Bray-Curtis
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distance matrix, between samples collected at days 0 and 12 was significantly increased
in all conditioning regimens except Flu/Cy/TBI200. The greatest distance was in the
myeloablative regimen Clo/Tt/Mel. (E) A multivariable MaAsLin2 model(22) adjusting
for time of sampling and conditioning regimens reveals a differential association between
microbial taxa and conditioning regimens. Bacteria are ordered by taxonomical ranking.
ASVs that could not be classified to the genus level were analyzed at the family level,

as indicated by f_Ruminococcaceae. FIu/Cy/TBI1200, highlighted with a gray rounded
rectangle, was associated with the preservation of members of the Clostridia class. (F)

A grading scheme classifying regimens into three categories of microbiota injury (low
[1], intermediate [11], and high [I11]) based diversity reduction between days —20 to 30
was introduced. The estimated effect on diversity of each regimen was derived from a
generalized estimating equation (Table S4) regression model, adjusting for time, age, sex,
exposure to GVHD prophylaxis, antibiotics, and conditioning. (G) Patients who received
unmodified grafts had a higher incidence of acute GVHD Grade 11-1V with regimens
categorized as having greater microbiota toxicity. CMBI hazard ratios are derived from a
multivariable Cox-regression adjusting for age, sex, comorbidity burden, donor and HLA
matching, and GVHD prophylaxis.

*p<0.05,** p<0.01, ***p<0.001, **** p < 0.0001

HCT - allogeneic hematopoietic cell transplantation; MAC — myeloablative conditioning;
RIC - reduced-intensity conditioning; NMA — nonmyeloablative conditioning; CMBI —
conditioning-associated microbiota injury; graft-versus-host disease (GVHD);
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Table 1.

Population characteristics
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Overall Missing
n 1188
Sex (%) Male 715 (60.2) 0
Female 473 (39.8)
Age (median [IQR]) 57 [47, 64] 0
Disease (%) Acute myeloid leukemia 418 (35.2) 0
MDS or MPN 286 (24.1)
Lymphoma/CLL 231 (19.4)
ALL 110 (9.3)
Plasma cell neoplasm 111 (9.3)
Other leukemias 22 (1.9)
Non-malignant disorders 10 (0.8)
Previous Allo-HCT (%) 1st allo-HCT 1141 (96.0) 0
2nd allo-HCT 47 (4.0)
HCT-CI (median [IQR]) 2[1,4] 2.1
HCT year (median [IQR]) 2015 [2013,2017] O
Donor type (%) Matched unrelated 534 (44.9) 0
Matched related 307 (25.8)
Cord blood 174 (14.6)
Mismatched non-haploidentical 128 (10.8)
Haploidentical 45 (3.8)
Graft source (%) PBSC T-cell depleted 498 (41.9) 0
PBSC unmodified 428 (36.0)
Cord blood 174 (14.6)
BM unmodified 88 (7.4)
Conditioning intensity (%) Ablative 806 (67.8) 0
Reduced Intensity 275 (23.1)
Nonmyeloablative 107 (9.0)
Conditioning regimens (%) Bu4/Mel/Flu 359 (30.2) 0
Flu/Mel 233 (19.6)
Flu/Cy/Tt/TBI400 190 (16.0)
TBI1375/Tt/Cy 130 (10.9)
Flu/Bud 87 (7.3)
Flu/Cy/TBI200 107 (9.0)
Mel/Tt/Flu 42 (3.5)
Clo/Tt/Mel 40 (3.4)
GVHD prophylaxis (%) none 498 (41.9) 0
MTX-based 426 (35.9)
MMF-based 186 (15.7)
PTCy-based 78 (6.6)
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Overall Missing
Exposure to antibiotics “up to day 21 (%)  Exposed 804 (67.7) 0
Not exposed 384 (32.3)

*

The frequency of antibiotic exposure considered any exposure to drugs commonly used in this cohort of treatment of neutropenic fever or for C.
difficile diarrhea (oral vancomycin, imipenem-cilastatin, meropenem, piperacillin-tazobactam, clindamycin, and metronidazole) between the first
days of conditioning and days 21 post-allo-HCT.

IQR - interquartile range; AML — acute myeloid leukemia; MDS — myelodysplastic syndrome; MPN — myeloproliferative neoplasm; CLL

— chronic lymphocytic leukemia; ALL — acute lymphoblastic leukemia; Allo-HCT — allogeneic hematopoietic cell transplantation; HCT-CI -
hematopoietic cell transplantation-specific comorbidity index; MTX — Methotrexate; MMF — mycophenolate mofetil; PTCy — post-transplantation
Cyclophosphamide.
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