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KEY PO INT S

� Fecal microbial
diversity is an
independent predictor
of CD4 T-cell count 3
months after HCT in
recipients of CD34-
selected allografts.

� Increased fecal relative
abundance of
Staphylococcus in the
early post-HCT period
is independently associ-
ated with worse CD4
T-cell count.

Low intestinal microbial diversity is associated with poor outcomes after allogeneic
hematopoietic cell transplantation (HCT). Using 16S rRNA sequencing of 2067 stool
samples and flow cytometry data from 2370 peripheral blood samples drawn from 894
patients who underwent allogeneic HCT, we have linked features of the early post-HCT
microbiome with subsequent immune cell recovery. We examined lymphocyte recovery
and microbiota features in recipients of both unmodified and CD34-selected allografts.
We observed that fecal microbial diversity was an independent predictor of CD4 T-cell
count 3 months after HCT in recipients of a CD34-selected allograft, who are dependent
on de novo lymphopoiesis for their immune recovery. In multivariate models using clinical
factors and microbiota features, we consistently observed that increased fecal relative
abundance of genus Staphylococcus during the early posttransplant period was associated
with worse CD4 T-cell recovery. Our observations suggest that the intestinal bacteria,
or the factors they produce, can affect early lymphopoiesis and the homeostasis of
allograft-derived T cells after transplantation.

Introduction
Allogeneic hematopoietic cell transplantation (allo-HCT) is a
potentially curative therapy for hematological malignancies,
immune deficiencies, and marrow failure syndromes.1,2 Allo-
HCT involves conditioning with chemotherapy and/or total body
irradiation followed by the infusion of a stem-cell–containing
allograft. Grafts may be “unmodified” whereby the donor cells
infused into the patient have not undergone any postcollection
cellular purification, or “modified” such that stem cell or lym-
phocyte populations are manipulated before infusion (eg,
CD341 stem cell selection).3-7

Immune recovery in the CD34-selected setting relies on lympho-
poiesis from stem and progenitor cells, as very few mature

lymphocytes are transferred in the graft, whereas recovery in the
unmodified setting reflects both stem and progenitor function
as well as maintenance (with or without expansion) of infused
donor lymphocytes.3-14 Comparing immune reconstitution and
microbial features between recipients of different graft types
offers a unique opportunity to explore microbe-derived factors
that may support posttransplant immune recovery at the level of
true marrow-derived lymphopoiesis (in the recipients of CD34-
selected grafts) as well as the combination of stem cell–derived
populations and peripheral maintenance (in the unmodified graft
types).4,11-15 This is important because immune recovery is criti-
cal for long-term survival in the allo-HCT group. In pediatric
patients, reaching a threshold of 50 CD41 T cells per microliter
by day 100 has been associated with improved overall sur-
vival.16-18 In adults, the minimum cell count that predicts
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improved outcomes is less well defined, but the total lympho-
cyte count has been associated with better outcomes after trans-
plantation.19-23 In clinical practice, the lymphocyte subsets are
routinely measured, and a CD4 count of more than 200 cells
per microliter in many centers leads to the cessation of prophy-
lactic antimicrobial therapies.24 Importantly, it is also clear from
several studies that patients with poor immune recovery after
allo-HCT have higher nonrelapse mortality (NRM), higher risk of
chronic graft-versus-host-disease (GVHD), and shorter overall
survival.22,25-29

Several preclinical studies have described an influence of the
intestinal microbiome on hematopoiesis, most likely via NOD1-
dependent signaling of microbe-derived ligands directly to the
hematopoietic stem cell.30-38 Germ-free mice have profound
defects in mucosal lymphoid tissues in the lamina propria. Fur-
thermore, they have fewer hematopoietic stem cells in bone
marrow (BM), lower circulating lymphocyte counts, and impaired
T-cell function and are highly susceptible to bacterial, fungal,
and viral infections.30-32 Interestingly, the susceptibility of germ-
free or antibiotic-treated mice to infections and their decreased
immune cell counts can be reversed after restoration of the
intestinal microbiome with fecal transplantation.32-34

In the context of post-HCT hematopoiesis, our group’s previous
work has demonstrated that the depletion of intestinal micro-
biota in mice with broad-spectrum antibiotics leads to a
decrease in the number of circulating lymphocytes in the early
weeks after syngeneic transplant of BM into irradiated recipient
mice.39 This phenotype was reversed by administration of
sucrose, which suggests that intestinal bacteria’s ability to extract
energy from the diet may be essential to supporting optimal
lymphopoiesis, especially during the metabolically expensive
process of repopulating the hematopoietic system after ablative
conditioning.39 In a recent clinical study from our center,
Schluter et al40 analyzed daily blood counts, drug exposures,
and fecal taxonomic composition in a cohort of 1582 patients.40

Higher fecal relative abundance of the Staphylococcus and
Ruminococcus genera was associated with increased lymphocyte
counts in the early posttransplant period when daily blood
counts are available.40 Taken together, the results of these
mouse and human studies highlight that the intestinal microbial
community may facilitate optimal immune reconstitution after
transplantation. In the present study, we therefore explored the
link between the intestinal microbiota and immune recovery
using 16S rRNA sequencing of stool samples and clinical flow
cytometry data to define lymphocyte subsets.

Methods
Patient selection
Patients who underwent allogeneic HCT at Memorial Sloan Ket-
tering Cancer Center from September 2009 through November
2019 were screened for inclusion. Initial inclusion criteria were
broad: at least 1 stool sample available for analysis between day
230 and day 1730 relative to transplant and the availability of
flow cytometry measurements of lymphocyte subsets. The flow
cytometry assays had been conducted during routine clinical
care. We included patients with any hematologic malignancy or
nonmalignant hematologic condition and any conditioning regi-
men type and/or degree of donor-recipient match. Furthermore,

we specifically sought to compare 3 allograft sources: unmodi-
fied BM, peripheral blood stem cell (PBSC) grafts, and ex vivo
CD34-selected grafts. To avoid bias, we excluded patients who
were undergoing a second or third allogeneic HCT (although
those with prior autologous HCT were included), patients with
primary engraftment failure, a small number of patients who had
received BM CD34-selected grafts, and patients who died within
100 days after allo-HCT, as this was the time of our primary end
point for CD4 recovery. The flow diagram describing patient
selection is shown in supplemental Figure 1 (available on the
Blood Web site), patient characteristics in Table 1, and exposure
to different drugs in supplemental Tables 1, 2, and 3. The asso-
ciation of GVHD prophylaxis with CD4 counts is shown in sup-
plemental Figure 2. Patients provided written consent to an
institutional review board–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 16S ribosomal-RNA gene V4-V5
variable region on the Illumina MiSeq platform, as previously
described.41 Amplicon sequence variants were called using the
DADA2 pipeline42 and mapped in the National Center for Bio-
technology Information’s 16S rRNA sequence database using
BLAST.43 a-Diversity was calculated using the Simpson recipro-
cal index.

Flow cytometry
Lymphocyte cell subsets were evaluated by flow cytometry of
fresh peripheral blood samples between posttransplant days 21
and 730. To calculate the lymphocyte counts, we used routine
clinical hematology parameters (measured via the Sysmex XN
hematology analyzer) to first calculate the total white blood cell
count and then the lymphocyte subsets by using hierarchical
clustering. The subsets are reported as a percentage of the lym-
phocytes. The surface markers used to identify each lymphocyte
population were CD3, CD4, CD8, CD16, CD19, CD56, and
CD45 for the lymphocyte subsets (CD4, CD8, CD19, and NK
cells) and were performed according to Clinical Laboratory
Improvement Amendments (CLIA) standards.22 Supplemental
Table 4 includes the median lymphocyte counts per subset and
graft type at day 100.

Statistical analysis
Patients were divided into high and low periengraftment
a-diversity groups, using the global median, during the peri–
neutrophil-engraftment period (post-HCT day 7-21). Overall
survival (OS) and NRM were estimated by the Kaplan-Meier
method. Comparisons across groups stratified by allograft
type (unmodified BM or PBSCs or CD34-selected PBSCs).
A generalized estimating equation (GEE) was used to evaluate
the association between periengraftment a-diversity and lym-
phocyte recovery. Periengraftment a-diversity and lymphocyte
recovery were used as continuous variables for the GEE
analysis, which included counts for the first 200 days after
HCT. At the landmark of day 100, OS and NRM were evalu-
ated for patients with above- and below-median CD4 recov-
ery. Correlation of CD4 and CD8 counts was assessed using
the Pearson correlation coefficient.

GUT MICROBIOME AND T-CELL RECOVERY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2759

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024



Comparison of microbial composition
We explored the microbiome composition of periengraftment
samples by using t-distributed stochastic neighbor embedding
(tSNE), a method that reduces multidimensional data for visualia-
tion.44 The fecal microbiome composition of the patients was
assessed by linear discriminant analysis of effect size (LEfSe), a
computational algorithm that combines tests for statistical signif-
icance and biological relevance to identify the microbiome fea-
tures most likely to explain differences between 2 groups.45 The
observed differences from LEfSe analysis were validated with
Wilcoxon rank-sum univariate testing, by comparing the abun-
dance of these taxa in patients with above- and below-median
CD4 recovery. Permutational multivariate analysis of variance

(PERMANOVA) testing, a multivariate nonparametric statistical
test, was used to compare patients who had high vs low lym-
phocyte recovery per graft type, using the dispersion of the
patients’ microbiome composition at the genus level and each
group’s centroids.46 Taxa (at the genus level) present at a
median relative abundance of 2 3 1023 and present in at least
5% of the samples were included for assessment for LEfSe,
tSNE, and PERMANOVA.

Modeling taxonomic abundance with
multivariate models
To separate the association of microbial community composition
with CD4 recovery from the influence of the various patient vari-
ables, the data were modeled using Microbiome Multivariable
Association with Linear Models (MaAsLin2).47 In short, the taxo-
nomic composition was assessed using each patient’s unique
identifier as a random effect and the following fixed effects: per-
graft-type ranked CD4 counts, age, disease, conditioning inten-
sity, exposure to high doses of steroids, total body irradiation,
anti-thymocyte globulin (ATG) exposure, and cytomegalovirus
reactivation. In addition, it was observed that most of the
patients exhibited monodominated stool communities. Addi-
tional models were run that included a sample’s Simpson recip-
rocal index as a fixed effect to account for monodomination,
to address the possibility that when diversity is not included,
the model risks attributing CD4 recovery to the differential pres-
ence or absence of specific taxa or pathways when it could be
better explained by the gain or loss of sample complexity. The
base linear model was used on the log-scaled abundances.
Hits were considered significant if they had a Benjamini-
Hochberg–corrected P , .05.

To validate the results of LEfSe48 and MaAsLin2,48 we also used
Corncob,49 Ancom2,50 and metagenomeSeq51-53 (Bioconductor
package53) to assess the compositional data from this study
under various statistical approaches. Of these tools, only
MaAsLin2 and ANCOM2 natively support repeated measures.

Results
Higher periengraftment a-diversity is associated
with increased OS and decreased NRM after
allo-HCT
We first examined the dynamics of microbial a-diversity in stool
samples from all patients in the cohort (n 5 5930), separated by
graft type: unmodified BM (n 5 86 patients), unmodified PBSCs
(n 5 361 patients), and CD34-selected PBSC (PBSC CD341;
n 5 447 patients) grafts. a-Diversity is a summary measure that
combines the number of unique bacteria present and their rela-
tive frequencies, measured in this study using Simpson’s recipro-
cal index.41 The overall pattern of change in a-diversity, with a
decline during the early days after HCT, followed by slow
improvement, was seen in all 3 graft sources and is similar to
previous observations of our group and others (Figure 1A;
supplemental Figure 3A-B; supplemental Table 5).41,54-56

Consistent with our previous studies,41 in this cohort of 667
patients, above-median periengraftment a-diversity was associ-
ated with increased OS and decreased NRM (P 5 .005 and P 5

.02, respectively, and when stratified by graft type: P 5 .008 and
P 5 .047, respectively; Figure 1B-C: evaluation of OS and NRM in
separate graft sources in patients with high, moderate, and low

Table 1. Clinical characteristics

All patients(n 5 894)

Sex, n (%)

Male 546 (61.1)

Female 348 (38.9)

Age, mean (SD) 54.93 (12.62)

Disease, n (%)

Leukemia 420 (47.0)

Lymphoma 166 (18.6)

MDS/MPN 199 (22.3)

Multiple myeloma 93 (10.4)

Nonmalignant 16 (1.8)

Intensity, n (%)

Ablative 589 (65.9)

Reduced intensity 191 (21.4)

Nonablative 114 (12.8)

Total body irradiation, n (%) 273 (30.5)

Donor match, n (%)

Related haploidentical 44 (4.9)

Related identical 288 (32.2)

Related nonidentical 4 (0.4)

Unrelated identical 447 (50.0)

Unrelated nonidentical 111 (12.4)

Grafts, n (%)

BM 86 (9.6)

PBSCs, 361 (40.4)

PBSCs, CD341 447 (49.9)

GVHD (first 100 d), n (%) 346 (39.8)

Grade 0-1 628 (70.2)

Grade 2-4 266 (29.8)

Lower gut GVHD 84 (9.4)

Grade 0-1 855 (95.6)

Grade 2-4 39 (4.4)

MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; SD, standard
deviation.
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Figure 1. Intestinal microbial a-diversity is associated with immune reconstitution patterns after allo-HCT. (A) Stool a-diversity over time (n 5 868; BM, 85;
PBSCs, 347; CD341 PBSCs, 436). The median periengraftment (days 7-21 after HCT) a-diversity is shown with the dotted horizontal line at 3.28. OS (B) and NRM (C)
cumulative incidence in patients with high and low periengraftment a-diversity. (D) CD4 counts at days 100 and 180 post-HCT in patients with above- and
below-median periengraftment a-diversity (n 5 633 patients; BM, 71; PBSCs, 245; CD341 PBSCs, 317). CD4 counts over time in all graft recipients (E) and separated
by graft type (F) (n 5 645 patients; BM, 73; PBSCs, 250; CD341 PBSCs, 322). (G-I) CD8 T-cell counts. (D-F) The lower limit of normal (LLN) 5 429 cells per microliter, and
the upper limit of normal (ULN) 5 1331 cells per microliter. (G) CD8 T-cell counts at days 100 and 180 post-HCT in patients with low and high periengraftment a-diversity
(n 5 633 patients; BM, 71; PBSCs, 245; CD341 PBSCs, 317). CD8 counts over time in all graft recipients (H) and separated by graft type (I) (n 5 645 patients; BM, 73; PBSCs,
250; CD341 PBSCs, 322). (G-I) LLN 5 209 cells per microliter and ULN 5 768 cells per microliter. (J) CD19 counts at days 100 and 180 post-HCT in

GUT MICROBIOME AND T-CELL RECOVERY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2761

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024



CD4 recovery is shown in supplemental Figure 4). OS and NRM
in patients with high and low periengraftment a-diversity are
shown in supplemental Figure 5. Although periengraftment
a-diversity did not show association with OS in a CD34-selected
setting in previous studies, when we included a larger number of
patients with longer follow-up, there was a trend toward better

overall survival in patients with higher than median a-diversity
(hazard ratio, 0.74; 95% confidence interval, 0.51-1.06; P 5 .096;
supplemental Figure 5C).

Periengraftment a-diversity is associated with
CD4 and CD8 T-cell recovery after HCT
We hypothesized that a diverse microbiome during the early
post-HCT period supports the expansion and maintenance of
lymphoid cells within the graft, or lymphoid progenitor cell func-
tion, thus influencing the number of circulating lymphocytes at
later time points. We first sought to associate early stool diversity
with lymphocyte count within the first 200 days after HCT. We
compared the recovery of CD4 and CD8 T cells, B cells, and NK
cells in patients with above- and below-median a-diversity during
the periengraftment period by using flow cytometry data from
4998 peripheral blood samples (Figure 1D-O). We observed that
high periengraftment a-diversity was associated with higher CD4
and CD8 counts when recipients of all graft types were consid-
ered, at days 100 and 180 (Figure 1D; P , .001 and P 5 .005
respectively for CD4 counts; Figure 1G; P 5 .01 and P 5 .01.
respectively, for CD8 counts, by Wilcoxon rank-sum test).

For the evaluation of B-cell recovery, we excluded patients who
were treated with anti-CD20 agents for 12 months before and
up to 100 days after transplant, because of the known influence
of these agents on B-cell recovery.57 No association was
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Figure 1 (continued) patients with low and high periengraftment a-diversity (n 5 272; BM, 19; PBSCs, 67; CD341 PBSCs, 186). CD19 counts over time in all graft
recipients (H) and separated by graft type (I) (n 5 314 patients; BM, 23; PBSCs, 85; CD341 PBSCs, 206). (J-L) LLN 5 78 cells per microliter and ULN 5 510 cells per
microliter. (M) NK counts at days 100 and 180 post-HCT in patients with low and high periengraftment a-diversity (n 5 479; BM, 43; PBSCs, 165; CD341 PBSCs,: 271).
NK counts over time in all graft recipients (N) and separated by graft type (O) (n 5 492; BM, 45; PBSCs, 171; CD341 PBSCs, 276). (M-O) LLN 5 78 and ULN 5 510 cells
per microliter. (P-R) Correlations of CD4 count with CD8 T-cell count (P), CD191 B-cell count (Q), and NK-cell count (R). R represents the Pearson correlation coefficient.
Statistical comparison for (D,G,J,M) was performed with the Wilcoxon rank-sum test.

Table 2. Multivariate analysis

Estimate
(95% CI) P

CD34-selected

CD4 0.079 (0.016 to 0.143) .015

CD8 0.104 (0.049 to 0.159) ,.001

BM and PBSC

CD4 0.016 (20.004 to 0.036) .111

CD8 0.005 (20.031 to 0.041) .781

GEE analysis of the association of periengraftment a-diversity with the separate
outcomes of CD4 and CD8 counts over the first 200 days after allo-HCT. The
multivariate model was adjusted for age, total body irradiation, graft (for the unmodified
grafts), ATG exposure (posttransplant), exposure to high-dose steroids, anti-CD20
antibodies, GVHD prophylaxis (calcineurin inhibitor and mycophenolate mofetil,
calcineurin inhibitor, methotrexate, post-HCT cyclophosphamide–based, others, or none),
cytomegalovirus risk, and incidence of GVHD. Time was included in each model as a
polynomial spline.

2762 blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 MILTIADOUS et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024



t2 t2t2

t1 t1t1

1.0 1.0

0.520 7 3

BM
Graft

PBSC
CD34+

CD4
Low
High

Peri-engraftment
�-diversity

0.0

–0.5

–1.0

0.5

0.0

–0.5

–1.0

1.0

0.5

0.0

–0.5

–1.0

–1.0 –1.0 –0.5 0.0 0.5 1.0–1.0 –0.5 0.0

Lachnospiraceae (f)

C
lo

st
rid

ia
B

ac
ill

i
P

ro
te

o

Fi
rm

ic
ut

es

Ruminococcaceae (f)
Other clostridiales (o)
Erysipelotrichales (o)
Enterococcus (g)
Lactobacillus (g)
Staphylococcus (g)
Streptococcus (g)
Bacteroidetes (p)
Escherichia (g)
Klebsiella (g)
Other proteobacteria (p)
Actinobacteria (p)
Akkermansia (g)
Other bacteria0.5 1.0–0.5 0.0 0.5 1.0

D FE

CD34+ PBSC recipients

Low CD4 High CD4 NFLow CD4
A CB

1

0

Re
la

tiv
e 

ab
un

da
nc

e

BM recipients Unmodified PBSC recipients

High CD4 NF Low CD4 High CD4 NF

Bacilli

Enterobacter
Genus

Family

Bacillales Actinobacteria
G

Clostridia
Proteobacteria

Eggerthellaceae
Eggerthella

Eggerthellales

Erysipelotrichaceae
Erysipelotrichales

Erysipelotrichia
Erysipelatoclostridium

Oscillibacter
Oscillospiraceae

Enterobacter
Lactococcus

Bacilli

Bacillales

–5 –2.5 0 2.5

LDA score
5

PBSC

BM

High CD4Low CD4

CD34+Erysipelotrichia

Oscillibacter
Oscillospiraceae

Eggerthella
Eggerthellaceae
Eggerthellales

Erysipelotrichaceae
Erysipelotrichales
Erysipelatoclostridium

Phyla

Order

Class

J
Erysipelatoclostridium Lactococcus

–7.5

–5.0

–2.5

0.0

–7.5

–5.0

–2.5

0.0
** **

High Low High Low

g
Oscillibacter Enterobacter Bacillales

–3
–4
–5
–6
–7
–8
–9

–7.5

–5.0

–2.5

0.0

–7.5

–5.0

–2.5

0.0

High Low

* * *

High Low High

CD4 (CD34+ PBSC)CD4 (PBSC)
Low

o
Erysipelotrichales

Lo
g(

ab
un

da
nc

e)

–7.5

–5.0

–2.5

0.0

High

*

Low

o

I

CD4 (PBSC)

Bacilli Erysipelotrichia

0.0

–2.5

–5.0

–7.5

High Low

ns
0.0

–2.5

–5.0

–7.5

High Low

*
0.0

–2.5

–5.0

–7.5

High Low

*

–9
–8
–7
–6
–5
–4
–3

High Low

*

c
Erysipelotricaceae Oscillospiraceae
f

CD4 (BM)

H

–4

Eggerthellales
o

–5
–6

Lo
g(

ab
un

da
nc

e)

–7
–8
–9

High Low

*
–4
–5
–6
–7
–8
–9

f
Eggerthellaceae

High Low

*
–4
–5
–6
–7
–8
–9

g
Eggerthella

High Low

*

Figure 2.

GUT MICROBIOME AND T-CELL RECOVERY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2763

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024



found between B-cell recovery and periengraftment a-diversity
(Figure 1J-L). Consistent with prior reports that NK cells recover
quickly,58 we observed near-normal NK counts in even the
earliest available samples, but we did not observe any relation-
ship between NK counts and periengraftment a-diversity
(Figure 1M-O). We further performed multivariate analyses con-
sidering clinical parameters known to correlate with immune
reconstitution: age, graft source, ATG exposure, HD steroids or
anti-CD20 exposure, GVHD prophylaxis regimen, total body irra-
diation, cytomegalovirus risk, and incidence of GVHD. Using a
GEE model that accounted for these variables, for repeated
samples per patient, and for time relative to HCT, we still
observed that periengraftment stool a-diversity (early post-HCT)
was independently associated with CD4 T-cell count recovery in
recipients of CD34-selected PBSC grafts (Table 2). These data
support the hypothesis that one of the mechanisms by which
early post-HCT microbial diversity could contribute to improved
OS may be through effects on immune reconstitution.

We observed a significant correlation between CD4 and CD8
T-cell recovery (P , .001; R 5 0.74; Figure 1P), but only a weak
negative association between CD4 T cells and B cells, and no
relationship between CD4 T-cell recovery and NK-cell recovery
(Figure 1Q-R). Given the degree of correlation between CD4 and
CD8 number, CD4 recovery is a reasonable surrogate for overall
conventional T-cell recovery. With regard to CD4 recovery and
outcome, our findings in this cohort are consistent with previously
published data.22 In a landmark analysis evaluating the relation-
ship between CD4 count at day 100 and transplant outcomes,
recipients of PBSC or CD34-selected grafts with CD4 recovery in
the lowest quartile at day 100 had markedly worse outcomes
(P , .001 for OS and NRM for PBSC CD341 recipients; P 5 .03
for OS and P 5 .002 for NRM for PBSC recipients supplemental
Figure 4). In the BM graft recipients, no statistically significant
difference was observed in patients with high, moderate, or
low CD4 counts, as separated by the 25th and 75th percentiles
(P 5 .4 and P 5 .3 for OS and NRM).

Neither the summary measure b-diversity nor the
presence of monodomination is associated with
CD4 recovery
We next examined whether bacterial composition was associated
with lymphocyte recovery (Figure 2A-C). We compared the peri-
engraftment stool composition in the patients with above-median
and below-median day-100 CD4 count (1 sample per patient; if
multiple samples were available, the one closest to the day of
neutrophil engraftment was selected), in recipients of each graft
type. In both patient groups, there were several highly diverse
samples (n 5 131 of 288, 45% of patients with below-median
CD4 recovery, and n 5 155 of 292, 53% in the above-median
CD4 recovery group had high periengraftment a-diversity) in
addition to samples dominated by taxa such as Enterococcus
(shown in green in Figure 2A), consistent with our previous

reports.41,59 The proportion of monodominated samples (defined
as a $30% relative abundance of a specific genus)54 did not dif-
fer significantly between those with above- and below-median
CD4 recovery (P 5 .97 for BM, P 5 1.00 for PBSCs, and P 5 .48
for CD341 PBSCs). Furthermore, the patients who could not be
included in this analysis for lack of flow cytometry data at day
100 had microbial community composition similar to that of those
who were included and were reflective of the whole cohort (no
flow available; PERMANOVA testing; P 5 .95). We used tSNE, a
visualization method for decreasing the dimensionality of high-
dimensional data, to visually inspect for any clustering of samples.
Consistent with our previous work,41 we found that samples with
lower diversity clustered together and were distinct from samples
with higher diversity (Figure 2D). However, no clustering was
observed in the evaluation of graft-type and above- or below-
median CD4 recovery (Figure 2E-F). We further performed
b-diversity assessment using PERMANOVA testing and found
that there was no statistical difference in community composi-
tion between patients with above and below-median CD4
recovery (P 5 .95; P 5 .057; and P 5 .91; for recipients of BM,
unmodified PBSCs, and CD341 PBSCs, respectively). Taken
together, these summary measures did not identify broad dif-
ferences in global composition of the intestinal flora between
the patients in our cohort who did and did not reach median
CD4 recovery at day 100.

Erysipelotrichaceae are associated with above-
median CD4 recovery; Bacilli and Proteobacteria
are associated with below-median CD4 recovery
To understand potential taxonomic differences that may be pre-
sent between patients and CD4 recovery, we next performed an
unbiased analysis of specific microbial taxa using LEfSe. Once
again, we compared patients with above- and below-median
CD4 recovery at day 100 in 3 groups (recipients of unmodified
BM, unmodified PBSC, and CD34-selected grafts), and the signif-
icance of comparisons for the taxa identified by LEfSe was
assessed with a Wilcoxon rank-sum univariate test. The abun-
dance of members of the class Bacilli was associated with below-
median CD4 recovery in both PBSC and CD34-selected graft
types, and the Enterobacter genus (from the Enterobacteriaceae
family) was associated with below median CD4 recovery in PBSC
recipients (Figure 2G-J). The Bacilli class and Enterobacteriaceae
family contain many clinically relevant pathogens: the gram-
positive Enterococcus and Staphylococcus (class Bacilli) and
gram-negative Escherichia, Klebsiella, and Salmonella (family
Enterobacteriaceae). Enterobacteriaceae and Bacilli have been
observed in high frequency in post-HCT stool samples and are
associated with an increased risk of infections and higher
mortality.54,60-62 Bacteria in the Erysipelotrichaceae class were
associated with above-median CD4 cell recovery in patients
receiving PBSC grafts. Erysipelotrichaceae are butyrate producers
in the Firmicutes phylum that convert primary to secondary bile
acids.63,64 Butyrate and secondary bile acids are microbe-derived

Figure 2. Several microbial taxa are associated with immune reconstitution after allo-HCT in a univariate analysis. (A-C) Composition plots of recipients of BM
(A), unmodified PBSC (B), and CD341 PBSC (C), grafts (a single sample is included per patient). (D-F) tSNE visualization of periengraftment sample color coded by
a-diversity of the sample color coded by graft type (E), and color coded by day 100 CD4 count above- or below-median (F). Median per graft type: 115 cells per micro-
liter for BM (33 patients with high and 33 with low CD4 recovery), 220 cells per microliter for PBSCs (102 patients with high and 102 with low CD4 recovery), and 60 cells
per microliter for CD341 PBSCs (157 patients with high and 153 with low CD4 recovery). (G) LEfSe analysis of compositional differences in patients receiving each graft
type. CD4 recovery is defined as in panel F. (H-J) Relative abundance of taxa identified by using LEfSe analysis as seen in panel G. NF, no flow data available; LDA, lin-
ear discriminant analysis.
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molecules that interact and regulate CD4 T cells and have been
specifically shown to induce FoxP31 expression.65-68 Lastly, Erysi-
pelotrichaceae in a clinical allo-HCT study have been correlated
with a decrease in the incidence of GVHD after HCT.69

Staphylococcus is associated with poor CD4
recovery in several different multivariate models
Having identified several taxa associated with CD4 recovery
according to the LEfSe analysis, the taxonomic profiles and clini-
cal metadata incorporated in the previously described GEE
model were explored using MaAsLin2. This tool differs from
LEfSe in that it was designed for multivariate analyses to incor-
porate repeated measures, clinical covariates, and the micro-
biota sequencing data to identify differentially abundant taxa.
MaAsLin2 demonstrated that Staphylococcus is associated with
lower CD4 recovery (false-discovery rate 5 0.02). Given the
high-dimensional nature of this data set and the limitations of
the multivariate analysis,48 we used several other tools to vali-
date the results of the MaAsLin2: specifically, Corncob,49

Ancom2,50 and metagenomeSeq51-53 (Bioconductor package).53

Interestingly Corncob and metagenomeSeq also demonstrated
that Staphylococcus is associated with poor CD4 recovery 3
months after allo-HCT (Figure 3). To further confirm our findings,
we examined different thresholds for minimum relative abun-
dance and depth threshold for sample inclusion and found that
Staphylococcus is consistently associated with CD4 recovery
(supplemental Figure 6A). Supplemental Figure 6C shows the
CD4 counts at day 100 in patients with high or low Staphylococ-
cus abundance (using the 75th percentile) in a univariate analy-
sis, and supplemental Table 6 demonstrates the differences in
patient characteristics between those with high and low Staphy-
lococcus abundance.

Discussion
Many bacteria and microbiota-derived molecules have been
linked to immune function in clinical studies.65-68,70,71 Through
analysis of a large number of recipients of allo-HCT, we have
identified early microbiome features that correlate significantly
with CD4 recovery. In recipients of CD34-selected PBSC
allografts, high periengraftment a-diversity was independently
associated with improved CD4 lymphocyte recovery. Low gut
microbial a-diversity is associated with higher mortality in the
HCT setting and has been reported in several other disease
states.41,62,72,73 The finding that periengraftment a-diversity is
associated with day 100 CD4 T cells in patients receiving a
CD34-selected graft was interesting, since we previously dem-
onstrated an association between periengraftment a-diversity
and outcomes in recipients of an unmodified graft but not in
recipients of a CD34-selected graft.41

While the underlying mechanism by which low diversity is associ-
ated with poor outcome requires further exploration, there are
several lines of evidence suggesting that the loss of protective
immunomodulatory metabolites may be an important factor. In a
recent study of 399 healthy volunteers, Wilmanski et al reported
a plasma metabolomic signature that correlates with microbial
a-diversity.74 This signature consists of 11 plasma metabolites,
some of microbial origin, such as the secondary bile acids glyco-
cholate sulfate and iso-ursodeoxycholate. This finding is particu-
larly interesting, because microbe-dependent secondary bile
acids have now been demonstrated to modulate host immune
function, which supports a hypothesis that low microbial diversity
depletes the host of metabolites that support optimal immune
function.65-68,74,75 Mouse studies have now demonstrated that
secondary bile acids and short-chain fatty acids (eg, butyrate) can
induce differentiation of T-regulatory cells,65-68,74 polyamines are
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required for the maturation of gut lamina propria CD4 and CD8
T cells, and AhR ligands provided by the microbiome are neces-
sary for the postnatal development of intestinal lymphoid follicles
and innate lymphoid cells.75-77

Beyond the CD34-selected setting where we are predominantly
studying the association between the microbiome and lymphoid
progenitor potential, LEfSe analysis in PBSC recipients, demon-
strated that Erysipelotrichaceae were associated with higher day
100 CD4 counts. This class of bacteria in the phylum Firmicutes
contains many taxa capable of butyrate production and conver-
sion of primary to secondary bile acids.63,64 We therefore specu-
late that there is a role for microbe-derived molecules in both
de novo lymphocyte production and the maintenance of graft-
derived populations.

Bacilli (class) and Bacillales (order) were associated with worse
CD4 recovery in both unmodified PBSC and CD341-selected
PBSC grafts from LEfSe analyses, which are inherently univari-
ate. When modeling the taxonomic profiles in all patients and
all graft types with MaAsLin2, a multivariate approach, we
found that the abundance of Staphylococcus (within the
Bacilli class and Bacillales order) was significantly associated
with a lower number of CD4 T cells at day 100. To ensure
that this result was robust, we used several additional tools to
validate the results of the MaAsLin2, specifically, Corncob,49

Ancom2,50 and metagenomeSeq51-53 (Bioconductor pack-
age).53 Three of these methods (MaAsLin2, Corncob, and
metagenomeSeq) consistently revealed a relationship
between high Staphylococcus abundance and poor CD4
recovery after allo-HCT. Notably, Staphylococcus species
have been demonstrated to interact with T cells via several
mechanisms.78-80 A recent study from our center reported an
association between Staphylococcus abundance and higher
lymphocyte counts (total NK, T, and B cells) in the early weeks
after HCT.40 These conclusions were reached from frequently
collected stool samples and daily lymphocyte counts reported
as part of the complete blood count data. In contrast, in this
study we have sought to define features of early posttrans-
plant microbial communities that are linked with day-100
recovery of specific lymphocyte subpopulations, particularly
peripheral T cells, as quantified by flow cytometry.

A limitation of this study is the heterogeneity of the GVHD
prophylaxis regimens, particularly in the BM group (supple-
mental Table 1). This limitation is particularly important
because exposure to several GVHD prophylaxis regimens has
been implicated in immune recovery after allo-HCT.25,81-83

Posttransplant cyclophosphamide (PT-Cy)–based regimens are
of particular interest, because several groups have now
reported an association between PT-Cy and slower immune
reconstitution.25,81 However, there were too few patients in
this study to explore the relationship of the microbiome with
CD4 T-cell recovery in recipients of PT-Cy GVHD prophylaxis.
Lastly, variables including graft type, conditioning intensity,
and GVHD prophylaxis regimen, are not independent, and for
this reason, we used a multivariate model to assess these
complex relationships.

Our work demonstrates the potential interaction between the
periengraftment microbiome and subsequent T-cell recovery.
Mechanistic studies are needed to define the relationship

between microbiota communities and CD4 recovery. However,
these data highlight that strategies to prevent microbial
diversity loss and pathogenic domination in the early post-
transplant period should be explored and may improve
morbidity and mortality after allo-HCT by improving immune
reconstitution.84

Acknowledgments
The authors thank the members of the clinical flow cytometry labora-
tory, as well as the countless support staff involved in the long-term
biobanking effort at MSKCC, without whom, these analyses would
not have been possible. M.-A.P. thanks Theodore and Laura Hro-
madka for their support.

This work was supported in part by the National Institutes of Health
(NIH), National Cancer Institute (NCI) Cancer Center Support Grant
P30-CA008748 and NIH, NCI grant P01-CA023766; by an American
Society of Clinical Oncology (ASCO) young investigator award, a
Hyundai Hope on Wheels young investigator award, a Cycle for Sur-
vival Equinox Innovation award, and a Collaborative Pediatric Cancer
Research Program Award (O.M.); the Deutsche Forschungsgemein-
schaft (DFG) and American Society for Transplantation and Cellular
Therapy (ASTCT) (H.A.), funding from NIH, National Heart, Lung, and
Blood Institute (NHLBI) grant K08HL143189 and the Parker Institute
for Cancer Immunotherapy at Memorial Sloan Kettering Cancer Cen-
ter (J.U.P.); NCI awards, R01-CA228358 and R01- CA228308, NHLBI
award R01-HL125571, R01-HL123340, National Institute of Aging
(NIA) award Project 2 P01-AG052359, National institute of Allergy
and Infectious Diseases (NIAID) award U01 AI124275, Tri-Institutional
Stem Cell Initiative award 2016-013, The Lymphoma Foundation, The
Susan and Peter Solomon Divisional Genomics Program, and the Par-
ker Institute for Cancer Immunotherapy at Memorial Sloan Kettering
Cancer Center (M.R.M.v.d.B.); and the DKMS (Deutsche Knochen-
MarkSpenderdatei or German Bone Marrow Donor File) and the Par-
ker Institute for Cancer Immunotherapy (K.A.M.).

Authorship
Contribution: O.M. contributed to the study design, analyzed the data,
and wrote the paper; H.A. contributed to the study design and the man-
uscript; N.R.W., A.D., C.L.N., and M.B.d.S. contributed to the concept
and data analysis; J.S., P.G., A.C., and G.K.A. contributed to the collec-
tion of clinical data, sample organization, and sample processing;
A.L.C.G. contributed to data analysis; S.L., M.L., P.M., M.S., R.O., Y.T.,
A.S., R.S., S.P., J.J.B., S.G., and M.-A.P., contributed to analysis strate-
gies; S.M.D. performed all the survival and longitudinal analyses; J.U.P.
contributed to study design, data analysis, and wrote the manuscript;
M.R.M.v.d.B. contributed to study design and the manuscript; and
K.A.M. conceived of the study, contributed to data analysis, and wrote
the manuscript.

Conflict-of-interest disclosure: P.M. receives research funding from BD
Biosciences. R.S. is a consultant for Medexus and MyBiotics. S.P.
receives support for the conduct of clinical trials from Atara Biothera-
peutics, Jasper Therapeutics, and AlloVir; serves on advisory boards
for Neovii and ADMA, and is an inventor on intellectual property
licensed to Atara by MSKCC, with all rights assigned to MSKCC.
J.J.B. is a consultant for Race Oncology, Avrobio, Advanced Clinical,
and Omeros. M.-A.P. reports honoraria from AbbVie, Astellas, Bristol-
Myers Squibb, Celgene, Equilium, Incyte, Karyopharm, Kite/Gilead,
Merck, Miltenyi Biotec, MorphoSys, Novartis, Nektar Therapeutics,
Omeros, Takeda, VectivBio AG, and Vor Biopharma and serves on
data safety management boards for Cidara Therapeutics, Medigene,
Sellas Life Sciences, and Servier, and the scientific advisory board of
NexImmune; has ownership interests in NexImmune and Omeros; has
received research support for clinical trials from Incyte, Kite/Gilead,
Miltenyi Biotec, and Novartis; serves in a volunteer capacity as a
member of the Board of Directors of the American Society for
Transplantation and Cellular Therapy (ASTCT) and Be The Match
(National Marrow Donor Program, NMDP), and on the Center for
International Blood and Marrow Transplant Research (CIBMTR)

2766 blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 MILTIADOUS et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024



Cellular Immunotherapy Data Resource (CIDR) Executive Committee.
M.S. served as a paid consultant for McKinsey and Company, Angio-
crine Bioscience, Inc, and Omeros Corporation; received research
funding from Angiocrine Bioscience, Inc and Omeros Corporation;
served on ad hoc advisory boards for Kite/Gilead; and received a
1-time speaker’s fee from i3Health for a continuing medical education
speaking engagement. J.U.P. reports research funding, intellectual
property fees, and travel reimbursement from Seres Therapeutics and
consulting fees from Da Volterra, CSL Behring, and MaaT Pharma;
serving on an advisory board of and holding equity in Postbiotics Plus
Research; and filing intellectual property applications related to the
microbiome (reference numbers 62/843849, 62/977 908, and 15/
756 845). M.R.M.v.d.B. has received research support and stock
options from Seres Therapeutics and stock options from Notch Thera-
peutics and Pluto Therapeutics and royalties from Wolters Kluwer; has
consulted, received honoraria from, or participated on advisory
boards for Seres Therapeutics, WindMIL Therapeutics, Rheos Medi-
cines, Merck and Co, Inc, Magenta Therapeutics, Frazier Healthcare
Partners, Nektar Therapeutics, Notch Therapeutics, Forty Seven Inc,
Ceramedix, Lygenesis, Pluto Therapeutics, GlaskoSmithKline, Da Vol-
terra, Vor Biopharma, Novartis (spouse), Synthekine (spouse),
and Beigene (spouse); has intellectual property licensing with Seres
Therapeutics and Juno Therapeutics; and holds a fiduciary role on the
Foundation Board of DKMS (a nonprofit organization). K.A.M. serves
on the advisory board of and holds equity in Postbiotics Plus
Research. Memorial Sloan Kettering Cancer Center (MSKCC) has
financial interests relative to SeresTherapeutics. The remaining
authors declare no competing financial interests.

ORCID profiles: O.M., 0000-0002-1571-3893; N.R.W., 0000-0002-9035-
2143; A.D., 0000-0003-3106-4624; A.L.C.G., 0000-0003-3790-3724; Y.T.,

0000-0002-6601-8284; J.J.B., 0000-0003-2232-6952; S.G., 0000-0003-
1944-5053; M.-A.P., 0000-0002-5910-4571; J.U.P., 0000-0002-4029-7625;
K.A.M., 0000-0002-7064-2362.

Correspondence: Kate A. Markey, Fred Hutchinson Cancer Research
Center, Seattle, WA 98109; e-mail: kmarkey@fredhutch.org.

Footnotes
Submitted 28 September 2021; accepted 23 December 2021; prepub-
lished online on Blood First Edition 21 January 2022. DOI 10.1182/
blood.2021014255.

*M.R.M.v.d.B., J.U.P., and K.A.M contributed equally to this study.

Sequencing data are deposited in the Sequence Read Archive (Biopro-
ject number PRJNA792881).

Requests for data sharing may be submitted to Kate A. Markey
(kmarkey@fredhutch.org).

The online version of this article contains a data supplement.

There is a Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page
charge payment. Therefore, and solely to indicate this fact, this article
is hereby marked “advertisement” in accordance with 18 USC section
1734.

REFERENCES
1. Gratwohl A, Baldomero H, Aljurf M, et al;

Worldwide Network of Blood and Marrow
Transplantation. Hematopoietic stem cell
transplantation: a global perspective. JAMA.
2010;303(16):1617-1624.

2. Gooley TA, Chien JW, Pergam SA, et al.
Reduced mortality after allogeneic
hematopoietic-cell transplantation. N Engl
J Med. 2010;363(22):2091-2101.

3. Keever-Taylor CA, Devine SM, Soiffer RJ,
et al. Characteristics of CliniMACSVR System
CD34-enriched T cell-depleted grafts in a
multicenter trial for acute myeloid leukemia-
Blood and Marrow Transplant Clinical Trials
Network (BMT CTN) protocol 0303. Biol
Blood Marrow Transplant. 2012;18(5):
690-697.

4. Ando T, Tachibana T, Tanaka M, et al.
Impact of graft sources on immune
reconstitution and survival outcomes
following allogeneic stem cell
transplantation. Blood Adv. 2020;4(2):
408-419.

5. Ringhoffer M, Wiesneth M, Harsdorf S, et al.
CD34 cell selection of peripheral blood
progenitor cells using the CliniMACS device
for allogeneic transplantation: clinical results
in 102 patients. Br J Haematol. 2004;126(4):
527-535.

6. Handgretinger R, Klingebiel T, Lang P, et al.
Megadose transplantation of purified
peripheral blood CD34(1) progenitor cells
from HLA-mismatched parental donors in
children. Bone Marrow Transplant. 2001;
27(8):777-783.

7. Pasquini MC, Devine S, Mendizabal A, et al.
Comparative outcomes of donor graft
CD341 selection and immune suppressive

therapy as graft-versus-host disease
prophylaxis for patients with acute myeloid
leukemia in complete remission undergoing
HLA-matched sibling allogeneic hematopoi-
etic cell transplantation. J Clin Oncol. 2012;
30(26):3194-3201.

8. Impola U, Larjo A, Salmenniemi U, Putkonen
M, It€al€a-Remes M, Partanen J. Graft immune
cell composition associates with clinical
outcome of allogeneic hematopoietic stem
cell transplantation in patients with AML.
Front Immunol. 2016;7:523.

9. Martin PS, Li S, Nikiforow S, et al. Infused
total nucleated cell dose is a better
predictor of transplant outcomes than
CD341 cell number in reduced-intensity
mobilized peripheral blood allogeneic
hematopoietic cell transplantation.
Haematologica. 2016;101(4):499-505.

10. Bensinger WI. Allogeneic transplantation:
peripheral blood vs. bone marrow. Curr
Opin Oncol. 2012;24(2):191-196.

11. Andrews RG, Bryant EM, Bartelmez SH, et al.
CD341 marrow cells, devoid of T and B
lymphocytes, reconstitute stable
lymphopoiesis and myelopoiesis in lethally
irradiated allogeneic baboons. Blood. 1992;
80(7):1693-1701.

12. Rocha B, Dautigny N, Pereira P. Peripheral T
lymphocytes: expansion potential and
homeostatic regulation of pool sizes and
CD4/CD8 ratios in vivo. Eur J Immunol.
1989;19(5):905-911.

13. de Gast GC, Verdonck LF, Middeldorp JM,
et al. Recovery of T cell subsets after
autologous bone marrow transplantation is
mainly due to proliferation of mature T cells
in the graft. Blood. 1985;66(2):428-431.

14. Mackall CL, Bare CV, Granger LA, Sharrow
SO, Titus JA, Gress RE. Thymic-independent
T cell regeneration occurs via antigen-driven
expansion of peripheral T cells resulting in a
repertoire that is limited in diversity and
prone to skewing. J Immunol. 1996;156(12):
4609-4616.

15. Ringhoffer S, Rojewski M, D€ohner H, Bunjes
D, Ringhoffer M. T-cell reconstitution after
allogeneic stem cell transplantation:
assessment by measurement of the sjTREC/
bTREC ratio and thymic naive T cells.
Haematologica. 2013;98(10):1600-1608.

16. van Roessel I, Prockop S, Klein E, et al. Early
CD41 T cell reconstitution as predictor of
outcomes after allogeneic hematopoietic
cell transplantation. Cytotherapy. 2020;22(9):
503-510.

17. Admiraal R, Lindemans CA, van Kesteren C,
et al. Excellent T-cell reconstitution and sur-
vival depend on low ATG exposure after
pediatric cord blood transplantation. Blood.
2016;128(23):2734-2741.

18. de Koning C, Prockop S, van Roessel I, et al.
CD41 T-cell reconstitution predicts survival
outcomes after acute graft-versus-host-dis-
ease: a dual-center validation. Blood. 2021;
137(6):848-855.

19. Bayraktar UD, Milton DR, Guindani M, et al.
Optimal threshold and time of absolute
lymphocyte count assessment for outcome
prediction after bone marrow transplantation.
Biol Blood Marrow Transplant. 2016;22(3):
505-513.

20. Rigoni L, Scroferneker ML, Pitombeira BS,
et al. Importance of early absolute
lymphocyte count after allogeneic stem cell
transplantation: a retrospective study.
Transplant Proc. 2015;47(2):511-516.

GUT MICROBIOME AND T-CELL RECOVERY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2767

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024

https://orcid.org/0000-0002-1571-3893
https://orcid.org/0000-0002-9035-2143
https://orcid.org/0000-0002-9035-2143
https://orcid.org/0000-0003-3106-4624
https://orcid.org/0000-0003-3790-3724
https://orcid.org/0000-0002-6601-8284
https://orcid.org/0000-0003-2232-6952
https://orcid.org/0000-0003-1944-5053
https://orcid.org/0000-0003-1944-5053
https://orcid.org/0000-0002-5910-4571
https://orcid.org/0000-0002-4029-7625
https://orcid.org/0000-0002-7064-2362
mailto:kmarkey@fredhutch.org
mailto:kmarkey@fredhutch.org
http://www.bloodjournal.org/content/139/18/2727


21. Kim HT, Armand P, Frederick D, et al.
Absolute lymphocyte count recovery after
allogeneic hematopoietic stem cell
transplantation predicts clinical outcome.
Biol Blood Marrow Transplant. 2015;21(5):
873-880.

22. Goldberg JD, Zheng J, Ratan R, et al. Early
recovery of T-cell function predicts improved
survival after T-cell depleted allogeneic
transplant. Leuk Lymphoma. 2017;58(8):
1859-1871.

23. Politikos I, Lavery JA, Hilden P, et al. Robust
CD41 T-cell recovery in adults transplanted
with cord blood and no antithymocyte glob-
ulin. Blood Adv. 2020;4(1):191-202.

24. Ullmann AJ, Schmidt-Hieber M, Bertz H,
et al; Infectious Diseases Working Party of
the German Society for Hematology and
Medical Oncology (AGIHO/DGHO) and the
DAG-KBT (German Working Group for
Blood and Marrow Transplantation). Infec-
tious diseases in allogeneic haematopoietic
stem cell transplantation: prevention and
prophylaxis strategy guidelines 2016. Ann
Hematol. 2016;95(9):1435-1455.

25. Bejanyan N, Brunstein CG, Cao Q, et al.
Delayed immune reconstitution after
allogeneic transplantation increases the risks
of mortality and chronic GVHD. Blood Adv.
2018;2(8):909-922.

26. Berger M, Figari O, Bruno B, et al.
Lymphocyte subsets recovery following
allogeneic bone marrow transplantation
(BMT): CD41 cell count and transplant-
related mortality. Bone Marrow Transplant.
2008;41(1):55-62.

27. Fedele R, Martino M, Garreffa C, et al. The
impact of early CD41 lymphocyte recovery
on the outcome of patients who undergo
allogeneic bone marrow or peripheral blood
stem cell transplantation. Blood Transfus.
2012;10(2):174-180.

28. Kim DH, Sohn SK, Won DI, Lee NY, Suh JS,
Lee KB. Rapid helper T-cell recovery above
200 x 10 6/l at 3 months correlates to suc-
cessful transplant outcomes after allogeneic
stem cell transplantation. Bone Marrow
Transplant. 2006;37(12):1119-1128.

29. Novitzky N, Davison GM, Hale G, Waldmann
H. Immune reconstitution at 6 months
following T-cell depleted hematopoietic
stem cell transplantation is predictive for
treatment outcome. Transplantation. 2002;
74(11):1551-1559.

30. Round JL, Mazmanian SK. The gut
microbiota shapes intestinal immune
responses during health and disease [Nat
Rev Immunol. 2009;9(8):600]. Nat Rev
Immunol. 2009;9(5):313-323.

31. Wu HJ, Wu E. The role of gut microbiota in
immune homeostasis and autoimmunity. Gut
Microbes. 2012;3(1):4-14.

32. Yan H, Baldridge MT, King KY.
Hematopoiesis and the bacterial
microbiome. Blood. 2018;132(6):559-564.

33. Khosravi A, Y�a~nez A, Price JG, et al. Gut
microbiota promote hematopoiesis to
control bacterial infection. Cell Host
Microbe. 2014;15(3):374-381.

34. Josefsdottir KS, Baldridge MT, Kadmon CS,
King KY. Antibiotics impair murine
hematopoiesis by depleting the intestinal
microbiota. Blood. 2017;129(6):729-739.

35. Hasegawa M, Yang K, Hashimoto M, et al.
Differential release and distribution of Nod1
and Nod2 immunostimulatory molecules
among bacterial species and environments.
J Biol Chem. 2006;281(39):29054-29063.

36. Balmer ML, Sch€urch CM, Saito Y, et al.
Microbiota-derived compounds drive
steady-state granulopoiesis via MyD88/
TICAM signaling. J Immunol. 2014;193(10):
5273-5283.

37. Clarke TB, Davis KM, Lysenko ES, Zhou AY,
Yu Y, Weiser JN. Recognition of
peptidoglycan from the microbiota by Nod1
enhances systemic innate immunity. Nat
Med. 2010;16(2):228-231.

38. Mazmanian SK, Liu CH, Tzianabos AO,
Kasper DL. An immunomodulatory molecule
of symbiotic bacteria directs maturation of
the host immune system. Cell. 2005;122(1):
107-118.

39. Staffas A, Burgos da Silva M, Slingerland AE,
et al. Nutritional support from the Intestinal
Microbiota Improves Hematopoietic
Reconstitution after Bone Marrow
Transplantation in Mice. Cell Host Microbe.
2018;23(4):447-457.e4.

40. Schluter J, Peled JU, Taylor BP, et al. The
gut microbiota is associated with immune
cell dynamics in humans. Nature. 2020;
588(7837):303-307.

41. Peled JU, Gomes ALC, Devlin SM, et al.
Microbiota as predictor of mortality in
allogeneic hematopoietic-cell transplanta-
tion. N Engl J Med. 2020;382(9):822-834.

42. Callahan BJ, McMurdie PJ, Holmes SP.
Exact sequence variants should replace
operational taxonomic units in marker-gene
data analysis. ISME J. 2017;11(12):
2639-2643.

43. Callahan BJ, McMurdie PJ, Rosen MJ, Han
AW, Johnson AJ, Holmes SP. DADA2: High-
resolution sample inference from Illumina
amplicon data . Nat Methods. 2016;13(7):
581-583.

44. van der Maaten L, Hinton G. Visualizing data
using t-SNE. J Mach Learn Res. 2008;9:
2579-2605.

45. Segata N, Izard J, Waldron L, et al.
Metagenomic biomarker discovery and
explanation. Genome Biol. 2011;12(6):R60.

46. McArdle BH, Anderson MJ. Fitting
multivariate models to community data: a
comment on distance-based redundancy
analysis. Ecology. 2001;82(1):290-297.

47. Mallick H, Rahnavard A, McIver LJ, et al.
Multivariable association discovery in
population-scale meta-omics studies. PLoS
Comput Biol. 2021;17(11):e1009442.

48. Nearing JT, Douglas GM, Hayes M, et al.
Microbiome differential abundance methods
produce disturbingly different results across
38 datasets. BioRxiv. 2021.

49. Martin BD, Witten D, Willis AD. Modeling
microbial abundances and dysbiosis with
beta-binomial regression. Ann Appl Stat.
2020;14(1):94-115.

50. Kaul A, Mandal S, Davidov O, Peddada SD.
Analysis of microbiome data in the presence
of excess zeros. Front Microbiol. 2017;
8:2114.

51. Paulson JN, Stine OC, Bravo HC, Pop M.
Differential abundance analysis for microbial
marker-gene surveys. Nat Methods. 2013;
10(12):1200-1202.

52. Paulson JNTH, Bravo HC. Longitudinal
differential abundance analysis of microbial
marker-gene surveys using smoothing
splines. BioRxiv. Preprint posted online 10
January 2017. doi:10/1101/099457.

53. Paulson JNPM, Bravo HC. MetagenomeSeq:
Statistical analysis for sparse high-
throughput sequencing. Bioconductor pack-
age. http://cbcb.umd.edu/software/
metagenomeSeq. Accessed 7 December
2021.

54. Taur Y, Xavier JB, Lipuma L, et al. Intestinal
domination and the risk of bacteremia in
patients undergoing allogeneic
hematopoietic stem cell transplantation. Clin
Infect Dis. 2012;55(7):905-914.

55. Holler E, Butzhammer P, Schmid K, et al.
Metagenomic analysis of the stool
microbiome in patients receiving allogeneic
stem cell transplantation: loss of diversity is
associated with use of systemic antibiotics
and more pronounced in gastrointestinal
graft-versus-host disease. Biol Blood Marrow
Transplant. 2014;20(5):640-645.

56. Golob JL, Pergam SA, Srinivasan S, et al.
Stool microbiota at neutrophil recovery is
predictive for severe acute graft vs host
disease after hematopoietic cell
transplantation. Clin Infect Dis. 2017;65(12):
1984-1991.

57. Sacco KA, Abraham RS. Consequences of
B-cell-depleting therapy: hypogamma-
globulinemia and impaired B-cell
reconstitution. Immunotherapy. 2018;10(8):
713-728.

58. Ottinger HD, Beelen DW, Scheulen B,
Schaefer UW, Grosse-Wilde H. Improved
immune reconstitution after allotransplantation
of peripheral blood stem cells instead of bone
marrow. Blood. 1996;88(7):2775-2779.

59. Stein-Thoeringer CK, Nichols KB, Lazrak A,
et al. Lactose drives Enterococcus expansion
to promote graft-versus-host disease.
Science. 2019;366(6469):1143-1149.

60. Ubeda C, Taur Y, Jenq RR, et al.
Vancomycin-resistant Enterococcus
domination of intestinal microbiota is
enabled by antibiotic treatment in mice and
precedes bloodstream invasion in humans.
J Clin Invest. 2010;120(12):4332-4341.

61. Harris B, Morjaria SM, Littmann ER, et al.
Gut microbiota predict pulmonary infiltrates
after allogeneic hematopoietic cell
transplantation. Am J Respir Crit Care Med.
2016;194(4):450-463.

62. Taur Y, Jenq RR, Perales MA, et al. The
effects of intestinal tract bacterial diversity

2768 blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 MILTIADOUS et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024

http://cbcb.umd.edu/software/metagenomeSeq
http://cbcb.umd.edu/software/metagenomeSeq


on mortality following allogeneic
hematopoietic stem cell transplantation.
Blood. 2014;124(7):1174-1182.

63. Vital M, Howe AC, Tiedje JM. Revealing the
bacterial butyrate synthesis pathways by
analyzing (meta)genomic data. mBio. 2014;
5(2):e00889.

64. Connors J, Dunn KA, Allott J, et al. The
relationship between fecal bile acids and
microbiome community structure in pediatric
Crohn’s disease. ISME J. 2020;14(3):
702-713.

65. Campbell C, McKenney PT, Konstantinovsky
D, et al. Bacterial metabolism of bile acids
promotes generation of peripheral
regulatory T cells. Nature. 2020;581(7809):
475-479.

66. Song X, Sun X, Oh SF, et al. Microbial bile
acid metabolites modulate gut
RORg1 regulatory T cell homeostasis.
Nature. 2020;577(7790):410-415.

67. Hang S, Paik D, Yao L, et al. Bile acid
metabolites control TH17 and Treg cell
differentiation [published correction appears
in Nature. 2020;579:E7]. Nature. 2019;
576(7785):143-148.

68. Smith PM, Howitt MR, Panikov N, et al. The
microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeosta-
sis. Science. 2013;341(6145):569-573.

69. Han L, Zhang H, Chen S, et al. Intestinal
microbiota can predict acute graft-versus-
host disease following allogeneic
hematopoietic stem cell transplantation. Biol
Blood Marrow Transplant. 2019;25(10):
1944-1955.

70. Atarashi K, Tanoue T, Oshima K, et al. Treg
induction by a rationally selected mixture of
Clostridia strains from the human
microbiota. Nature. 2013;500(7461):232-236.

71. Atarashi K, Tanoue T, Shima T, et al.
Induction of colonic regulatory T cells by
indigenous Clostridium species. Science.
2011;331(6015):337-341.

72. Duvallet C, Gibbons SM, Gurry T, Irizarry RA,
Alm EJ. Meta-analysis of gut microbiome
studies identifies disease-specific and shared
responses. Nat Commun. 2017;8(1):1784.

73. Shreiner AB, Kao JY, Young VB. The gut
microbiome in health and in disease. Curr
Opin Gastroenterol. 2015;31(1):69-75.

74. Wilmanski T, Rappaport N, Earls JC, et al.
Blood metabolome predicts gut microbiome
a-diversity in humans. Nat Biotechnol. 2019;
37(10):1217-1228.

75. Rooks MG, Garrett WS. Gut microbiota,
metabolites and host immunity. Nat Rev
Immunol. 2016;16(6):341-352.

76. P�erez-Cano FJ, Gonz�alez-Castro A,
Castellote C, Franch A, Castell M. Influence
of breast milk polyamines on suckling rat
immune system maturation. Dev Comp
Immunol. 2010;34(2):210-218.

77. Kiss EA, Vonarbourg C, Kopfmann S, et al.
Natural aryl hydrocarbon receptor ligands
control organogenesis of intestinal lymphoid
follicles. Science. 2011;334(6062):1561-1565.

78. Br€oker BM, Mrochen D, P�eton V. The T cell
response to Staphylococcus aureus.
Pathogens. 2016;5(1):E31.

79. Kappler J, Kotzin B, Herron L, et al. V beta-
specific stimulation of human T cells by
staphylococcal toxins. Science. 1989;
244(4906):811-813.

80. Tebartz C, Horst SA, Sparwasser T, et al. A
major role for myeloid-derived suppressor
cells and a minor role for regulatory T cells
in immunosuppression during Staphylococ-
cus aureus infection. J Immunol. 2015;
194(3):1100-1111.

81. Rambaldi B, Kim HT, Reynolds C, et al.
Impaired T- and NK-cell reconstitution after
haploidentical HCT with posttransplant
cyclophosphamide. Blood Adv. 2021;5(2):
352-364.

82. Li Y, Wang M, Fang X, et al. The impact of
different doses of antithymocyte globulin
conditioning on immune reconstitution upon
hematopoietic stem cell transplantation.
Transpl Immunol. 2021;69:101486.

83. Khimani F, Ranspach P, Elmariah H, et al.
Increased infections and delayed CD41

T cell but faster B cell immune
reconstitution after post-transplantation
cyclophosphamide compared to conven-
tional GVHD prophylaxis in allogeneic
transplantation. Transplant Cell Ther. 2021;
27(11):940-948.

84. Peled JU, Jenq RR, Holler E, van den Brink
MR. Role of gut flora after bone marrow
transplantation. Nat Microbiol. 2016;
1(4):16036.

© 2022 by The American Society of Hematology

GUT MICROBIOME AND T-CELL RECOVERY blood® 5 MAY 2022 | VOLUME 139, NUMBER 18 2769

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/18/2758/1895404/bloodbld2021014255.pdf by guest on 18 M

ay 2024


	TF1
	TF2

