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Abstract

Introduction: Myeloid-derived suppressor cells (MDSCs) are proposed to control graft-versus-host disease (GVHD)
in allogeneic hematopoietic stem cell transplantation (allo-HSCT). However, the definition of human MDSCs has not
yet reached consensus, and the mechanism of MDSCs to control GVHD remains unclear.

Methods: Immature myeloid cells (HLA-DR−/lowCD33+CD16−) were tested before and after granulocyte colony-
stimulating factor (G-CSF) administration in healthy donor and isolated for suppression assays and co-culture
with T cells in vitro. Isolated cells were infused in humanized mice for a xenogeneic model of acute GVHD.
One hundred allo-HSCT recipients were enrolled prospectively to assess the role of HLA-DR−/lowCD33+CD16− cells in
grafts on the occurrence of acute GVHD.
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Results: In the present study, G-CSF mobilized HLA-DR−/lowCD33+CD16− cells with immunosuppressive properties in
donor peripheral blood. These cells contained more interleukin-10+ and transforming growth factor-beta (TGF-β)+ cells
after G-CSF administration and inhibited the proliferation of autologous donor T cells in a TGF-β-dependent manner.
Meanwhile, these immature myeloid cells promoted regulatory T cell expansion and induced Th2 differentiation.
Importantly, these cells prevented acute GVHD in a humanized mouse model. Moreover, clinical cohort results showed
that the number of HLA-DR−/lowCD33+CD16− cells in the donor graft was the only independent risk factor inversely
correlated with the incidence of grade II–IV acute GVHD in the recipients (HR 0.388, 95% CI 0.158–0.954, p = 0.039).

Conclusion: HLA-DR−/lowCD33+CD16− cells represent functional MDSCs that may control acute GVHD in allo-HSCT.

Keywords: Myeloid-derived suppressor cells, Granulocyte colony-stimulating factor, Acute graft-versus-host disease,
Humanized mouse, Allogeneic hematopoietic stem cell transplantation

Introduction
Allogeneic hematopoietic stem cell transplantation
(allo-HSCT) is an effective treatment for patients with
most hematological diseases [1]. However, the applica-
tions of allo-HSCT are limited by lethal complications,
including graft-versus-host disease (GVHD). The in-
creased understanding of the regulatory cells and mo-
lecular pathways involved in limiting pathogenic
immune responses offers the opportunity for promoting
GVHD-relapse-free survival (GRFS), aiming to replace
non-specific GVHD control with pharmacological im-
mune suppression [2–5].
Extensive research has shown that myeloid-derived

suppressor cells (MDSCs) have emerged as major im-
munosuppressive cells in cancer, infection, chronic in-
flammation, and autoimmune disease, which suggest
that MDSCs may help to control GVHD [6, 7]. However,
the phenotypic, morphological, and functional hetero-
geneity of MDSCs generates confusion in the investiga-
tion and analysis of their roles in immune responses as
MDSCs represent a heterogeneous population of imma-
ture myeloid cells and are defined by their ability to sup-
press T cells in vitro [8, 9]. In humans, MDSCs most
commonly express the common myeloid marker, CD33
[10], but lack the expression of markers of mature mye-
loid and lymphoid cells as well as the MHC class-II mol-
ecule, HLA-DR [11, 12]. Lin− (including CD3, CD19,
and CD56) CD14-CD15-HLA-DR−CD33+ cells contain
mixed groups of MDSCs comprising more immature
progenitors (also named early MDSCs, eMDSCs). Fur-
thermore, two other subpopulations with more differen-
tiated surface makers, namely, CD15+ or CD14+, are
divided into two groups as follows: G-MDSCs
(PMN-MDSCs) and M-MDSCs [8]. However, the defini-
tions of these subsets have not yet reached consensus,
and it remains unclear if MDSCs control GVHD in vivo.
Though granulocyte colony-stimulating factor (G-CSF)

has been routinely used to mobilize stem cells to the
peripheral blood from healthy donors, it is also

recognized as a novel mediator of T cell tolerance [13,
14]. Increasing evidences suggest that G-CSF affects differ-
ent immune cells [13, 15], which modulate T cell response
directly by inducing Th2 differentiation [16, 17] or mobiliz-
ing functional regulatory T cells [18], or indirectly through
monocytes [19–21], DC [22], and neutrophils [23] to pre-
vent GVHD. Previous results have suggested that
G-CSF-mobilized donor cells also contain MDSCs, which
are closely associated with GVHD in allo-HSCT [24]. Anto-
nio et al. reported that systemic treatment with G-CSF in-
duces expansion of myeloid cells displaying the phenotype
of M-MDSCs (Linlow/negHLA-DR−CD11b+CD33+CD14+),
which is the only graft parameter to predict acute
GVHD (aGVHD) [25]. Lv showed that monocytic
MDSCs (Lin−HLA-DR−/lowCD33+CD11b+CD14+CD1
5dimCD16−) and promyelocytic MDSCs (Lin−H-
LA-DR−/lowCD33+CD11b−/lowCD14−CD15−CD16−) in
the graft are correlated with the incidence of cGVHD
without significant influence on relapse and survival
[26]. Fan demonstrated that higher frequency of
Linlow/negHLA-DR−CD33+CD11b+ MDSCs in the
G-CSF-primed bone marrow (G-BM) than in the
G-CSF peripheral blood stem cell (G-PBSC) harvest
grafts leads to a better GRFS and less GVHD [27]. In
contrast, the frequency of CD14+HLA-DRlow/

negM-MDSCs is significantly increased in the periph-
eral blood after allo-HSCT, especially in patients with
acute graft-versus-host disease [28]. Though clinical
relevance between MDSCs and GVHD has been ob-
served in humans, there is no data available to iden-
tify if human MDSCs prevent GVHD in vivo and
there was limited data about the eMDSCs in
allo-HSCT. In addition, as positive CD16 represents
the relatively mature marker of myeloid cells, whether
negative CD16 could better define MDSCs remains to
be explored [26, 29].
Based on a humanized mouse model and a prospective

cohort study, the present study demonstrated that
HLA-DR−/lowCD33+CD16− cells expanded by G-CSF
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represent subsets of more immature progenitors and im-
mune regulatory properties in donor PBSC have the im-
munosuppressive potential of eMDSCs, which suppress
aGVHD in the allo-HSCT settings.

Materials and methods
Experimental model
NOD-SCID-IL-2Rg−/− mice (NSG mice) were pur-
chased from Vitalstar. All mice were bred and housed in
a specific pathogen-free facility in microisolator cages
and used at 8 to 12 weeks of age in protocols approved
by the local Ethical Committee. Each experimental
group included six to eight mice, and the experiment is
repeated twice.

Donor PB and BM samples
This study was approved by the Ethics Committee of Pe-
king University People’s Hospital, Beijing, in accordance
with the Declaration of Helsinki. Healthy donors were en-
rolled from the related donors of patients who had under-
gone either haplo-identical or HLA-matched allogeneic
blood and marrow transplantation at the Peking Univer-
sity People’s Hospital between April 2017 and May 2018.
Peripheral blood and BM samples (10ml in EDTA tube)
from recombinant human G-CSF (rhG-CSF)-non-treated
or recombinant human G-CSF-treated (filgrastim, 5 μg/
kg/day, five consecutive days) healthy allogeneic donors
(randomly selected at Peking University People’s Hospital
in Beijing) were collected after informed consent was
obtained.

Flow cytometry
Different MDSC types in donor PB and BM samples
were analyzed using flow cytometry (FACS Canto II, BD
Biosciences) with the following antibodies: CD45, CD3,
CD19, CD56, HLA-DR, CD11b, CD33, CD14, CD15,
and CD16 (eBioscience or BD Bioscience) (Table 1).

Human HLA-DR−/lowCD33+CD16− isolation
HLA-DR−/lowCD33+CD16− cells were isolated from
GPBSC using fluorescence-activated cell sorting
(FACS)—sorted (FACS Aria II, BD Biosciences) with
antibodies of HLA-DR, CD33, and CD16 (eBioscience or
BD Bioscience) according to the manufacturer’s instruc-
tions, which included one step of positive selection for

CD33+ cells and two steps of negative selection for
HLA-DR− and CD16− cells.

Morphology
HLA-DR−/lowCD33+CD16− morphology was studied on
cytospins after May-Grünwald-Giemsa staining. Photo-
graphs were taken using × 1000 magnification with a
smart V350Df digital camera mounted on an OLYMPUS
CX31 microscope.

T cell proliferation and suppression assays
T cells from GPBSC were purified by positive selection
using CD3 cell isolation via flow cytometry. Purified CD3+

T lymphocytes were labeled with 5 μM 5,6-carboxy-fluo-
rescein diacetate succinimidyl ester (CFSE) (eBioscience)
and thereafter were co-cultured with isolated HLA-DR−/

lowCD33+CD16− at a HLA-DR−/lowCD33+CD16− to CD3+

T cell ratio of 0.25:1 to 2:1 in the presence of anti-CD3/
CD28 beads (Thermo) in RPMI 1640 (Biological Indus-
tries) supplemented with 10% FBS, penicillin/strepto-
mycin, and 2mM L-glutamine. 105 T cells were seeded in
96-well U-bottom plates. After 4 days, cells were harvested
for flow cytometry analysis. To neutralize IL-10 and
TGF-β, blocking antibodies were used at 10 to 20 μg/ml
concentrations (blocking antibody for IL-10 and TGF-β
from R&D Systems). To inhibit arginase activity,
nor-NOHA (Calbiochem) was used at a concentration of
300 μM. For the inhibition of iNOS, L-NMMA (Sigma)
was used at a concentration of 300 μM. To inhibit IDO,
indoximod (NLG8189) (Selleck) was used at a concentra-
tion of 500 μM. To inhibit Cox2, NS398 (Selleck) was
used at a concentration of 10 μM. All the in vitro experi-
ment was repeated at least three times.

T helper cells detected after co-culture with MDSCs
T cells from G-PBSC were sorted via flow cytometry.
Purified CD3+ T lymphocytes were co-cultured with iso-
lated HLA-DR−/lowCD33+CD16− at a HLA-DR−/

lowCD33+CD16− to CD3+ T cell ratio of 1:1 in the pres-
ence of anti-CD3/CD28 beads (Thermo) in RPMI 1640
(Biological Industries) supplemented with 10% FBS,
penicillin/streptomycin, and 2mM L-glutamine. Four
days later, the percentages of Th1 (CD4+IFNγ+), Th2
(CD4+IL-4+), and Th17 (CD4+IL-17A+) were detected
via flow cytometry, then the fold changes of Th2/Th1
and Th2/(Th1+Th17) were calculated. Human Th1/
Th2/Th17 Phenotyping Kit (BD Pharmingen) was used.

Regulatory T cell (Treg) detected after co-culture with
MDSCs
T cells from G-PBSC were sorted via flow cytometry. Puri-
fied CD3+ T lymphocytes were co-cultured with isolated
HLA-DR−/lowCD33+CD16− at a ratio of 1:1 in RPMI 1640
(Biological Industries) supplemented with 10% FBS,

Table 1 Definition of MDSCs

Human MDSCs Phenotype

Total MDSC Lin−HLA-DR−/lowCD33+

PMN-MDSC (G-MDSC) Lin−HLA-DR−/lowCD33+CD11b+CD14−CD15+

M-MDSC Lin−HLA-DR−/lowCD33+CD11b+CD14+CD15−

eMDSCs Lin−HLA-DR−/lowCD33+CD16−

Lin CD3, CD19, CD56
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penicillin/streptomycin, and 2mM L-glutamine. Four days
later, the percentage of Treg (CD4+CD25+FoxP3+) was de-
tected via flow cytometry.

Xenogeneic model of graft-versus-host disease
NSG mice were sublethally irradiated using 180-cGy total
body irradiation by X-ray on day − 1, followed by the
intravenous infusion in the caudal vein of 5 × 106 GPBSC
and different dose of HLA-DR−/lowCD33+CD16− on day 0.
Control groups were transplanted with GPBSC alone. En-
graftment of human white blood cell was detected from
peripheral blood samples of mice at 7 days, 14 days, and
21 days after transplantation. Engraftment of human
eMDSC was detected in the peripheral blood, spleen, and
bone marrow of humanized mice at 14 days and 21 days
after transplantation. Human Treg (CD4+CD25+Foxp3+),
Th1 (CD4+T-bet+), Th2 (CD4+GATA3+), Th17
(CD4+RORγt+), and the cytokine levels were detected
from peripheral blood samples of mice at 21 days after
transplantation. Levels of cytokines were assessed with
pre-designed sets of Luminex immunoassays from
eBioscience (for all cytokines measured in supernatants
[Human ProcartaPlex Panel #EPX180-12165-901] accord-
ing to the recommended protocols, using Magpix detec-
tion platform (Luminex Corp., Austin, TX) and xPonent
software (Luminex). Mice were monitored for survival,
weight, and acute GVHD score three times a week. The
clinical scoring system was based on six parameters:
weight loss, posture, activity, fur texture, skin integrity,
and diarrhea. A severity scale of 0 to 1 was used for each
parameter, with a maximum score of 6. Mice that had died
or had been sacrificed at 1.5 months after HSCT and the
tissues were kept in 4% paraformaldehyde. Tissues from
GVHD target organs (liver, intestine, and skin) were em-
bedded in paraffin, sectioned, and stained with
hematoxylin, eosin, and Safran. Photographs were taken
using × 200 or × 400 magnifications with Basler Micros-
copy ace 2.3 MP Mono camera mounted on an OLYM-
PUS BX43 microscope.

Transplant procedure of allo-HSCT
The conditioning therapy for patients receiving allo-HSCT
from matched sibling donors (MSDs) for acute myeloid
leukemia (AML), acute lymphoid leukemia (ALL), and mye-
lodysplastic syndromes (MDS) is as follows: intravenous
cytarabine (2 g/m2/day) on day − 9, intravenous busulfan
(3.2mg/kg/day) on days − 8 to − 6, intravenous cyclophos-
phamide (1.8 g/m2/day) on days − 5 to − 4, and oral methyl
chloride hexamethylene urea nitrate (Me-CCNU; 250mg/
m2/day) on day − 3. The GVHD prophylaxis regimen con-
sisted post-transplant cyclosporine A, mycophenolate mofe-
til, and short-term methotrexate [30–32].
The conditioning therapy for patients receiving

allo-HSCT from HLA haplo-identical donors for AML,

ALL, and MDS is as follows: intravenous cytarabine
(4 g/m2/day) on days − 10 to − 9 and intravenous ATG (2.5
mg/kg/day; Sang Stat, Lyon, France) on days − 5 to − 2,
while the application of busulfan, cyclophosphamide,
Me-CCNU, and post-transplant GVHD prophylaxis was
similar to allo-HSCT from MSDs [30–32].
The conditioning therapy for patients receiving

allo-HSCT from MSDs for severe aplastic anemia (SAA)
is as follows: intravenous ATG (2.5mg/kg/day; Sang Stat,
Lyon, France) on days − 5 to − 2 and intravenous cyclo-
phosphamide (50mg/kg/day) on days − 5 to − 2. Intraven-
ous busulfan (3.2mg/kg/day) on days − 7 to − 6 was
added for haplo-HSCT recipients of SAA. Post-transplant
GVHD prophylaxis was similar to allo-HSCT for acute
leukemia [33, 34].

Survival analysis of allo-HSCT recipients
The risk stratification for recipients of hematological ma-
lignancies is followed by Disease Risk Index (DRI) [35].
The survival functions were estimated by the
Kaplan-Meier method using the log-rank test with asym-
metric 95% confidence intervals, and the cumulative inci-
dences of aGVHD or cGvHD and TRM/Relapse were
calculated using competing risks with 95% confidence in-
tervals. Diagnosis of GVHD was also evaluated with clas-
sic and the National Institutes of Health (NIH) consensus
criteria [36, 37]. Univariate probabilities of survival were
calculated using a left-truncated approach. A bivariable
analysis was applied to check with two-way interactions
between variables (Spearman correlation for non-normally
distributed values; Pearson correlation for normally dis-
tributed values). All variables included in the multivariable
analysis were tested with time-dependent covariates and
constructed in a proportional hazards (Cox) model if PH ≥
0.05 or a Cox w/Time-Dep Cov model if PH < 0.05, which
included patient age, sex, donor-patient sex mismatch,
graft components, etc. Variables included in the multivari-
ate analysis were selected by backward elimination process
with a criterion of p < 0.10 for retention.

Results
HLA-DR−/lowCD33+CD16− cells expanded in G-CSF-
mobilized PBSC suppressed T lymphocyte proliferation
To investigate the types of MDSCs or other myeloid
cells expanded in the peripheral blood after G-CSF
treatment in donors, the frequency and cell number of
different MDSCs were analyzed. Total MDSCs
(HLA-DR−/lowCD11b+CD33+), M-MDSCs (HLA-DR−/

lowCD11b+CD33+CD14+CD15−), G-MDSCs (HLA-DR−/

lowCD11b+CD33+CD14−CD15+), CD11b+CD14−CD15+

cells (alternative definition of G-MSCSs), HLA-DR−/

lowCD14+ cells (alternative definition of M-MSCSs),
and HLA-DR−/lowCD33+CD16− cells in the peripheral
blood from ten healthy donors before (homeostasis
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peripheral blood, H-PB) and after G-CSF mobilization
(G-CSF-mobilized peripheral blood, G-PB), as well as
G-PBSC, were analyzed. The cell numbers and percent-
age of all MDSCs were significantly increased in G-PB
and G-PBSC. M-MDSC population increased in both
frequency and absolute number in G-PBSC. HLA-DR−/

lowCD33+CD16− population increased in both fre-
quency and absolute number in G-PB and G-PBSC
(Fig. 1a, b, d).
May-Grünwald-Giemsa cytospin results showed that the

morphological features of HLA-DR−/lowCD33+CD16− cells
were similar to those of immature monocyte-like cells
(Fig. 1e). The in vitro immune-suppressive activity of the
HLA-DR−/lowCD33+CD16− population identified among
the G-PBSC was tested. HLA-DR−/lowCD33+CD16− and
autologous CD3+ T cells were sorted from the G-PBSC of
healthy donors using FACS. HLA-DR−/lowCD33+CD16−

cells were co-cultured for 4 days with autologous T cells at
different ratios (HLA-DR−/lowCD33+CD16−: T = 0:1 to 1:2)
in the presence of T cell stimulators (anti-CD3/CD28
beads). Flow cytometry analysis demonstrated that the
HLA-DR−/lowCD33+CD16− population had a strong im-
munosuppressive effect on T cell proliferation in a cell
dose-dependent manner (Fig. 1f, g). Moreover, HLA-DR−/

lowCD33+CD16− population demonstrated superior
immune-suppressive activity compared with CD33− and
HLA-DR−/lowCD33+CD16+ fraction (Additional file 1:
Figure S1). Meanwhile, the immune-suppressive activity of
HLA-DR−/lowCD33+CD16− cells was inferior to M-MDSCs
and G-MDSCs population (Additional file 1: Figure S2).

HLA-DR−/lowCD33+CD16− cell-induced inhibition of T cell
proliferation in vitro depends on TGF-β production
To investigate the mechanisms underlying the inhibition
of T cell proliferation, the IL-10- and TGF-β-suppressive
cytokines expressed by G-CSF-mobilized HLA-DR−/
lowCD33+ CD16− cells were detected. The CD33− fraction
and non-mobilized HLA-DR−/lowCD33+CD16− cells served
as controls. The median percentage of IL-10 or TGF-β
positive cells among HLA-DR−/lowCD33+CD16− popula-
tion in the G-PBSC was significantly higher than those of
H-PB (IL-10, 10.1% vs. 0.62%, p = 0.002; TGF-β, 60.24% vs.
10.39%, p = 0.0003). Notably, the TGF-β+ cells among the
HLA-DR−/lowCD33+CD16− cells significantly increased
compared to the CD33− fraction or non-mobilized
HLA-DR−/lowCD33+CD16− cells (Fig. 2a, b).
Subsequently, the inhibition of CD3+ T cell prolifera-

tion by HLA-DR−/lowCD33+CD16− cells was markedly
reduced in the presence of an anti-TGF-β antibody but
not an anti-IL-10 antibody, indicating that the immuno-
suppressive activity relied more on the presence of
TGF-β (Fig. 2c, d).
Other immunosuppressive mechanisms (arginase, iNOS,

IDO, and COX2) were excluded by adding selective

inhibitors of arginase (nor-NOHA (N(w)-hydroxy-nor-
L-arginine)), iNOS (L-NMMA), IDO (NLG8189) to the
co-cultures. However, no reverse effect on T cell prolifera-
tion was observed (Additional file 1: Figure S3).

HLA-DR−/lowCD33+CD16− cells modulate Th cell balance
and induce Treg generation
The present study demonstrated that CD4+CD25+

Foxp3+Treg cells increased in the HLA-DR−/

lowCD33+CD16− cell co-culture group (Fig. 3a, c). Th
cell subsets were analyzed after co-culture with or with-
out HLA-DR−/lowCD33+CD16− cells. Though the expres-
sion of IFN-γ and IL-17A increased, co-culture with
HLA-DR−/lowCD33+CD16− cells led to a significantly
higher ratio of Th2/Th1 and Th2/Th1+Th17 cells than
the control group (Fig. 3b, d, e).

HLA-DR−/lowCD33+CD16− MDSCs prevent aGVHD in
humanized mouse model
Because G-CSF expanded HLA-DR−/lowCD33+CD16−

cells into the peripheral blood and exerted a strong
regulatory effect on T cell immune response, we next in-
vestigated if such population prevents aGVHD in vivo.
To mimic aGVHD after allo-HSCT in humans, a hu-
manized xenogeneic aGVHD model was established by
injection of 5 × 106 donor G-PBSC into irradiated
non-obese diabetic (NOD)-severe combined immune de-
ficient (SCID)-IL-2Rg−/− mice (NSG mice) [38, 39]
(Fig. 4a). Human white blood cell engraftment was de-
tected by CD45+ cells at 7, 14, and 21 days after trans-
plantation, and there was no significant difference of
human cells engraftment intragroup (14 days, p = 0.486;
21 days, p = 0.4012) (Additional file 1: Figure S4). We
failed to detect the engraftment of HLA-DR−/

lowCD33+CD16− MDSCs in PB as these cells could be
detected in the spleen and bone marrow at 14 days after
transplantation; however, they decreased quickly and al-
most could not be detected at 21 days after
co-transplantation (Additional file 1: Figure S5). Acute
GVHD occurred in the humanized mice receiving donor
G-PBSC during 2 to 4 weeks after transplantation as evi-
denced by weight loss, disease score (hunching, activity,
ruffling, and diarrhea), and death. Similar to humans
[40, 41], humanized mice with aGVHD showed severe
inflammation, leukocyte infiltration, necrosis, and tissue
damage in target organs, such as the skin, liver, and gut
in the G-PBSC group (Fig. 4e). On the base of this
model, a prevention model was established by one-time
co-infusion of 2.5 × 106, 1 × 106, and 5 × 105 human
G-CSF-mobilized HLA-DR−/lowCD33+CD16−cells sorted
from the same donor with graft at the same day. All of
these cell doses reduced weight loss (Fig. 4b), improved
overall survival (Fig. 4c), improved pathological score
(Fig. 4d), and lessened tissue damage in target organs in
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medium and high doses of HLA-DR−/lowCD33+

CD16−cells compared to mice grafted without or with
low-dose human HLA-DR−/lowCD33+ CD16− cells
(Fig. 4e). For human Treg detected at 21 days after
transplantation, a significant difference was found be-
tween the high-dose HLA-DR−/lowCD33+CD16− cells
and GPBSC control (p = 0.0498); there was no disparity

between medium dose vs. control (p = 0.6825) and low
dose vs. control (p > 0.9) (Fig. 4a, Additional file 1:
Figure S6); there were no disparity of Th2/(Th1+Th17)
ratio between the different groups (Fig. 4b,
Additional file 1: Figure S6). For cytokines detected at 7,
14, and 21 days after transplantation, there were signifi-
cantly less INF-γ and IL-6 at days 7, 14, and 21 and

Fig. 1 HLA-DR−/lowCD33+CD16− myeloid cells expanded in PB and PBSC after G-CSF administration and exerted a strong immunosuppressive effect
on T cell proliferation. a, b The frequency and cell number of different kind of MDSCs and HLA-DR−/lowCD33+CD16− population in ten donors (H-PB,
G-PB, G-PBSC) were analyzed by flow cytometry. c Gate strategies of HLA-DR−/lowCD33+CD16−: FSC, forward scatter; SSC, side scatter. d The proportion
of HLA-DR−/lowCD33+CD16− in the CD45+ fraction from the ten healthy donor’s HPB, GPB, and GPBSC (medians of the different groups were 4.6%,
6.5%, and 15.5% of total CD45+cells, Mann-Whitney t test). e May-Grünwald-Giemsa cytospin preparations show morphological features of HLA-DR−/
lowCD33+CD16−. f T cell proliferation was examined using CFSE dilution. HLA-DR−/lowCD33+CD16− and CD3+ T cells from the same donor G-PBSC were
co-cultured at different ratios for 4 days with anti-CD3/CD28 beads. T cell proliferation was evaluated using CFSE labeling. Unstimulating T cells were
negative control. The picture shows the representative results. g The percentage of T cells in suppression was shown in different groups. Data was
compared using unpaired t test (ns, not significant)
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IL-17A and TNF-α at days 14 and 21 (high dose of
HLA-DR−/lowCD33+CD16− cells vs. control) and less
INF-γ and TNF-α at days 7 and 21, IL-17A at days 7
and 14, and IL-6 at day 21 (medium dose of HLA-DR−/

lowCD33+CD16− cells vs. control) (Additional file 1:

Figure S7). IL-4/INF-γ and IL-4/IL-17A ratios were
higher in the high-dose HLA-DR−/lowCD33+CD16− cells
group vs. control at 7, 14, and 21 days after transplant-
ation; by comparison with medium-dose HLA-DR−/

lowCD33+ CD16− cells group vs. control, IL-4/INF-γ

Fig. 2 The percentage of IL-10+ and TGF-β+ cells increased in HLA-DR−/lowCD33+CD16− cells in GPBSC and HLA-DR−/lowCD33+CD16− cells
suppressed T cell proliferation in a TGF-β-dependent manner. a, b IL-10 and TGF-β were analyzed by cytometry in HPB and GPBSC from eight
healthy donors. IL-10+ and TGF-β+ cells were gated on HLA-DR−/lowCD33+CD16−cells. c HLA-DR−/lowCD33+CD16− cells sorted from GPBSC and
co-cultured with autologous CD3+ T cells, with or without anti-IL-10 antibody or anti-TGF-β antibody in culture system in the presence of anti-
CD3/CD28 beads. The ratio of HLA-DR−/lowCD33+CD16− to CD3+ T cells was 1:1. Co-cultured for 4 days, T cell proliferation was evaluated using
CFSE labeling. Unstimulated T cells were used as a negative control. Stimulated T cells were used as a positive control. d The percentage of T cell
suppression was shown in a different group. Data were compared using Student’s unpaired t test (ns, not significant; *p ≤ 0.05). d Percentages of
T cell suppression in different groups. Data were compared using Student’s unpaired t test (ns, not significant; *p ≤ 0.05)
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ratios were higher at days 7 and 14, while IL-4/IL-17A
ratio was higher at day 21 (Fig. 5c, d). These results con-
firmed that immune-suppressive activity of HLA-DR−/

lowCD33+CD16− cells which might contribute to alleviat-
ing aGVHD in NSG model.

Negative correlations between the frequency of
HLA-DR−/lowCD33+CD16− cells among donor PBSCs
and the development of aGVHD in recipients
In a prospective study (registered at www.chictr.org as
ChiCTR-OCH-10000940), 100 allo-HSCT recipients were
enrolled to assess the role of HLA-DR−/lowCD33+CD16−

in graft on the occurrence of aGVHD. Of these patients,
76 patients received a combination of G-BM and G-PBSC
grafts from haplo-donors, and 24 patients received grafts

from MSDs. The indications for allo-HSCT were as fol-
lows: AML (n = 39), ALL (n = 29), MDS (n = 8), SAA (n =
14), and lymphoma (n = 10). Ninety-nine (99%) patients
reached full donor chimerism before day 30 after trans-
plantation as assessed by the analysis of a variable number
of tandem repeats on the peripheral blood. Platelet recov-
ery (count > 20,000/ml) was achieved at a median of day
32 post-transplantation, whereas neutrophils reached
values greater than 500/ml on day 12. Only 1 patient died
due to transplant-related mortality at day 11 post-HSCT.
The median follow-up period of the enrolled patients was
11months. The cell components in the graft were listed in
Additional file 1: Table S1. Patients were divided into 2
groups according to the median absolute counts of
HLA-DR−/lowCD33+CD16− MDSCs in grafts (1.88 × 107/

Fig. 3 HLA-DR−/lowCD33+CD16− cells could affect the balance of Th subsets induce Treg generation. a Treg (CD4+CD25+Foxp3+) generation was
detected through flow cytometry. CD3+ T cells were co-cultured with or without HLA-DR−/lowCD33+ CD16− cells for 4 days. b The percentage of
Treg in CD4+ T cell, group HLA-DR−/lowCD33+CD16− vs. control, p = 0.0048. c Flow cytometry analysis of Th1 (CD4+IFN-γ+), Th2 (CD4+IL-4+), Th17
(CD4+IL-17a+). CD3+ T cells were co-cultured with or without HLA-DR−/lowCD33+CD16− cells sorted from GPBSC in the presence of CD3/CD28 for
4 days. Red for CD4+ cell fraction and blue for CD4-negative part. d Th2/Th1 ratio fold change compared with the control group, p = 0.0159.
e Th2/(Th1+Th17) ratio fold change compared with the control group, p = 0.0095
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kg) as follows: 53 patients were in the high MDSCs group
(≥ 1.88 × 107/kg), and 47 patients were in the low MDSCs
group (Table 2).
The cumulative incidences for different grades of

aGVHD at 100 days after transplantation for the total
cohort were as follows: 50% of patients developed grade
I–IV aGVHD; 28% of patients developed grade I aGVHD
(61.8% for haplo-HSCT and 12.5% for MSD-HSCT); 17%
of patients had grade II aGVHD (25% for haplo-HSCT
and 12.5% for MSD-HSCT); and 5% of patients devel-
oped grade III–IV aGVHD (5.3% for haplo-HSCT and
4.2% for MSD-HSCT). Patients who received a high

number of MDSCs exhibited lower incidence of grade
II–IV aGVHD compared to the low MDSC groups in
allo-HSCT (11.3% vs. 31.9%, p = 0.0287) and comparable
of grade III–IV aGVHD in allo-HSCT (1.9% vs. 8.5%,
p = 0.127) (Fig. 6a, b). In the bivariable analysis, high
MDSC dose and CD34+ cells in the graft were inter-
acted; for consideration of collinearity in multiple
variable analysis (MVA), backward elimination
process was applied to choose one factor (high
MDSC dose) which was taken into the final MVA
model. In the multivariate analysis, absolute counts
of MDSCs in allografts emerged as the only

Fig. 4 HLA-DR−/lowCD33+CD16− cells could inhibit the development of aGVHD in humanized mouse model. a Protocol for the establishment of
aGVHD model through injecting human GPBSC. Sublethally irradiated NSG mice received 5 × 106 human GPBSC with or without 2.5 × 106, 1 × 106,
and 5 × 105 G-CSF-mobilized HLA-DR−/lowCD33+CD16− sorted from GPBSC. b Weight Loss, c median survival, and d pathological score in xenografted
mice were shown. Mice co-transplanted with HLA-DR−/lowCD33+CD16− (pink, green, and blue, eight mice each group) had improved survival after
transplant as compared with GPBSC-injected group (red). For survival, weight change, and disease score: GPBSC + high dose versus GPBSC, GPBSC +
medium dose versus GPBSC, and GPBSC + low dose versus GPBSC, p < 0.05. e Representative histology of the target organs harvested on day 22 after
transplantation. All results were derived from two pooled independent experiments. Each experiment was performed with G-PBSC from one donor for
all recipients. Results were presented and compared with Kaplan-Meier survival curves
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independent factor that reduced the occurrence of
grades II–IV (HR 0.388, 95% CI 0.158–0.954, p =
0.039). Age, patient gender, HLA disparity, ABO dis-
parity, patient-donor relationship, and CD3/CD4/
CD8/CD14/CD34 cells in grafts were not correlated
to grades II–IV in the analysis.
For patients with leukemia-free survival (LFS) above

100 days post-transplantation, the estimated 1-year cumu-
lative incidences for chronic GVHD (cGVHD) of the total
cohort were as follows: 25.5% patients developed cGVHD,
8.2% patients with extensive cGVHD, and 15.3% patients
with moderate to severe cGvHD with NIH criteria. There
were trends that patients who received a high number of
MDSCs exhibited a lower incidence of cGVHD (17.6% vs.
36.9%, p = 0.067) and NIH moderate to severe cGvHD
(10.3% vs. 24.5%, p = 0.045) (Fig. 6c, d). In the univariate
analysis, high- vs. low-dose MDSCs are identified as a po-
tential factor that reduced the occurrence of cGVHD (HR
0.481, 95% CI 0.213–1.089, p = 0.072). In the multivariate
analysis, no independent risk factor was found.

The estimated 1-year LFS (82.2% vs. 87.8%, p = 0.508)
and 1-year cumulative incidence of relapse (CIR, 11.1%
vs. 9.8%, p = 0.871) were comparable in patients with
hematological malignancies (n = 86) who received high
or low dose of MDSCs (Fig. 6e, g). The estimated 1-year
overall survival (OS, 86.0% vs. 93.4%, p = 0.254) and
1-year treatment-related mortality (TRM, 7.6% vs. 4.3%,
p = 0.488) were comparable in all allo-HSCT recipients
(n = 100) with high or low dose of MDSCs (Fig. 6f, h). In
the multivariate analysis, DRI is the only potential inde-
pendent risk factor identified for CIR (HR 2.788, HR
0.905–5.892, p = 0.044); no independent factor was
found for LFS, OS, and TRM.

Discussion
The present study characterized a previously unidenti-
fied immature monocytic cell population defined by the
cell surface expression of HLA-DR−/lowCD33+CD16− in
healthy donors after G-CSF treatment. These cells repre-
sented an eMDSC population. Compared with the same

Fig. 5 T cell subsets and cytokines detected in the peripheral blood in NSG mice at day 21. a Percentage of Treg in CD4 cells between intragroup.
b Th2/(Th2+Th17) ratios between intragroup. c IL-4/INF-γ ratios between intragroup. d IL-4/IL-17A ratios between intragroup. *p < 0.05; **p < 0.01

Wang et al. Journal of Hematology & Oncology           (2019) 12:31 Page 10 of 16



compartment in non-mobilized PB, the percentage of
IL-10+ cells and TGF-β+ cells significantly increased,
suggesting that G-CSF not only expanded these cells but
also endowed them immunosuppressive properties and
regulatory function dependent on TGF-β. Importantly,
these cells prevented aGVHD in a humanized mouse
model. Moreover, the prospective cohort suggested that
these eMDSCs in the donor graft inversely correlated
with the incidence and severity of aGVHD in recipients.
These cells may be a potential treatment for immuno-
modulatory prevention and therapy for aGVHD in
allo-HSCT (Fig. 7).
MDSCs represent a heterogenic population of imma-

ture myeloid cells, and the definition of these subsets
has not yet reached consensus [42–44]. Currently, most
MDSC phenotypes have been reported to be generated
in the tumor state [29, 45]. There are fewer reports

about the generation and function of MDSCs in regions
other than tumors and chronic inflammation. GM-CSF
is considered as a major growth factor driving myelopoi-
esis [46, 47]. In combination with IL-6, IL-1β, prosta-
glandin (PG) E2, TNF-α, or VEGF, GM-CSF has been
reported to mediate the generation of highly suppressive
MDSCs from CD33+ peripheral blood mononuclear cells
isolated from healthy donors [48]. Importantly, GM-CSF
and IL-6 allow a rapid and efficient generation of
MDSCs with strong tolerogenic activity from the precur-
sors present in mouse and human bone marrow [49].
Solito demonstrated that the GM-CSF, G-CSF, and IL-6
cytokines allow a rapid generation of MDSCs from pre-
cursors present in human BM in vitro and that the
CD11blow/−/CD16−-immature subset is the only subset
responsible for immune suppression in BM-MDSCs
[29]. As G-CSF is more widely applied in an allo-HSCT

Table 2 Patient, donor, and transplant characteristics

MDSCs low MDSCs high p

Number 47 53

Patient age, median (range) 32 (5–62) 30 (2–53) NS

Patient sex, male (%) 30 (63.8%) 29 (54.7%) NS

Diagnosis NS

AML, n (%) 21 (44.7%) 18 (34.0%)

ALL, n (%) 13 (27.7%) 16 (30.2%)

MDS, n (%) 3 (6.4%) 5 (9.4%)

SAA, n (%) 6 (12.8%) 8 (15.1%)

Lymphoma or myeloma, n (%) 4 (8.5%) 6 (11.3%)

Disease Risk Index (DRI) overall NS

Low, n (%) 3 (6.7%) 2 (4.4%)

Intermediate, n (%) 5 (12.2%) 7 (15.5%)

High, n (%) 29 (70.7%) 32 (63.4%)

Very high, n (%) 4 (9.8%) 4 (8.9%)

Donor Type

MSD, n (%) 13 (27.7%) 11 (20.8%) NS

Haplo, n (%) 34 (72.3%) 42 (79.2%) NS

1 Locus, n (%) 1 (2.1%) 0 (0%)

2 Locus, n (%) 2 (4.3%) 3 (5.7%)

3 Locus, n (%) 31 (65.9%) 39 (73.6%)

Engraftment

WBC + days, median (range) 14 (10–22) 12 (10–24)

PLT + days, median (range) 14 (7–32) 13.5 (8–63)

Cells in allograft

CD34+ (× 106/kg), median (range) 1.92 (0.62–5.85) 3.14 (0.64–6.85) 0.002

CD3+ T (× 108/kg), median (range) 2.31 (0.61–3.79) 2.63 (0.82–5.79) NS

CD4+ (× 108/kg), median (range) 1.21 (0.32–2.12) 1.49 (0.43–3.42) NS

CD8+ (× 108/kg), median (range) 0.72 (0.15–1.87) 0.92 (0.31–2.29) NS

AML acute myeloid leukemia, ALL acute lymphoid leukemia, MDS myelodysplastic syndromes, SAA severe aplastic anemia, NS not significant
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setting, Luyckx et al. reported that expanding myeloid
cells in the peripheral blood of G-CSF-mobilized donors
have the typical more-differentiated phenotype of the
mononuclear and G-MDSC subtypes, and they confirmed
their suppressive properties [24]. Vendramin et al.

demonstrated that G-CSF-expanded myeloid cells display
the phenotype of M-MDSCs and suppress alloreactive T
cells [25]. However, these MDSCs have not been tested in
an in vivo model. In contrast, the present study dem-
onstrated that HLA-DR−/lowCD33+CD16− eMDSCs

Fig. 6 Association of HLA-DR−/lowCD33+CD16− cells and clinical outcomes. The cumulative incidences of aGvHD for patients were calculated
according to competitive risk. Gray’s test was used in the cumulative incidence analyses. The “low” and “high” groups were separated according
to the median of HLA-DR−/lowCD33+CD16− MDSC absolute numbers in the graft (< vs. ≥ 1.88 × 107/kg). a II–IV aGvHD in total allo-HSCT cohort
(n = 100). b III-IV aGVHD in allo-HSCT cohort. c cGvHD in allo-HSCT cohort. d NIH moderate to severe cGvHD in allo-HSCT cohort. e LFS in
hematological malignancies. f OS in allo-HSCT cohort. g CIR in hematological malignancies. h TRM in allo-HSCT cohort
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prevented acute GVHD in a humanized mouse model
in vivo. As G-CSF treatment alone is significantly as-
sociated with the generation of HLA-DR−/

lowCD33+CD16− eMDSCs in both frequency and abso-
lute number compared to only increasing number in
total MDSCs (Lin−HLA-DR−/lowCD11b+CD33+),
M-MDSCs (HLA-DR-lowCD11b+CD33+CD14+CD15−),
and G-MDSCs (HLA-DR−/lowCD11b+CD33+CD14−

CD15+), we speculated that G-CSF-expanded
HLA-DR−/lowCD33+ CD16− eMDSCs accumulated in
G-PBSC may play an important role in the
G-CSF-induced immune tolerance in allo-HSCT.
Immune-suppressive activity contributes to the defin-

ition of MDSCs; though the activity of HLA-DR−/

lowCD33+CD16− eMDSCs was lower compared with M/
G-MDSCs, it suggested the underlining mechanism of the
immunosuppressive effects of HLA-DR−/lowCD33+CD16−

eMDSCs on T cells in vitro might be distinct from M/
G-MDSCs [24, 25]. Mougiakakos suggested that indolea-
mine 2,3-dioxygenase (IDO) plays a critical role in the im-
munosuppressive effects of CD14+HLA-DRlow/neg

M-MDSCs [28]. In contrast, the present study showed
that the inhibition of CD3+ T cell proliferation by
HLA-DR−/lowCD33+CD16− eMDSCs was abolished in the
presence of an anti-TGF-β antibody rather than an
anti-IL-10 antibody. This result should be interpreted

carefully as there were 10% IL-10+ while 60%
TGF-β+ HLA-DR−/lowCD33+CD16− cells in G-PBSC.
These results implied that the immunosuppressive
activity of HLA-DR−/lowCD33+CD16− eMDSCs might
depend more on TGF-β, which may further
strengthen this new set of eMDSCs compared to
traditional MDSCs.
Acute GVHD is mediated by donor-derived T cells

and activation with alloantigens expressed on host tis-
sues. Donor-derived naive CD4+ T cells differentiate into
Th cell subsets of effector T cells, such as Th1 and
Th17, expressing distinct sets of transcriptional factors
and cytokines, which mediate organ-specific GVHD.
Previous studies have demonstrated that Th2 cells allevi-
ate aGVHD in mouse models [50, 51]. While playing key
roles in suppressing autoimmunity and maintaining im-
mune homeostasis, Treg reduce the severity of GVHD.
The effects of Treg on inhibiting aGVHD have been re-
ported in several previous studies [52–54]. The present
study suggested that the Treg induction and polarization
of T cells from Th1/Th17 to Th2 should be primarily
regulated by the HLA-DR−/lowCD33+CD16− eMDSCs.
Although, the inverse ratio of Th2/(Th1+Th17) might be
interpreted with caution as there was an increase in all
cytokines measured including IFN-γ and IL-17 in vitro;
there were significantly less INF-γ, IL-17A, IL-6, and

Fig. 7 Summary of study. Early myeloid-derived suppressor cells (HLA-DR−/lowCD33+CD16−) expanded by granulocyte colony-stimulating factor
derived from G-CSF-mobilized donor PBSCs. This MDSC population suppressed T cell proliferation in vitro and in humanized mouse model,
potentially by TGF-β-dependent manner, and promoted Treg generation, which also prevents acute graft-versus-host disease (GVHD) in humanized
mouse and might contribute to lower GVHD in patients post-allo-HSCT
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TNF-α at days 14 and 21 in NSG mice after infusion of
high-dose HLA-DR−/lowCD33+CD16− eMDSCs, with in-
creased IL-4/INF-γ and IL-4/IL-17 ratio. In the present
study, HLA-DR−/lowCD33+CD16− eMDSCs were demon-
strated to prevent aGVHD by evaluating weight loss,
overall survival, pathological score, and less tissue dam-
age of the gut and liver; it should be noticed that the
lung and bone marrow are also the main target organs
of GVHD in NSG model and might be evaluated in the
future [55]. In summary, it is anticipated that
donor-derived HLA-DR−/lowCD33+CD16− eMDSCs may
prevent aGVHD via TGF-β activity, inducing Treg gen-
eration, and possibly by modulating Th cell balance.
In addition, several studies have reported that MDSCs

modulate the function of alloreactive T cells and prevent
GVHD without impairing the graft-versus-leukemia
(GVL) effects in murine models [15, 56]. In our pro-
spective cohort study, high dose of HLA-DR−/

lowCD33+CD16− eMDSCs was identified as independent
risk factor for II–IV aGVHD, while it is also associated
with lower risk of NIH moderate to severe cGVHD
while did not affect CIR and LFS. As the high MDSC
group also had significantly more CD34+ cells in the
graft, though backward elimination process had been ap-
plied to reduce collinearity, high CD34+ cells might pro-
mote platelet engraftment and lymphocyte recovery after
allo-HSCT and have mixed influence on the association
of MDSCs with clinical outcome. In addition, as the me-
dian follow-up is still relatively short, it is also important
to further understand if the donor-derived cells in the
present study can prevent cGVHD without impairing
the GVL effects in the future.
In conclusion, the present study identified and con-

firmed a population of previously unreported immature
myeloid regulatory cells derived from G-CSF-mobilized
donor PBSCs. This MDSC-like population suppressed T
cell proliferation in a TGF-β-dependent manner, modu-
lated the T helper cell balance from Th1 to Th2, and
promoted Treg generation. These effects are beneficial
for establishing immune tolerance in HSCT and may
prevent aGVHD. Therefore, the mechanisms underlying
the prevention of aGVHD in recipients and the immu-
nomodulatory function of these donor-derived cells need
to be studied in the future. Such work might improve
the transplantation outcomes with allo-HSCT and facili-
tate the potential use of these cells in the clinic.
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