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Respiratory viral infections are frequent in patients undergoing allogeneic hematopoietic
stem cell transplantation (allo-HCT) and can potentially progress to lower respiratory tract
infection (LRTI). The intestinal microbiota contributes to resistance against viral and
bacterial pathogens in the lung. However, whether intestinal microbiota composition and
associated changes in microbe-derived metabolites contribute to the risk of LRTI following
upper respiratory tract viral infection remains unexplored in the setting of allo-HCT. Fecal
samples from 360 allo-HCT patients were collected at the time of stem cell engraftment and
subjected to deep, 16S ribosomal RNA gene sequencing to determine microbiota compo-
sition, and short-chain fatty acid levels were determined in a nested subset of fecal samples. The development of
respiratory viral infections and LRTI was determined for 180 days following allo-HCT. Clinical and microbiota risk factors
for LRTI were subsequently evaluated using survival analysis. Respiratory viral infection occurred in 149 (41.4%)

® Butyrate-producing
bacteria abundance
is correlated with

protection against
viral LRTI following
allo-HCT.

patients. Of those, 47 (31.5%) developed LRTI. Patients with higher abundances of butyrate-producing bacteria were
fivefold less likely to develop viral LRTI, independent of other factors (adjusted hazard ratio = 0.22, 95% confidence
interval 0.04-0.69). Higher representation of butyrate-producing bacteria in the fecal microbiota is associated with
increased resistance against respiratory viral infection with LRTI in allo-HCT patients. (Blood. 2018;131(26):2978-2986)

host inflammation and promote immune tolerance against a va-
riety of bacterial and viral pathogens.>¢ For example, commensal-
derived signals are thought to establish the activation threshold of
the innate immune system required for optimal antiviral immunity”
and are associated with augmenting adaptive immune responses to
respiratory influenza virus infection in mice.®? Butyrate, a microbiota-
associated SCFA, serves as an important immunomodulatory
compound. This product of microbial fermentation by anaer-
obic gut bacteria enhances the integrity of the intestinal epi-
thelium™ and modulates enteric tolerance against microbial
communities." In addition, butyrate contributes to host health
in distant organs such as the lung. A recent study showed that
administration of butyrate reduces lung inflammation and in-
jury during pneumonia.’?

Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HCT)
offers curative treatment of a variety of hematologic malignan-
cies and immune disorders, but is associated with an array
of complications, including severe infections. During the first
6 months after allo-HCT, ~20% to 30% of patients develop
viral respiratory tract infection, caused by influenza (A and B)
virus, parainfluenza virus, respiratory syncytial virus, human
metapneumovirus, coronavirus, adenovirus, and rhinovirus.? Al-
though these viral infections in healthy individuals are generally
brief and limited to the upper respiratory tract, they can be severe
and progress to lower respiratory tract infection (LRTI) in patients
following allo-HCT, resulting in substantial morbidity and mor-
tality. During respiratory virus infection, up to 18% to 44% of
transplant patients develop LRTI, with associated mortality rates
as high as 25% to 45%, according to some studies.?* Identifying
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The intestinal microbiota is severely compromised during the
course of allo-HCT due to numerous factors, such as antibiotic

patients at high risk of severe viral LRTI might provide opportu-
nities for preemptive respiratory insufficiency.

Recently, it has been shown that the intestinal microbiota and its
metabolites, such as short-chain fatty acids (SCFA), can modulate
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treatment and disruption of the intestinal mucosa by conditioning
chemotherapy and radiation. Altered intestinal microbiota com-
position, markedly reduced microbial diversity, and intestinal
domination by bacterial pathogens during allo-HCT are associ-
ated with an increased risk of bacterial dissemination, pulmonary
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Table 1. Baseline characteristics of allogeneic hematopoietic cell transplantation (N = 360)

Butyrate Butyrate Butyrate
group absent group low group high
Variable (<0.0001) (%) (0.0001-0.01) (%) (>0.01) (%) Total (%) Fisher P

Age, y =29 14 (53.8) 12 (46.2) 0 (0.0) 26 (100) 156
30-39 23 (47.9) 18 (37.5) 7 (14.6) 48 (100)
40-49 19 (35.8) 24 (45.3) 10 (18.9) 53 (100)
50-59 39 (36.4) 44 (41.1) 24 (22.4) 107 (100)
=60 49 (38.9) 49 (38.9) 28 (22.2) 126 (100)

Sex Female 58 (44.3) 57 (43.5) 16 (12.2) 131 (100) .035
Male 86 (37.6) 90 (39.3) 53 (23.1) 229 (100)

Underlying disease Leukemia 90 (48.1) 69 (36.9) 28 (15.0) 187 (100) .052
Lymphoma 20 (30.3) 28 (42.4) 18 (27.3) 66 (100)
Multiple myeloma 13 (36.1) 14 (38.9) 9 (25.0) 36 (100)
Myelodysplastic syndrome 18 (31.0) 30 (51.7) 10 (17.2) 58 (100)
Other disorders 3(23.1) 6 (46.2) 4 (30.8) 13 (100)

Conditioning intensity | Myeloablative 63 (36.2) 83 (47.7) 28 (16.1) 174 (100) .071
Reduced intensity 72 (45.3) 54 (34.0) 33(20.8) 159 (100)
Nonmyeloablative 9 (33.3) 10 (37.0) 8 (29.6) 27 (100)
Stem cell source Related identical 32 (33.3) 42 (43.8) 22 (22.9) 96 (100)
Unrelated identical 56 (40.6) 51 (37.0) 31 (22.5) 138 (100)
Nonidentical 18 (34.6) 27 (51.9) 7 (13.5) 52 (100)

Umbilical cord 38 (51.4) 27 (36.5) 9(12.2) 74 (100) .105

Time to engraftment <14d 97 (35.9) 117 (43.3) 56 (20.7) 270 (100) .027
=14d 47 (52.2) 30 (33.3) 13 (14.4) 90 (100)

Corticosteroid use No 58 (34.5) 73 (43.5) 37 (22.0) 168 (100) 122
Yes 86 (44.8) 74 (38.5) 32(16.7) 192 (100)

B—Lactam No 17 (23.9) 29 (40.8) 25 (35.2) 71 (100) .000
Yes 127 (43.9) 118 (40.8) 44 (15.2) 289 (100)

Fluoroquinolones No 28 (45.2) 19 (30.6) 15 (24.2) 62 (100) 162
Yes 116 (38.9) 128 (43.0) 54 (18.1) 298 (100)

Vancomycin (IV) No 3(27.3) 4 (36.4) 4 (36.4) 11 (100) 399
Yes 141 (40.4) 143 (41.0) 65 (18.6) 349 (100)

Metronidazole No 106 (35.3) 129 (43.0) 65 (21.7) 300 (100) .000
Yes 38 (63.3) 18 (30.0) 4(6.7) 60 (100)
Total 144 (40.0) 147 (40.8) 69 (19.2) 360 (100)
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Figure 1. Timeline depicting longitudinal changes in butyrate-producing bacteria abundance and viral LRTI events following engraftment. Patients are sorted into
3 groups, depending on the abundance of butyrate-producing bacteria in the engraftment sample (triangle). For the most part, abundances were high at the start of allo-HCT,

but declined as antibiotics (green lines) were administered. Viral lower respiratory tract events are depicted with their associated respiratory viruses by the purple lines following

engraftment. Adeno, adenovirus; Corona, coronavirus; FIuA, influenza virus type A; FluB, influenza virus type B; Metapneumo, human metapneumovirus; Paraflu1, parainfluenza
virus type 1; Paraflu3, parainfluenza virus type 3; Rhino, rhino-/enterovirus; RSV, respiratory syncytial virus.

complications, and mortality.”*'> However, the relationship be-
tween alterations of the intestinal microbiota and risks of LRTI
during respiratory viral infection is unclear.

In this study, we analyzed fecal samples collected from a pro-
spective cohort of allo-HCT recipients and used bacterial
metagenomic approaches to determine whether disruption of
the intestinal microbiota composition, particularly depletion
of butyrate-producing gut bacteria, is associated with the risk
of LRTl associated with respiratory viral infection. We also assessed
fecal volatile metabolite composition, using targeted metab-
olomics, in a nested subset of cases and controls.

Methods

Study design, participants, and sample collection

Study participants consisted of adult patients (=18 years)
undergoing allo-HCT at Memorial Sloan Kettering Cancer
Center (MSKCC). Patients were enrolled in a prospective
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fecal collection protocol, where fecal samples were routinely
collected during the initial transplant hospitalization and stored
in a biospecimen bank, as described previously."® We required
that patients provide a minimum of 3 samples during hospi-
talization (1 pre- and 2 post-HCT). The study was approved by
the institutional review board at MSKCC. All study patients
provided written informed consent for biospecimen collection
and analysis. The study was conducted in accordance with the
Declaration of Helsinki.

We determined intestinal microbiota composition at the time of
stem cell engraftment (first of 3 consecutive days where absolute
neutrophil count remained =500 per milliliter), a pivotal time
point during immune reconstitution when the intestinal micro-
biota would be anticipated, on the basis of experimental
studies,'*'* to contribute to the differentiation of the recipients’
innate and adaptive immune system. Thus, in this study, we
focused on the fecal sample collected closest in time to stem cell
engraftment. Patients were excluded if no sample was collected
within 3 days of this time point.

HAAK et al
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Table 2. Respiratory viruses diagnosed in the prospective
cohort (N = 360 subjects)

Developed

Respiratory virus Count LRTI (%)
Adenovirus 22 7 (31.8)
Coronavirus 229E 26 2(7.7)

Coronavirus OC43 44 5(11.4)
Coronavirus type HKU1 33 1 (3.0

Coronavirus type NL63 25 3(12.0)
Human metapneumovirus 29 8 (27.6)
Human rhinovirus/enterovirus 250 28 (11.2)
Influenza virus type A 19 2 (10.5)
Influenza virus type B 16 3(18.8)
Parainfluenza virus type 1 12 2(16.7)
Parainfluenza virus type 2 1 0 (0.0)

Parainfluenza virus type 3 47 4 (8.5)

Parainfluenza virus type 4 6 1(16.7)
Respiratory syncytial virus 64 18 (28.1)
Total 594 84 (14.1)

Data collection/variables

Our primary end point of interest was viral LRTI, which we de-
fined as detection of a respiratory viral pathogen by polymerase
chain reaction (PCR) assay (obtained in the setting of respiratory
symptoms and/or abnormal vital signs), combined with new or
changed radiographic findings that were consistent with lower
respiratory tract involvement. We required that documented
radiographic infiltrates occur between 7 days before to 14 days
after diagnosis of respiratory viral infection by PCR assay. Two
study physicians independently identified each pulmonary
infiltrate, as further described in the supplemental Material,
available on the Blood Web site. Imaging findings suggestive of
cardiogenic pulmonary edema, atelectasis, or recurrent malig-
nancy were not considered to be pulmonary infiltrates unless
there was a specific documented concern for a superimposed
infectious process. Respiratory viruses included influenza (A and
B) virus, parainfluenza virus, respiratory syncytial virus, human
metapneumovirus, coronavirus, adenovirus, and rhinovirus/
enterovirus. Throughout the study period, these viruses were
detected by multiplex PCR assay of nasopharynx or bronchos-
copy specimens at our institution.

In addition to viral LRTI, the following clinical predictors were
examined: age (at transplant), sex, underlying disease, pre-
transplant pulmonary function testing, conditioning regimen
intensity,’® stem cell source, ex vivo T-cell depletion of stem
cells, time to neutrophil engraftment, administration of any sys-
temic corticosteroids, and administration of antibiotics (IV vanco-
mycin, fluoroquinolones, metronidazole, and B-lactams).

BUTYRATE-PRODUCING BACTERIA IN allo-HCT

Microbiota sequencing and assessment of butyrate
producer abundance

The intestinal microbiota was assessed using the fecal sample
collected at engraftment. DNA was extracted and purified from
each fecal sample, and the V4 to V5 region of the 16S ribosomal
RNA (rRNA) gene was PCR-amplified using modified universal
bacterial primers.'*"s Purified PCR products were sequenced
using the MiSeq lllumina platform.’” The 16S (V4-V5) paired-end
reads were merged and demultiplexed. The UPARSE pipeline'®
was used to (1) perform error filtering, using maximum expected
error (Emax = 1), (2) group sequences into operational taxo-
nomic units (OTUs) of 97% distance-based similarity, and
(3) identify and remove potential chimeric sequences, using
both de novo and reference-based methods. Prior to clustering,
singleton sequences were removed as part of the protocol.
Taxonomic assignment to species level was performed for
representative sequences from each OTU; this was achieved by
using a custom Python script incorporating nucleotide BLAST,°
with NCBI RefSeg?' as reference training set. We used a mini-
mum E-value threshold of 1e-10 for assignments. Sequence
designations and identity scores were manually inspected for
quality and consistency in terms of taxonomic structure and
secondary matches. Based on our testing and comparisons using
mock community data, we have found this approach to yield
good robust species-level approximations for our candidate
sequences. Given prior observations demonstrating the po-
tential benefits of butyrate as an immunomodulatory com-
pound,’ we hypothesized that the presence of bacteria that
produce butyrate and other SCFAs might be associated with
protection against viral LRTI. In order to assess this feature
in our cohort, we measured the abundance of 61 known bacterial
species that produce butyrate, adapted from a comprehensive
study that analyzed butyrate-producing pathways in 3184 se-
quenced bacterial genomes and the microbiomes of 15 healthy
volunteers? (listed in supplemental Table 1).

Measurement of SCFAs in selected samples

We also performed targeted metabolomics on a subset of
samples, where samples from our cohort were selected in a
nested case-control fashion. We selected samples from pa-
tients with microbiologically confirmed respiratory viral infection.
Cases consisted of patients who developed evidence of viral
LRTI, as defined in our primary end point, and controls consisted
of patients who developed respiratory viral infection but no
evidence of LRTI (ie, upper respiratory tract infection only).

The concentrations of 3 SCFAs were determined using targeted
metabolomics methodology. Fecal samples were aliquoted into
prechilled 2-mL microtubes with 2.8-mm ceramic beads (Omni
International). Extraction solvent (80% MeOH; Fisher Scientific)
containing deuterated internal standards: D-3 acetate, D-5
propionate, and D-7 butyrate (Cambridge Isotope Laboratories),
was added to the tubes at a ratio of 100 mg fecal sample to 1 mL
of extraction solvent. Fecal samples were homogenized using a
bead ruptor homogenizer (Omni International) at 4°C followed
by centrifugation for 15 minutes at 4°C and 20 000g. The su-
pernatant was collected and derivatized similar to a previously
described method.?® Briefly, 1 volume of supernatant was
added to 1 volume of borate buffer, pH 11, and 4 volumes of
100 mM pentafluorobenzyl bromide (Thermo Scientific) in acetone
(Fisher Scientific). Samples were then vortexed and heated to
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Figure 2. Association between butyrate-producing
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65°C for 1 hour. The metabolites were then extracted into
n-hexane, diluted 1:10 with additional n-hexane, and quantified
by gas chromatography-mass spectrometry (Agilent 7890A GC
system, Agilent 5975C MS detector) operating in negative
chemical ionization mode, using methane as the reagent gas.
Analysis was performed using Mass Hunter Quantitative analysis
for gas chromatography—mass spectrometry software (B07.0;
Agilent Technologies).

Statistical methods

We analyzed microbiota and clinical risk factors for viral LRTI
within our prospective cohort, using survival methods. Analysis
time began at the time of engraftment and continued until up to
180 days post-HCT. Observations were censored in the event of
death due to any cause. Potential predictors were assessed using
Cox proportional hazards modeling. All variables were first ex-
amined as univariate predictors of LRTI progression; variables
with univariate P < .20 were included in a multivariate analysis.
Kaplan-Meier estimates were calculated, and differences in
survival were assessed using the log-rank test. All analyses were
performed using R version 3.4.0 (R Development Core Team,
Vienna, Austria). Data from this study are stored in the National
Center for Biotechnology Information Sequence Read Archive
(http://www.ncbi.nlm. nih.gov/sra).

Results

We identified 360 patients who underwent allo-HCT at MSKCC
between 15 May 2011 and 1 February 2017 and provided fe-
cal samples at the time points outlined in “Methods.” Clinical
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characteristics of our study cohort were comparable with the
case mix of the 553 patients who did not meet our inclusion
criteria (supplemental Table 2). Sequencing of fecal samples
taken at the time of hematopoietic stem cell engraftment yielded
a total of 10955300 high-quality 16S rRNA gene sequences
(average 30431 per sample).

Clinical characteristics of the study cohort are shown in Table 1,
grouped by butyrate producer abundance. High relative abun-
dance of butyrate-producing bacteria (>1% of total sequences)
was maintained in 69 (19.2%) patients; low butyrate-producing
bacterial abundance (<1% of total sequences) was observed in
147 (40.8%) patients, and butyrate-producing bacteria were ab-
sent (0% of total sequences) in 144 (40.0%) patients. Patients with
leukemia, receiving umbilical cord blood transplants, or experi-
encing longer time to engraftment were more likely to have lower
abundances of butyrate-producing bacteria. Furthermore, pa-
tients who received B-lactams and/or metronidazole were also
more likely to have a subsequent butyrate-producer deficiency.
Figure 1 shows changes in the abundance of butyrate-producing
bacteria for each patient over the course of time, prior to neu-
trophil engraftment. For the most part, abundances were high
at the start of allo-HCT, but declined as antibiotics were
administered.

During the 6-month period following allo-HCT, respiratory viral
infection occurred in 149 (41.4%) patients. Of those patients,
47 (31.5%, 13% overall) were associated with LRTI involvement.
The breakdown of diagnosed virus pathogens is shown in Table 2.
Atotal of 594 separate viral pathogens were identified from
the 149 patients (through clinical testing of nasal/respiratory

HAAK et al
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Table 3. Predictors of viral LRTI after allo-HCT

Predictor

Univariate

Hazard ratio (95% CI)

Multivariate

Hazard ratio (95% CI)

Age, y 1.00 (0.98-1.02) .904
Sex (female) 1.01 (0.55-1.81) .962
Underlying disease (leukemia vs other) 1.38 (0.78-2.49) 271
Conditioning intensity (myeloablative) 1.00 —
Conditioning intensity (reduced intensity) 1.04 (0.58-1.85) .904
Conditioning intensity (nonmyeloablative) 0.66 (0.13-2.02) .509
T-cell depletion (ex vivo) 1.26 (0.71-2.27) 435
Stem cell source (related identical) 1.00 — 1.00 —
Stem cell source (unrelated Identical) 0.80 (0.37-1.74) 563 0.78 (0.36-1.71) 524
Stem cell source (nonidentical) 1.79 (0.79-4.02) 157 1.77 (0.78-3.99) 172
Stem cell source (cord blood) 1.36 (0.60-3.05) 454 0.89 (0.38-2.07) .790
Time to engraftment (=14 d) 1.27 (0.65-2.33) 469
Corticosteroid administration* 2.36 (1.32-4.25) .004 2.33 (1.27-4.32) .007
Abnormal DLCO (<80% predicted) 1.10 (0.61-1.94) .753
Abnormal FEV1 (<80% predicted) 1.09 (0.46-2.23) .834
Abnormal FVC (<80% predicted) 1.08 (0.46-2.23) .840
Prior B-lactam use 1.66 (0.78-4.19) .201
Prior fluoroquinolone use 0.75 (0.39-1.56) 420
Prior metronidazole use 1.10 (0.49-2.19) .804
Prior vancomycin (IV) use 1.07 (0.29-9.46) .935
Prior macrolide use 3.04 (1.11-6.80) .033 2.79 (1.01-6.35) .049
Butyrate abundance: absent (<0.0001) 1.00 — 1.00 —
Butyrate abundance: low (0.0001-0.01) 0.90 (0.50-1.61) 722 0.92 (0.51-1.66) 789
Butyrate abundance: high (>0.01) 0.20 (0.04-0.61) .003 0.22 (0.04-0.69) .006

*Time-dependent predictor.

Cl, confidence interval.

specimens). Rhinovirus/enterovirus was the most commonly en-
countered viral pathogen, occurring several-fold more frequently
than all other viral pathogens. However, adenovirus, respiratory
syncytial virus, and human metapneumovirus were most frequently
associated with LRTI involvement (all ~30%). Of the 47 cases of
viral LRTI, 11 (23.4%) were diagnosed by lower tract specimens
obtained by bronchoscopy (supplemental Table 3). In our analysis
of clinical and microbiota predictors of viral respiratory infection, we
found that patients with higher abundances of butyrate-producing
bacteria were less likely to develop viral LRTI. The estimated in-
cidence of viral LRTI at 180 days was 17.3% and 16.1% for the
groups in which butyrate-producing bacteria were absent or low,
respectively, and 3.2% for the high butyrate-producing abundance
group (log-rank P = .005) (Figure 2). In addition, patients with the

BUTYRATE-PRODUCING BACTERIA IN allo-HCT

highest abundances of butyrate-producing bacteria (>1%) were
independently associated with a fivefold decrease in risk of viral
LRTI (Table 3). Other clinical variables that were independently
predictive of viral LRTI were corticosteroid use and preengraftment
macrolide use. Of note, other microbiome characterizations, in-
cluding microbial diversity (inverse Simpson) and abundance of
several notably beneficial taxonomic groups, were less associated
with protection against viral LRTI (supplemental Table 4).

We performed targeted metabolomics analysis of volatile me-
tabolites on 147 samples from patients with respiratory viral in-
fection and found that measured fecal concentration of butyrate
correlated with the abundance of butyrate-producing bacteria. The
abundance of butyrate producers also correlated with production
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Figure 3. Correlation between butyrate-producing bacteria abundance and absolute fecal concentrations of butyrate, acetate, and propionate, and relative

abundance of DAT. Kruskal-Wallis P values are significant if P < .05.

of other metabolites, including acetate, propionate, and des-
aminotyrosine (DAT) (Figure 3).

Discussion

In this study, we examined clinical and microbiota predictors
of viral LRTI in a cohort of 360 allogeneic HCT recipients. We
found that patients who harbored a high abundance of butyrate-
producing bacteria at the time of stem cell engraftment were less
likely to develop viral LRTI in the 6 months following allo-HCT.
In recent years, it has been shown that some of the bacterial
species constituting the intestinal microbiota contribute to
protection against infections through a variety of direct and in-
direct immunomodulatory) mechanisms.>? In addition, the health
benefits of microbiota-associated SCFA are increasingly appre-
ciated, and several butyrate-specific mechanisms have recently
been identified that suggest their association with protection from
LRTI in our patient cohort. A recent study of mice showed that
intraperitoneal butyrate administration reduced persistent lung
inflammation during Klebsiella pneumoniae infection, leading to
the suggestion that butyrate restores interleukin-10 (IL-10) levelsin
the lung by inhibiting histone deacetylase.'? Anti-inflammatory
properties have been described in the intestine, where butyrate
through the same IL-10-dependent mechanism was associated
with heightened tolerance of macrophages toward the residing
microbiota.'" Finally, as butyrate and butyrate-producing bacteria
have been associated with promotion of T-regulatory cells and
reduced incidence of graft-versus-host disease, a decrease of
butyrate-producing bacteria might be associated with increased
graft-versus-host disease and increased exposure to immuno-
suppressive agents such as steroids, which is a known risk factor
for LRTI.2425
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Almost all major producers of butyrate are obligately anaerobic;
our observation that B-lactams and metronidazole were associ-
ated with decreased abundances of these bacteria is not nec-
essarily surprising, because these antibiotics exhibit potent
antianaerobic activity. Furthermore, we did not observe significant
associations with [V vancomycin and fluoroquinolones, which are
less active against anaerobes in the gut lumen.

We found that high relative abundance of butyrate-producing
bacteria in the gut was associated with elevated butyrate, pro-
pionate, and acetate concentrations in fecal samples, which un-
derscores the close relationship between these 3 SCFAs. For
example, a significant proportion of butyrate-producing bacteria
harbors the butyryl-CoA:acetate CoA-transferase gene, which
converts acetate into butyrate.? Beyond SCFAs, we also found
that DAT levels in feces were significantly elevated in patients with
high abundance of butyrate-producing species. This degradation
product of flavonoids is produced by Flavonifractor plautii (pre-
viously known as Clostridium orbiscindens) and has recently
been associated with ameliorating influenza infection through
augmentation of type | interferon signaling.” These observa-
tions strengthen the notion that the potentially beneficial ef-
fects of butyrate-producing bacteria in the gut extend beyond
butyrate alone, and that these communities might be reflected
as a marker of immunological resilience.?”28

There are several limitations to this study. First, a broad clinical-
radiographic definition of posttransplant viral LRTI was used to
maximize detection of otherwise poorly defined events. We
used a similar approach as taken previously by Harris and col-
leagues, which used abnormal radiographic patterns in con-
junction with clinical information.'* However, the inclusion of all
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abnormal radiographic findings into 1 primary end point, re-
gardless of severity of disease, respiratory viral infection, and
causative pathogen, could misclassify and inflate or dilute the
impact of butyrate-producing species in this cohort. In a sense,
this partly mirrors our clinical experience, where it can be difficult
to know whether symptoms and/or radiographic findings are
related to a viral pathogen identified by clinical testing.

Second, despite that our findings show that the abundance of
butyrate-producing bacteria is an independent predictor of viral
LRTI, as depicted in Table 3, whether these bacteria or their
metabolites can directly confer protection against LRTI is not
known. Itis possible that the loss of butyrate producers may reflect
some underlying and undocumented differences between pa-
tients that also lead to increased susceptibility to viral LRTI. Third,
the microbiota data were specifically studied during engraftment,
and although we believe that this may be an immunologically
crucial time point, subsequent microbiota time points may also be
important but were not collected or captured. Finally, although
this cohort was representative of the allo-HCT population at our
center,"®"® it might not be fully comparable to other transplant
centers, where exposure to microbial pathogens, antimicrobial
prophylaxis, empiric treatment, and allo-HCT protocols differs.

In summary, high intestinal abundance of butyrate-producing
bacteria at engraftment is an independent predictor of protec-
tion against viral LRT! in allo-HCT recipients. Recent studies of this
patient group revealed the importance of the phylogenetic
composition and diversity of the microbiota at the time of stem
cell engraftment and support the notion that the microbiota
contributes to optimization of immune reconstitution following
allo-HCT.™*"5 Interventions that protect the butyrate-producing
compartment during allo-HCT, such as reduced exposure to anti-
biotics that target obligate anaerobic bacteria, such as some B-lactam
antibiotics and metronidazole, might lead to improved outcomes.
In addition, our study highlights a new opportunity for develop-
ment of next-generation pre- or probiotics that enhance the
abundance of butyrate-associated species as an adjuvant therapy
during transplant hospitalization or following viral respiratory in-
fection. Interestingly, a clinical trial assessing short-term admin-
istration of a dietary starch to increase levels of butyrate in patients
subject to allo-HCT is currently ongoing (https://clinicaltrials.gov/
ct2/show/NCT02763033). However, the underlying mechanisms
by which butyrate-producing bacteria provide protection during
allo-HCT should be investigated in greater detail, because it still
remains unclear whether this relationship is directly causal. In
addition, timing of potential treatment is of importance, because
the anti-inflammatory effect of IL-10 has been shown to be det-
rimental in certain clinical situations.?’ Experimental studies to

define molecular mechanisms of antiviral protection followed by
interventional studies that investigate the protective potential of
intestinal reconstitution with butyrate-producing bacteria are key
to developing microbiota-targeted interventions that could im-
prove outcomes for patients following allogeneic HCT.
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