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Alterations of circulating lymphoid committed progenitor cellular metabolism
after allogeneic stem cell transplantation in humans
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dex 10 F-75475, Fran

Supplementary data

org/10.1016/j.exphem

0301-472X/Copyright

http://dx.doi.org/10
Lymphoid-committed CD34+linLCD10+CD24L progenitors undergo a rebound at month 3
after allogeneic hematopoietic stem cell transplantation (allo-HSCT) in the absence of acute
graft-versus-host disease (aGVHD). Here, we analyzed transcriptional programs of cell-
sorted circulating lymphoid-committed progenitors and CD34+LinLCD10L nonlymphoid
progenitors in 11 allo-HSCT patients who had (n [ 5) or had not (n [ 6) developed grade
2 or 3 aGVHD and in 7 age-matched healthy donors. Major upregulated pathways include
protein synthesis, energy production, cell cycle regulation, and cytoskeleton organization.
Notably, genes from protein biogenesis, translation machinery, and cell cycle (CDK6)
were overexpressed in progenitors from patients in the absence of aGVHD compared with
healthy donors and patients affected by aGVHD. Expression of many genes from the mito-
chondrial oxidative phosphorylation metabolic pathway leading to ATP production were
more specifically increased in lymphoid-committed progenitors in the absence of aGVHD.
This was also the case for genes involved in cell mobilization such as those regulating Rho
GTPase activity. In all, we found that circulating lymphoid-committed progenitors undergo
profound changes in metabolism, favoring cell proliferation, energy production, and cell
mobilization after allo-HSCT in humans. These mechanisms are abolished in the case of
aGVHD or its treatment, indicating a persistent cell-intrinsic defect after exit from
the bone marrow. Copyright � 2016 ISEH - International Society for Experimental Hema-
tology. Published by Elsevier Inc.
The rescue of immune competence after allogeneic hemato-
poietic stem cell transplantation (allo-HSCT) is linked to
the recovery of de novo T-cell production in the thymus
[1], which is impaired during acute graft-versus-host dis-
ease (aGVHD) and its treatments [2]. We recently reported
a rebound of CD34þLin�CD10þCD24� circulating
lymphoid-committed progenitors (CLPs) [3] after allo-
HSCT abrogated by aGVHD [4].
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Here, we studied the impact of allo-HSCTand aGVHD on
gene expression of ex vivo cell-sorted circulating CLPs and
CD34þLin�CD10�, a heterogeneous population committed
to the myeloid lineage. We illustrated that circulating CLPs
undergo profound changes in metabolism, favoring energy
production and response to stress after allo-HSCT in humans.
These mechanisms are abolished in cases of aGVHD, indi-
cating a persistent cell-intrinsic defect [5,6].
Methods
All patients (n 5 11) underwent non–T-cell–depleted allo-HSCT
at Hôpital Saint-Louis (Paris, France) between February and
November 2013 (Table 1). Five of the 11 patients developed
aGVHD grade 2 or 3 [7], which responded to steroids. Healthy do-
nors (HDs, n 5 7) matched for age (35–63 years) and sex
(4 males/3 females) were recruited at the Hôpital Saint-Louis
Blood Bank. The investigation was approved by the Medical
matology. Published by Elsevier Inc.
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Ethics Committee of the Hôpital Saint-Louis with written
informed consent obtained from all participants.

Peripheral blood mononuclear cells were first separated on
lymphocyte separation medium (Eurobio, Courtaboeuf, France).
At least 20 � 106 cells were stained with monoclonal mouse anti-
human CD34–allophycocyanin (APC, 8G12), monoclonal mouse
antihuman CD24–fluorescein isothiocyanate (FITC, ML5), and
monoclonal mouse antihuman CD10–phycoerythrin cyanine 7
(PE-Cy7, HI10a). The lineage (Lin) PE-conjugated antibody cock-
tail contained antibodies against CD2 (RPA-2.10), CD3 (UCHT1),
CD4 (RPA-T4), CD8 (RPA-T8), CD13 (WM15), CD14 (M5E2),
CD15 (HI98), CD16 (3G8), CD19 (HIB19), CD20 (2H7), CD33
(WM53), CD56 (B159), and CD235a (GA-R2). All antibodies
were from BD Biosciences (Le Pont de Claix, France). Five hun-
dred CD34þlin�CD10þCD24� or CD34þlin�CD10� cells were
directly sorted into 60 mL of RLT buffer (Qiagen, Courtaboeuf,
France), using a FACS ARIA II, (BD) and were immediately
frozen at �80�C. Total RNA was extracted using the RNeasy Mi-
crokit (Qiagen) according to the manufacturer’s instructions. RNA
was quantified and qualified on a Bioanalyser 2100 (Agilent Tech-
nologies, les Ulis, France). Total RNAwas amplified using the Ex-
pressArt mRNA amplification Pico Kit (AmpTec, Hamburg,
Germany) and labeled with the BioArray HighYield RNA Tran-
script Labeling Kit (Enzo Life Sciences, Villeurbanne, France),
then hybridized to GeneChip Human Genome U133plus 2.0 arrays
(Affymetrix, High Wycombe, UK). All data have been deposited
in NCBI’s Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/geo/) under the algorithm Maximum Rank Sum (MAXRS)
[8] and normalized with global normalization Accession No.
GSE75344.

A t-test analysis was performed for sample comparisons, and
RNA was considered differentially expressed for fold changes
O1.5 and p values !0.05. Pathway analyses were performed
with KEGG (Kyoto Encyclopedia of Genes and Genomes) and
DAVID (Database for Annotation, Visualization and Integrated
Discovery). All statistical differences were expressed according
to DAVID.
Results
We first compared the distribution of genes differentially
expressed in the different cell populations. In cell-sorted
CLPs (percentages of CLPs in CD34þ cells are provided
in Supplementary Figure E1 [online only, available at
www.exphem.org]), 592 probes were differentially ex-
pressed between patients in the absence of aGVHD versus
HDs, and 560 probes between patients without aGVHD
versus those with aGVHD (540 were upregulated and 20
downregulated, p ! 0.05, fold change O 1.5; Fig. 1A).
In the control population of circulating CD34þLin�CD10�

nonlymphoid progenitors, 405 probes were differentially
expressed between patients without aGVHD and patients
with aGVHD (396 were upregulated and 9 were downregu-
lated, p ! 0.05, fold change O 1.5; Fig. 1B), with only 15
genes being upregulated in both CD10þ and CD10� sub-
populations (Supplementary Figure E2, online only, avail-
able at www.exphem.org). Of note, few genes were
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Figure 1. (A) Number of probes differentially expressed between circulating lymphoid progenitors from patients with and without grade 1 acute GVHD

(GvHD 0–1), from patients with grade 2 or 3 aGVHD (GvHD 2–3), and from healthy donors (HDs). (B) Number of probes differentially expressed between

CD34þlin�CD10� cells from patients with and without grade 1 acute GVHD (GvHD 0–1), from patients with grade 2 or 3 aGVHD (GvHD 2–3), and from

HDs. (C) Differences in major differentially expressed pathways between patients with (grades 2–3) and without (grades 0–1) aGVHD and from HDs in

circulating lymphoid-committed progenitors.

813S. Glauzy et al./ Experimental Hematology 2016;44:811–816

http://dx.doi.org/10.1016/j.exphem.2016.05.008


Figure 2. Expression heat map of genes from (A) ribosomal, (B) OXPHOS, or (C) cell migration pathways in CLPs from patients with or without grade 1

acute GVHD (No) and patients with grade 2 or 3 aGVHD (Yes) and healthy donors (HDs). Statistical significance according to DAVID is indicated between

these three groups.
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consistently downregulated (Supplementary Table E1, on-
line only, available at www.exphem.org).

Major upregulated pathways included ribosome, protein
synthesis, energy production, cell cycle regulation, and
cytoskeleton organization (Fig. 1C). Some were affected af-
ter allo-HSCT in both progenitor populations (protein syn-
thesis and cell proliferation), and others were affected
preferentially in the CLP population (energy production
and cell migration).

Genes belonging to the protein synthesis and ribosomal
pathways were upregulated in both CLPs (p 5 2.5 � 10�5;
Fig. 2A) and nonlymphoid progenitors (p 5 5.7 � 10�8)
from patients without aGVHD compared with patients
with aGVHD during the 3-month period preceding sample
collection. Compared with HDs, these pathways were upre-
gulated in cells from allo-HSCT patients in the absence of
aGVHD and downregulated in cells from patients with
aGVHD (Fig. 1C). Genes that encode subunits of eukary-
otic translation initiation factors 3 (EIF3I) and 4 (EIF4B)
were also upregulated in both circulating progenitor popu-
lations from patients without aGVHD, compared with cells
from patients with aGVHD. Genes encoding proteins
involved in mRNA biology regulating splicing (PRP6 pre-
mRNA processing factor 6 homolog [PRPF6]) or stability
(heterogeneous nuclear ribonucleoprotein D [HNRNPD])
were upregulated in CLPs from patients without aGVHD
compared with patients with aGVHD (Supplementary
Table E1). In total, the protein synthesis machinery was
boosted globally after allo-HSCT and severely impaired
in cases of aGVHD as compared with HDs. Accordingly,
with the increased protein synthesis rate, genes that encode
proteasome subunits alpha type 1 (PSMA1), alpha type 5
(PSMA5), and beta type 7 (PSMB7) or play a role in the
ubiquitination process, which degrades damaged proteins,
such as ubiquitin-conjugating enzyme E2D2 (UBE2D2)
and ubiquitin-specific peptidase 14 (USP14), were upregu-
lated in both circulating progenitor populations from pa-
tients without aGVHD, compared with patients with
aGVHD. These genes are also upregulated in patients
without aGVHD, compared with healthy donors (Fig. 1C;
Supplementary Table E1). In addition, many genes encod-
ing proteins involved in cell proliferation were upregulated
in both progenitor populations in the absence of aGVHD
compared with HDs and patients with aGVHD. This was
the case for the cyclin-dependent kinase (CDK6), the activ-
ity of which has been linked to multipotent progenitor
maintenance and thymocyte development [9] and regula-
tion of hematopoietic stem cell quiescence [10]. These re-
sults are consistent with the rebound of progenitors
observed 3 months after allo-HSCT in the absence of allo-
geneic aGVHD [4].

Other pathways were upregulated in the absence of
aGVHD preferentially in CLPs. This was the case for the
energy production pathways. The most efficient way to pro-
duce ATP is through the proton gradient produced by
NADþ recycling in the respiratory chain or oxidative phos-
phorylation (OXPHOS) pathway. NADþ is produced from
acetyl-CoA in the Krebs cycle. Acetyl-CoA can be pro-
duced by glycolysis and fatty acid oxidation (FAO).
Many genes encoding for protein complexes of OXPHOS
(p 5 0.028), NADH dehydrogenases NDUFB3-B6 and
-C1, succinate dehydrogenase SDHAP2, cytochrome c
oxidase COX6B1, ATP synthase, Hþ-transporting mito-
chondrial complex ATP5A1 and ATP5C1, glycolysis (hexo-
kinase 1 HK1), and FAO enzymes (acyl-CoA synthetase
medium-chain family member 2A ACSM2A) were overex-
pressed in the absence of aGVHD (Fig. 2B; Supplementary
Table E1).

Many pathways encoding proteins implicated in cell
migration (p 5 0.016), cell adhesion (p 5 0.031), and
cytoskeleton deformation, such as abl-interactor 1 (ABI1),
oxysterol binding protein-like 3 (OSBPL3), and integrin
beta 1 (ITGB10), were upregulated in CLPs in the absence
of aGVHD, compared with HDs and patients with aGVHD
(Fig. 2C). Finally, this was also the case for genes encoding
proteins implicated in Rho GTPase biology such as Rho
GTPase-activating proteins 8 (ARHGAP8) and 32 (ARH-
GAP32) or Rho guanine nucleotide exchange factors 2
(ARHGEF2) and 7 (ARHGEF7). Rho GTPases regulate
the major modes of actin polymerization and control
morphogenesis, polarity, movement, and cell division
[11,12]. Of note, we did not observe upregulation of genes
like FASR, implicated in bone marrow (BM) immune cell
death in mice, probably because their role could be
restricted to the death of the stromal cells [13].
Discussion
The shift from quiescence to a proliferative state has been
associated, in alloreactive T cells, with increases in mitochon-
drial oxygen consumption, fatty acid uptake, and oxidation
[14–16]. However, hematopoietic progenitor metabolism sta-
tus after allo-HSCT has not yet been studied in humans, an
especially difficult task in such rare circulating cell popula-
tions. Here, we found profound alterations in metabolic path-
ways of circulating lymphoid progenitors, consistent with
their rebound in the periphery observed 3 months after trans-
plant [4]. The BM environment is altered during allo-HSCT
by chemotherapy and conditioning, triggering stress-
resistance mechanisms. Our hypothesis is that HSCs undergo
a high proliferation rate, and accordingly, associated mecha-
nisms of mRNA splicing and protein synthesis are upregu-
lated. Transcriptions of genes from the OXPHOS and FAO
pathways increase to supply the energy required for cell pro-
liferation and migration. Genes participating in deformation
and cell migration are also upregulated, favoring the exit of
lymphoid progenitors from the BM and their migratory prop-
erties. After aGVHD and its treatment, none of these compen-
satory metabolic changes were functional. Genes encoding
ribosomal proteins and FAO enzymes were downregulated
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comparedwith healthy donors. These alterations could induce
cell death and reduce proliferation and migration, partici-
pating in the delay of T-cell reconstitution during aGVHD
and its treatment. These profound and multiple defects, espe-
cially in a T-cell–committed compartment, are probably ac-
quired early in the BM-altered environment [5,6]. We
demonstrated here that they persist after exit fromBM, poten-
tially affecting further lineage intrathymic differentiation.
Acknowledgments
This work was supported by research grants from the Assistance
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Supplementary Figure E1. Percentage of CD10þCD24� cells among

CD34þLin�cells before sorting.
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Supplementary Figure E2. (A) Overlap of probes deregulated between circulating lymphoid progenitors and CD34þlin�CD10� cells from patients with

and without grade 1 acute GVHD (GvHD 0–1), and patients with grade 2 or 3 aGVHD (GvHD 2–3). (B) List of 15 overlapping deregulated probes.
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Supplementary Table E1. KEGG pathway classification of the main genes whose expression is modified by aGVHDa

Protein synthesis Cell cycle Leukocyte migration

Ribosome Translation ADRA1B 1.5 ABI1 3.4

FAU 2.0 AARS 2.0 ANAPC16 4.1 ANK1 1.5

MRPL38 1.6 EIF3I 1.8 ARMC10 1.6 ANK1 1.5

MRPS25 1.8 EIF4B 1.8 CCNI 1.7 ARHGAP8 1.5

RPL3 1.7 EIF4BP6 1.7 CDC5L 1.5 CAPZA2 4.0

RPL3 1.6 HMGN3 2.4 CDK13 1.8 CFL1 2.3

RPL3 1.5 HNRNPD 2.1 CDK6 3.3 DSTN 1.5

RPL31 1.7 HNRNPD 1.9 CDKN1B 2.2 FNBP1L 3.0

RPL37 1.6 MIR1224 1.7 CKS2 �1.6 ITGB1 4.4

RPL3P4 1.6 PAIP1 1.6 CNOT7 2.9 LAMA5 1.5

RPL3P4 1.5 PRPF38B 1.6 DIXDC1 1.5 NIN 1.8

RPL7L1 1.7 PRPF40A 5.7 DUT 2.3 NUDCD3 1.5

RPLP0P1 1.5 PRPF6 1.5 E2F1 1.5 OSBPL3 1.9

RPS23 1.9 PUM1 1.9 MALAT1 2.5 PFDN6 1.5

RPS24 1.6 PUM1 1.6 MALAT1 2.3 PPP1R12C 1.6

RPS25 1.7 PUM2 1.5 MPLKIP 2.0 PPP1R18 2.6

RPS27A 1.8 SSB 3.8 PBXIP1 1.7 RAC1 3.2

RPS3AP47 2.6 TAF15 2.2 PPP4C 1.7 RHOA 2.9

RPS3AP5 2.5 TOP1MT 18.1 PRKCA 1.7 TPM3 2.0

RPS3AP6 1.9 TRIO 1.7 PTPN2 2.6 TTC17 �1.5

RPS6KA4 1.9 YARS 1.6 RFC1 1.9 WIPF1 1.5

RPS7 1.9 ZCRB1 2.0 TPR 1.6 Rho GTPases

RPS7P11 1.7 Proteasome ARHGAP32 1.5

RPS9 1.6 PSMA1 1.9 ARHGDIB 1.7

Energy production PSMA5 3,5 ARHGEF2 1.9

OXPHOS FAO and glycolysis PSMB7 1.5 ARHGEF7 1.7

ACSM2A 1.6 LIPA 1.8 PSMC2 3.1 CYTH4 2.0

ATP5A1 2.0 LPIN2 4.3 UBE2D2 3.6 GDI2 4.7

ATP5C1 2.9 MCAT 6.0 UBE2E1 2.5 KRAS 5.8

ATP5C1 2.7 HK1 1.9 UBE2G2 1.7 NRAS 2.3

ATP5C1 1.7 HSD17B12 1.6 UFD1L 1.6 RAB18 17.0

COX6B1 1.7 NCOR1 1.9 URM1 1.9 RAB18 2.7

MT-CO2 1.9 USP14 1.8 RALB 2.0

NDUFB3 5.3 USP22 7.8 RAP1A 2.5

NDUFB6 1.5 USP4 1.8 SRPRB 1.5

NDUFC1 3.2

SDHAP2 3.8

UQCRB 2.1

aFold changes correspond to the difference between CD34þlin�CD10þCD24� lymphoid-committed progenitors from allo-HSCT patients without (grades 0–

1) aGVHD and those from patients with grade 2–3 aGVHD.
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