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Introduction

Summary

Young donors are reported to be associated with better transplant outcomes
than older donors in allogeneic hematopoietic stem cell transplantation
(allo-HSCT), but the mechanism is still unclear. The current study com-
pared the different subsets of haematopoietic stem cells (HSCs) and their
progenitors as well as immune cells in bone marrow (BM) between young
and older donors. The frequencies of HSCs, multipotent progenitors (MPPs)
and myeloid progenitors, including common myeloid progenitors (CMPs)
and megakaryocyte-erythroid progenitors (MEPs), were decreased, whereas
those of lymphoid progenitors, including multi-potent lymphoid progeni-
tors (MLPs) and common lymphoid progenitors (CLPs), were increased
in the BM of young donors compared with in that of older donors. Lower
reactive oxygen species (ROS) levels were observed in BM HSCs and six
progenitor lines in young donors. Furthermore, young donors demonstrated
higher frequencies of naive T cells and immune suppressor cells, such as
alternative macrophages (M2) and lower frequencies of memory T cells
and immune effectors, including T helper-1 and T cytotoxic-1 cells, in
BM than older donors. Multivariate analysis demonstrated that donor age
was independently correlated with BM HSC frequency. Although further
validation is required, our results suggest that the differences in the fre-
quency and immune differentiation potential of HSCs in BM between
young donors and older donors may partly explain the different outcomes
of allo-HSCT.

Keywords: graft-versus-host disease, haematopoietic stem cells, immune cells,
reactive oxygen species, young donors

aged <30 years demonstrated significantly less grade 2-4
acute graft-versus-host disease (aGVHD), lower non-relapse

Allogeneic haematopoietic stem cell transplantation (allo-
HSCT) provides a potentially curative method for the majority
of malignant haematologic diseases. Patients may have more
than one donor for both human leukocyte antigen (HLA)-
haploidentical allo-HSCT and HLA-matched allo-HSCT [1,2].
The European Society for Blood and Marrow Transplantation
Consensus for HLA-haploidentical allo-HSCT and the British
Society for Histocompatibility and Immunogenetics Guideline
for HLA-matched allo-HSCT recommended that younger
donors should be preferentially selected [3,4]. Our previous
study including 1210 patients undergoing HLA-mismatched
allo-HSCT reported that patients receiving HSCs from donors

mortality and better survival than those receiving HSCs
from donors aged =30 years [5]. Kollman et al. found less
grade 3-4 aGVHD and higher overall survival in patients
receiving HSCs from donors aged 18-30 years compared
to those from donors aged 30-45 years and over 45 years
in HLA-matched allo-HSCT [2]. These studies suggested
that HSCT outcomes from young donors were generally
superior to those from older donors, but the underlying
mechanism is still uncertain.

Successful allo-HSCT relies on the rapid reconstitution
of donor-derived haematopoietic and immune systems in
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the recipient [6]. Therefore, characterizing the differences
in percentages of HSCs and progenitors and immune cell
subtypes between young and older donors may help explain
the disparities in transplant outcomes. HSCs, which reside
in bone marrow (BM), are able to self-renew and dif-
ferentiate into various lineages of blood cells via haema-
topoietic progenitor cells [7,8]. In humans, HSCs give rise
to multipotent progenitors (MPPs) that further segregate
into either common myeloid progenitors (CMPs) or multi-
potent lymphoid progenitors (MLPs), which in turn seg-
regate into either common lymphoid progenitors (CLPs)
or granulocyte-macrophage progenitors (GMPs) [9-12].
CLPs give rise to B cells, T cells and natural killer cells,
while CMPs further segregate into either megakaryocyte-
erythroid progenitor MEPs, which can differentiate into
erythrocytes and platelets, or GMPs, which can produce
macrophages, eosinophils, basophils, neutrophils and mast
cells [9-12]. Few human studies have reported the differ-
ences in the frequencies of BM HSCs and progenitors in
healthy young and old adults [13,14]. Pang et al. suggested
an increase in the percentage of HSCs and a decrease in
CLP frequency in older adults [13], whereas Kuranda
et al. showed that HSC frequency persisted at the same
level with age and MLP frequency increased in older adults
[14]. Therefore, differences in the frequencies of HSCs
and their progenitors between young and older adults
remain uncertain and need to be precisely identified.
Donor immune cells play a critical role in the efficacy
of engraftment [15]. Moreover, aGVHD is generally con-
sidered to be associated with increased percentages of donor

Table 1. Characteristics of different-aged donors

T helper-1 (Th1) and T cytotoxic-1 (Tcl) cells and decreased
percentages of T helper-2 (Th2) and T cytotoxic-2 (Tc2)
cells [16-19]. Macrophages were involved in aGVHD, poor
graft function and some other complications post allo-HSCT
[20-23]. However, little is known about the differences in
the percentages of cytokine-producing T cell subsets and
macrophage subsets in BM between young and older donors.

Therefore, the current study was performed to evaluate
the different subsets of HSCs and their progenitors and
immune cells among young (aged <30 years), middle-aged
(aged 30-45 years), and old donors (aged >45 years).
Moreover, we analysed the association between donor
characteristics and HSC frequency. Our study may help
identify the potential mechanism underlying younger
donors being preferred in allo-HSCT.

Materials and methods

Healthy donors

In this prospective study, a total of 60 healthy adult
donors, including 20 young donors, 20 middle-aged
donors, and 20 old donors who underwent physical
examination for allo-HSCT, were enrolled between
January 1, 2019, and January 1, 2020, at Peking University
Institute of Hematology. The donor characteristics of
young, middle-aged and old donors are summarized in
Table 1.

The study was approved by the Ethics Committee of
Peking University People’s Hospital, and written informed

Middle-aged donor

Characteristics Young donor (N = 20) (N =20) 0Old donor (N = 20) P* Pt P*
Physical variables
Age (years)? 24 (18-29) 38 (30-45) 53 (46-62) < 0-0001* < 0-0001* < 0-0001*
Gender, female versus  10/10 4/16 4/16

male
BMI (kg/mz)"l 21-48 (16-:89-31-12) 2569 (21-26-35-25) 23.89 (16-42-30-02) 0-01* 0-51 0-03*
Weight (kg)? 65 (30-97-5) 73 (54-85) 75 (55-82) 0-22 0-74 0-09
Height (m)? 168 (150-187) 169 (158-188) 172 (155-183) 0-93 0-86 0-75
Blood cell counts
WBC count (x10%/1)*  5.79 (4-10-9-90) 6-30 (4-90-8-39) 5-89 (4-09-9-11) 0-31 0-47 0-94
Neutrophil (x10%/1)2 3.4 (1.77-7-22) 3.59 (2-47-6-00) 3.45 (1-98-6-10) 0-37 0-57 0-9
Lymphocyte (x10°/1)*  1-93 (1-27-2:96) 2-1(1-18-3-09) 1.9 (1-12-3-27) 0-54 091 091
Monocytes (x10°/1)2 0-37 (0-23-0-62) 0-43 (0-30-0-63) 0-38 (0-27-0-72) 0-05 0-05 0-75
Haemoglobin (g/1)* 141 (110-170) 151 (104-166) 155 (103-170) 0-36 0-15 0-18
RBC (x10'2/1)2 4.74 (3-95-5-88) 5-04 (4-51-5-41) 5.27 (3-99-6-45) 0-26 0-49 0-12
Platelet (x10°/1)2 219 (139-377) 215 (128-357) 225 (117-335) 0-73 0-6 0-95
Eosinophil (x10°/1)2 0-13 (0-03-0-41) 0-09 (0-04-0-21) 0-12 (0-03-0-32) 0-28 0-49 0-63
Basophil (x10°/1)2 0-03 (0-0-07) 0-03 (0-01-0-1) 0-03 (0-01-0-07) 0-75 0-93 0-85

aData are reported as median (range).

*The P-values present the comparison between the young donor and middle-aged donor groups.

"The P-values present the comparison between the middle-aged donor and old donor groups.

*The P-values present the comparison between the young donor and old donor groups.
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Fig. 1. Reduced frequency of haematopoietic stem cells (HSCs) and increased frequencies of multi-potent lymphoid progenitors (MLPs) and common

lymphoid progenitors (CLPs) in the bone marrow (BM) of young donors compared with older donors. Representative gating strategy for BM HSCs
(CD34*CD38"CD90*CD45RA "), multi-potent progenitors (MPPs) (CD34*CD38-CD90-CD45RA"), MLPs (CD34*CD38-CD45RA™), CLPs
(CD34*CD38*CD7 CD10*CD45RA"), granulocyte-macrophage progenitors (GMPs) (CD34*CD38"CD7-CD10 CD45RA"), CMPs (CD34*CD38*C
D7-CD10~CD135*CD45RA*) and MEPs (CD34*CD38*CD7-CD10"CD135"CD45RA") from young, middle-aged and old donors (a). Frequencies of
BM CD34" cells (b), HSCs (c), MPPs (d), lymphoid progenitors (e) and myeloid progenitors (f) among young, middle-aged and old donors. Data are

expressed as the mean + standard error of the mean (s.e.m.). All P-values < 0-05 were considered significant and are provided in the figure.

<

<

consent was obtained from all subjects before study entry,
in accordance with the Declaration of Helsinki.

Characterization of HSCs and progenitors in BM

BM mononuclear cells (BMMNCs) were separated with
lymphocyte separation medium (HaoYang, Tianjin, China).
HSCs and their progenitors were quantified by flow cytom-
etry using the following directly conjugated mouse anti-
human monoclonal antibodies (BD Biosciences, San Jose,
CA): anti-CD34-PE/Cy7, anti-CD38-BV421, anti-CD45RA-
BUV395, anti-CD90-BV510, anti-CD7-BV711, anti-CD10-
BUV737, and anti-CD135-PE. As previously reported
[11,24,25], HSCs, MPPs, and MLPs were identified
as  CD34*CD38°CD90*CD45RA~, CD34*CD38 CD90~
CD45RA", and CD34*CD38 CD45RA, respectively. CLPs,
GMPs, CMPs, and MEPs were defined as CD34*CD38*
CD7-CD10"CD45RA*, CD34*CD38*CD7-CD10"CD45RA",
CD347CD38*CD7-CD10"CD135*CD45RA", and CD34*C
D38*CD7-CD10"CD135 CD45RA", respectively. The relative
frequencies of these HSCs and progenitors were expressed
as a fraction of standard CD34" cells. Multiparameter flow
cytometric analyses were performed using a BD LSRFortessa
cell analyser (BD Biosciences), and the data were analysed
using BD LSRFortessa software (BD Biosciences).

Measurement of ROS levels via flow cytometry

As previously reported [26-30], the cells stained with the
aforementioned HSCs and their progenitor markers were
incubated with 10 pM 2',7’-dichlorofluorescence diacetate
(Beyotime, Beijing, China) at 37°C for 15 minutes. The
mean fluorescence intensity of intracellular ROS was meas-
ured on a BD LSRFortessa (BD Biosciences).

Analysis of T cell subsets

Lymphocyte subpopulations were quantified via flow
cytometry using the following directly conjugated mouse
anti-human monoclonal antibodies: anti-CD3-PE/Cy7,
anti-CD4-APC/H7,  anti-CD8-V500, anti-CD45RA-
BV605, and anti-CCR7-BUV395 (BD Biosciences). As
previously described [31], effector T cells, naive T cells,
effector memory T cells and central memory T cells
were identified as CD45RA*CCR7-, CD45RA*CCR7*,
CD45RA"CCR77, and CD45RA-CCR7*, respectively, in
CD3*CD4*CD8" cells and CD3*CD4-CD8* cells.

As previously described [31-34], cellular cytokine secre-
tions were determined after incubating the cells with
phorbol myristate acetate (100 ng/mL) and ionomycin
(2 pg/mL, both from Sigma-Aldrich, St. Louis, MO, USA)
for 4 hours to stimulate maximal IFN-y and IL-4 produc-
tion. GolgiStop (0.7 pL/mL) was added to the samples
during this 4-hour incubation to sequester proteins in
the cytoplasm. The conjugated mouse anti-human mono-
clonal antibodies were anti-CD3-APC-H7, anti-CD8-
eFluor450, anti-IL-4-PE  (BD  Biosciences)  and
anti-IFN-y-Percp/Cy5.5 (eBioscience, San Diego, CA, USA).
Thl, Th2, Tcl and Tc2 cells were identified as CD3*CD8~
IEN-y*, CD3*CD87IL-4*, CD3*CD8*IFN-y* and CD3*
CD8'IL-4*, respectively.

Analysis of macrophage subsets

Macrophages can be referred to as either classical mac-
rophages (M1) or alternative macrophages (M2) [35,36].
As previously reported [21,22] for analysis of M1 and
M2, BMMNCs were stained with anti-CD14-PE, anti-
CD68-FITC, anti-CCR2-BV421, anti-CX3CR1-PerCP/
Cy5.5 and anti-CD163-PE/Cy7 (BioLegend, San Diego,
CA, USA). M1 and M2 were identified as CD14*CCR2*
CD68" and CDI14*CX3CRI*CD163", respectively. The
relative frequencies of these macrophage subsets are
expressed as a fraction of standard monocytes.

Statistical analysis

Comparisons among three groups were made using one-
way ANOVA, and comparisons between two groups were
performed using the Mann-Whitney U test. All donor
characteristics were analysed as dichotomous with the
median as the cut-off point. Multivariate analyses were
performed using logistic regression with a forward selec-
tion procedure to determine the independent donor factors
involved in donor dichotomous variables selected from
the univariate analysis. The parameters with P<0.10 accord-
ing to the univariate analysis were entered into a multi-
variate model. Statistical analyses were performed using
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA,
USA). Univariate and multivariate analyses were performed
using SPSS (IBM Corporation, Armonk, NY, USA) version
24 software. P-values <0.05 were considered statistically
significant.
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Fig. 2. Decreased reactive oxygen species (ROS) levels in the bone marrow (BM) of haematopoietic progenitors from young donors compared with

those from older donors. Intercellular ROS levels in BM haematopoietic stem cells (HSCs) (a), CD34* cells (b) and multi-potent progenitors (MPPs)

(c) among young, middle-aged and old donors. ROS levels in BM lymphoid progenitors (d) and myeloid progenitors (e) in the three donor groups.

Data are expressed as the mean + standard error of the mean (s.e.m.). All P-values < 0-05 were considered significant and are provided in the figure.
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Results

Donor characteristics

The current cohort enrolled 42 males and 18 females, and
the median age of the donors was 37 years, with a range
from 18 to 62 years old. The donor characteristics of the
young, middle-aged and old donors were compared in
Table 1. Young donors had a lower BMI than middle-aged
donors (22.31kg/m? + 0.88 kg/m? versus 26.01kg/m? +
1.07 kg/m?, P = 0.01) and old donors (22.31kg/m? +
0.88 kg/m? versus 24.48kg/m? + 0.81 kg/m? P = 0.03).
No significant differences were found in blood cell counts
among the three donor age groups.

Reduced frequency of HSCs and increased frequencies
of MLPs and CLPs in the BM of young donors

To determine the differences in the frequencies of HSCs and
progenitors in donors of different ages, HSCs and their sub-
populations were quantified by flow cytometry in young,
middle-aged and old donors. The representative gating strategy
for HSCs and progenitors from the three age groups is shown
in Fig. 1A. Compared with old donors, young donors had
lower frequencies of HSCs (Fig. 1C, 6.11% + 0.65% versus
10.09% + 1.16%, P = 0.006) and MPPs (Fig. 1D,
11.91% + 1.62% versus 15.17% + 1.49%, P = 0.07), remark-
ably higher frequencies of MLPs (Fig. 1E, 10.18% + 1.36%
versus 6.00% + 0.55%, P = 0.04) and CLPs (Fig. 1E,
21.05% =+ 1.32% versus 12.02% + 2.94%, P = 0.003), and
significantly lower frequencies of CMPs (Fig. 1E
8.46% =+ 1.28% versus 13.20% + 1.22%, P = 0.007) and MEPs
(Fig. 1E 10.34% + 0.93% versus 15.55% =+ 0.89%, P = 0.0004).
Similarly, young donors had lower frequencies of HSCs (Fig.
1C, 6.11% + 0.65% versus 8.51% * 0.61%, P = 0.007) and
MEPs (Fig. 1E 10.34% + 0.93% versus 13.93% = 0.76%,
P = 0.004) than middle-aged donors. There were no signifi-
cant differences in the percentages of CD34" cells (Fig. 1B)
and GMPs (Fig. 1F) among the three donor age groups.

Decreased ROS levels in BM haematopoietic
progenitors in young donors

ROS levels in BM HSCs and progenitors were compared
among young, middle-aged and old donors (Fig. 2). Young
donors had notably lower ROS levels in HSCs (Fig. 2A,
2888 + 211 wversus 3577 + 251, P = 0.01), CD34" BM
cells (Fig. 2B, 2194 + 170 versus 2980 + 264, P = 0.03),
MLPs (Fig. 2D, 3417 + 186 versus 4946 + 218, P = 0.0001)
and CLPs (Fig. 2D, 1378 + 98 versus 1792 + 123, P = 0.02)

than old donors. In addition, the ROS levels in CMPs
(Fig. 2E, 2275 + 207 versus 2805 + 289, P = 0.19), MEPs
(Fig. 2E, 2499 + 226 versus 2994 + 252, P = 0.30) and
GMPs (Fig. 2E, 2107 + 160 versus 2704 + 222, P = 0.10)
were lower in young donors than in old donors, although
the results were not statistically significant. There were
no significant differences in the ROS levels in MPPs
(Fig. 2C) among the three donor age groups.

Higher naive T cell frequency but lower memory T cell
frequency in the BM of young donors

To investigate the differences in the differentiation potential
from HSCs to immune cells among the three donor age
groups, T cell subsets were explored via flow cytometry.
The representative gating strategy is indicated in Fig. 3A.
Significantly lower frequencies of CD3*CD4*CD8™ T cells
(Fig. 3B, 43.90% + 2.06% versus 51.44% + 1.80%, P = 0.02;
44.20% * 1.58% versus 51.44% + 1.80%, P = 0.003, respec-
tively), but higher percentages of CD3*CD4 CD8" T cells
(Fig. 3C, 46.96% + 1.64% versus 41.34% =+ 1.53%, P = 0.04;
47.41% + 1.59% versus 41.34% =+ 1.53%, P = 0.01, respec-
tively), were revealed in the BM of young and middle-aged
donors than in those of old donors. As a result, the ratio
of CD4*/CD8" T cells was significantly lower in young
donors (Fig. 3D, 1.00 + 0.08 versus 1.31 + 0.09, P = 0.03)
and middle-aged donors (Fig. 3D, 0.97 = 0.06 versus
1.31 £ 0.09, P = 0.005) than in old donors.
Furthermore, young donors and middle-aged donors
had higher levels of CD4' naive T cells (Fig. 3E,
40.00% =+ 2.12% wversus 33.82% =+ 2.14%, P = 0.04;
39.51% =+ 1.56% versus 33.82% = 2.14%, P = 0.047, respec-
tively), and CD8" naive T cells (Fig. 3E 31.69% =+ 2.58%
versus 20.22% + 2.26%, P = 0.002; 29.99% + 2.96% versus
20.22% * 2.26%, P = 0.02, respectively), but fewer CD8*
effector memory T cells (Fig. 3F, 35.39% + 3.14% versus
43.77% + 2.68%, P = 0.04; 35.68% =+ 2.91% versus
43.77% * 2.68%, P = 0.04, respectively), and CD8" central
memory T «cells (Fig. 3F 1.83% =+ 0.16% versus
426% + 0.76%, P = 0.0002; 2.21% =+ 0.27% versus
4.26% + 0.76%, P = 0.003, respectively), than old donors.
The percentages of CD4" effector memory T cells (Fig.
3E) and CD8" effector T cells (Fig. 3F) showed no sig-
nificant differences among the three donor age groups.

Reduced frequencies of Th1 and Tc1 cells in the BM of
young donors

To further investigate the potential of HSCs to differenti-
ate into cytokine-producing T cells in donors of different
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Fig. 3. Higher frequency of naive T cells but lower memory T cells in the bone marrow (BM) of young donors. The gating strategy was used to identify
effector T cells (CD45RA*CCR7"), naive T cells (CD45RA*CCR7"), effector memory T cells (CD45RA~CCR7") and central memory T cells
(CD45RA-CCR7") from the three donor age groups (a). The percentages of BM CD3*CD4* CD8" cells (b), CD3*CD4 CD8* cells (c) and the ratio of
CD4"/CD8" T cells (d) in young, middle-aged and older donors. Percentages of effector T cells, naive T cells, effector memory T cells and central

memory T cells among CD4" T cells (e) and CD8" T cells (f) in the BM of the three donor age groups. The results are expressed as mean + standard

error of the mean (s.e.m.). P-values < 0-05 were considered statistically significant and are provided in the figure.

<<

<

ages, flow cytometry was used to analyse the intracellular
cytokines. The characteristics of the Thl, Tcl, Th2 and
Tc2 cells in the BM of young, middle-aged and old donors
are shown in Fig. 4A. The percentages of Thl cells
(Fig. 4B, 8.45% + 1.50% versus 13.74% + 1.96%, P = 0.04)
and Tcl cells (Fig. 4E, 21.07% + 4.08% versus 32.15% *
3.48%, P = 0.02) were significantly lower in young donors
than in old donors. The percentages of Th2 (Fig. 4C) and
Tc2 cells (Fig. 4F) between young and old donors were
comparable. The ratios of Th1/Th2 cells (Fig. 4D,
9.18 + 2.19 versus 21.27 + 4.56, P = 0.04) and Tcl/Tc2
cells (Fig. 4G, 20.2 £+ 5.78 versus 33.66 + 8.53, P = 0.14)
were lower in young donors than in old donors.

Higher frequency of M2 and lower ratio of M1/M2 in
the BM of young donors

The percentages of BM M1 and M2 macrophages were
analysed using flow cytometry to explore the differences
in the potential of HSCs to develop into immune cells
in the three donor age groups, following the gating strate-
gies depicted in Fig. 5A. The baseline percentage of BM
M1 in young donors was lower (Fig. 5B, 0.17% * 0.02%
versus 0.24% =+ 0.04%, P = 0.12) than that in old donors,
although the difference was not statistically significant.
The percentage of BM M2 was significantly higher
(Fig. 5C, 29.49% =+ 3.24% versus 19.71% + 2.40%, P = 0.03)
in young donors than in old donors. As a result, a sig-
nificantly reduced M1/M2 ratio (Fig. 5D, 0.008 + 0.002
versus 0.014 + 0.002, P = 0.02) was indicated in the BM
of young donors compared with in that of old donors.

Donor age was independently correlated with BM HSC
frequency

To explore the factors that can influence the percentage
of HSCs in CD34" cells, the association of donor char-
acteristics with the frequency of HSCs was analysed by
univariate and multivariate analysis (Table 2). In univariate
analysis, donor age (P = 0.04) was positively associated
with the frequency of HSCs. Furthermore, multivariate
analysis indicated that age>37 (hazard ratio (HR), 2.98;
95% confidence interval (CI), 1.04-8.53, P = 0.04) was
independently correlated with a higher frequency of HSCs.

Discussion

In the current study, we systematically characterized the
differences in haematopoietic cells and immune cell subsets

in young, middle-aged and old donors. We found that
the frequencies of HSCs, MPPs and myeloid progenitors,
including CMPs and MEPs were lower and lymphoid
progenitors including MLPs and CLPs were higher in the
BM of young donors than in that of older donors. Lower
levels of ROS in HSCs and progenitors were observed in
young donors than in the other group donors. Moreover,
a lower CD4"/CD8" T cell ratio, lower frequencies of
memory T cells, Thl and Tcl, and higher frequencies of
naive T cells and M2 were found in the BM of young
donors than in that of older donors. Furthermore, mul-
tivariate analysis indicated that donor age was indepen-
dently correlated with BM HSC frequency.

Emerging clinical evidence has shown that young donors
have better transplant outcomes than older donors [2-5],
however, the mechanism is unclear. We observed that HSCs
from young donors had a more balanced potential to
differentiate into myeloid and lymphoid lineages. In ageing
mice, enhanced ROS levels in HSCs have been demon-
strated to be a significant cause of HSC differentiation,
low homing and engraftment efficiency [37-39]. Our study
first showed lower ROS levels in BM HSCs and progeni-
tors in young donors, which may indicate better function
of HSCs and progenitors in these donors. Several studies
using engraftment of immune-deficient mice with human
HSCs and in vivo dynamic tracking of the human pro-
genitor hierarchy have explained that HSCs could produce
all immune cells through the process of haematopoiesis
differentiation [40-42]. Therefore, changes in HSCs and
progenitors with age may play an important role in the
differences observed in immune cell subsets between young
and older donors.

The occurrence of aGVHD was reported to be associ-
ated with the proliferation of donor immune effector cells,
including Thl, Th2 and M2 [16-19,21]. Our data showed
that young donors had more immune suppressor cells, such
as M2, but fewer immune effector cells, including Th1 and
Th2, in BM, which may partly explain the lower incidence
of aGVHD in transplants from young donors. The correla-
tion of CD34* cells with the occurrence of aGVHD remains
controversial [43-46]. Remberger et al. demonstrated that
patients transplanted with high CD34" cell doses (>17x108/
kg) had an increased incidence of grade 2-4 aGVHD in
allo-HSCT [45]. Gaziev et al. showed a positive correlation
between CD34* cell number (>4x10%/kg) and aGVHD in
children receiving sibling allo-HSCT [46]. In addition, pre-
ceding studies showed that HSCs could sense external
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Fig. 4. Reduced frequencies of T helper type 1 (Th1) and T cytotoxic type 2 (Tcl) cells in the bone marrow (BM) of young donors. Representative flow
cytometry analyses of Th1 [CD3*CD8 interferon (IFN)-y*], Tc1 (CD3*CD8*IFN-y*), Th2 [CD3*CD8 interleukin (IL)-4*] and Tc2 (CD3*CD8*IL-4")
cells from the three donor age groups (a). The percentages of BM Th1 (b) and Th2 (c) cells among CD4" T cells and Tc1 (e) and Tc2 (f) cells among
CD8* T cells. The ratios of Th1/Th2 (d) and Tc1/Tc2 (g) in the BM of the three donor age groups. The results are expressed as the mean + standard
error of the mean (s.e.m.). All P-values < 0-05 were considered significant and are provided in the figure.
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Fig. 5. Higher M2 frequency in the bone marrow (BM) of young donors. The representative gating strategy (A) was used to identify M1
(CD14*CD68*CCR2") and alternative macrophage (M2) (CD14*CX3CR1*CD163") cells. The relative frequencies of these macrophage subsets are
expressed as a fraction of standard monocytes. Classical macrophage (M1) percentage (b), M2 percentage (c) and M1/M2 ratio (d) in the BM of three
donor age groups. The results are expressed as mean + standard error of the mean (s.e.m.). All P-values < 0-05 were considered significant and are
provided in the figure.

factors and produce relevant immune cell subtypes in memory in response to acute pathogen exposure and direct
response to an infection [47,48]. A recent mouse study an improved immune response and myeloid differentiation
provided evidence that HSCs could establish long-term to secondary infection by epigenetic changes [49].
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Table 2. Univariate and multivariate analysis of independent influencing factors for HSC frequency?

Univariate analysis

Multivariate analysis

Factors P-value HR 95% CI P-value
Donor age (years) < 37 versus > 37 0-04" 298 1-04-8-53 0-04"
Donor gender, female versus male 0-82

Donor BMI (kg/m?) < 23-5 versus > 235 0-12

WBC count (x10%/1) < 591 versus > 5:91 0-51

Neutrophil (x10%/1) < 3-46 versus = 3-46 0-87

Lymphocytes (x10%/1) < 1-94 versus > 1-94 0-14

Monocytes (x10°/1) < 0-39 versus = 0-39 0-47

Haemoglobin (g/1) < 152 versus = 152 0-47

Platelet (x10°/1) < 221 versus > 221 0-59

RBC (x10'2/1) < 5-04 versus > 5-04 0-41

Eosinophil (x10%/1) < 0-11 versus > 0-11 0-44

Basophilia (x10°/1) < 0-03 versus > 0-03 0-88

BMI = body mass index; CI = confidence interval; HR = hazard ratio.

To avoid potential confounding factors, logistic regression was assessed for interaction terms with covariates. The variables included in the logistic

regression analyses exhibited P < 0-10 after univariate analyses. The final multivariate models were constructed using a forward stepwise selection

approach.

Compared to old adults, young adults frequently present
with less chronic low-grade inflammation, characterized
by lower levels of proinflammatory cytokines such as IL-1,
IL-6, IL-8, TNF-a and C-reactive protein [50]. Based on
these studies, we speculate that under allo-HSCT stress,
HSCs from young donors may decrease the occurrence
of aGVHD by differentiating into fewer immune effector
cells and more immune suppressor cells in patients after
allo-HSCT.

We are aware that this is only an early stage study and
further definite characterization is required to determine
whether the frequency and function of HSCs in allografts
directly participate in the occurrence of aGVHD after allo-
HSCT. Moreover, single-cell sequencing in purified HSCs
from different age donors may be helpful to better under-
stand the molecular regulatory networks underlying different
immune differentiation potential of young and old HSCs.

In summary, the current study showed that BM HSCs
from young donors exhibited a lower frequency, more
balanced myeloid-lymphoid differentiation potential and
lower ROS levels and produced more naive T cells and
immune suppressors, including M2, and fewer memory
T cells and immune effector cells, such as Thl and Tcl,
than those from older donors. In addition, donor age
might be a good predictor of HSC frequency. Although
further validation is required, our results may provide
laboratory evidence to better understand why young donors
are preferred for allo-HSCT.
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