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Allogeneic peripheral blood stem cell transplantation (allo-PBSCT) is a curative therapy for some types of 
hematological disorders.  However, allo-PBSCT is commonly complicated with acute graft-versus-host 
disease (aGVHD), characterized by host tissues being attacked by the grafted donor lymphocytes due to 
disparities of human leukocyte antigen (HLA) between the donor and host.  By contrast, cord blood 
transplantation (CBT) is typically associated with low-grade severity of aGVHD, but the underlying 
mechanisms remain unclear.  Donor-derived CD4+ alloreactive T cells (ATs) are of a specific lymphocyte 
subset, which can be activated by the recipient’s HLA, and play a crucial role in the onset of aGVHD.  In 
the present study, we aimed to explore the difference in the property of CD4+ ATs between cord blood (CB) 
and adult peripheral blood (APB).  We thus found that CB and APB CD4+ ATs contained not only effector T 
cells (Teffs) that execute aGVHD, but also a distinct subset of FoxP3+ regulatory T cells (Tregs) that may 
alleviate aGVHD.  Importantly, CB CD4+ ATs contained higher percentage of FoxP3+ Tregs, compared to 
APB CD4+ ATs (P < 0.001), while lower percentage of Teffs (Th1, Th2 and Th17 cells) was detected in CB 
CD4+ ATs (P < 0.05, P < 0.001 and P < 0.05, respectively).  Our findings suggest that FoxP3+ Tregs in CB 
CD4+ ATs may contribute to attenuating the severity of aGVHD observed after CBT.

Keywords: acute graft versus host disease; adult peripheral blood; CD4 alloreactive T cells; cord blood; regulatory T 
cells
Tohoku J. Exp. Med., 2016 July, 239 (3), 193-202.  © 2016 Tohoku University Medical Press

Introduction
Allogeneic peripheral blood stem cell transplantation 

(allo-PBSCT) is a curative therapy for some hematological 
disorders, and it can be commonly complicated with acute 
graft-versus-host disease (aGVHD), which is a condition 
that donor lymphocytes recognize the host as “foreign” due 
to disparities of human leukocyte antigen (HLA), and then 
the grafted lymphocytes attack the host tissues, leading to 
organ damages.  Cord blood transplantation (CBT) is an 
alternative choice when allo-PBSCT is unavailable.  In 
addition to a rich source of cord blood (CB), it has been 
well documented that CBT is associated with a lower 
degree of severity of aGVHD, compared to allo-PBSCT or 
bone marrow transplantation (Rocha et al. 2000, 2004).  In 
other words, CBT allows a greater extent of major HLA 
disparities between the donor and recipient, but the under-
lying mechanisms for this observation remain unclear so 
far.

Most studies addressing this issue compared the global 
immune cells in CB and adult peripheral blood (APB), dis-
covering that the immaturity of CB immune cells may 

account for their anergy to induce aGVHD.  For example, 
CB-derived dendritic cells (DCs) were functionally defec-
tive in triggering allogeneic reaction (Ueda et al. 2003; 
Chunduri et al. 2008); CD4+ effector T cells (Teffs), also 
named helper T (Th) cells, are the main functional execu-
tors of allogeneic reaction, and studies disclosed that CB 
had a smaller population of cytokine-producing CD4+ Teffs, 
compared to APB (Chen et al. 2006; Nitsche et al. 2007).  
Moreover, the subset profile of CD4+ Teffs, mainly includ-
ing Th1 and Th2, was also different between CB and APB 
(Chalmers et al. 1998).  Additionally, FoxP3, a characteris-
tic transcription factor of regulatory T cells (Tregs), was 
more highly expressed in CB than in APB (Miyagawa et al. 
2009).

However, aGVHD is mainly attributed to alloreactive 
T cells (ATs), a small proportion of transplanted T cells 
from the donor, which can recognize the host’s allogeneic 
antigens (alloantigens) and be activated, and then mediate 
injury to the host tissues.  Although immunologic features 
of the global CD4+ T cells in CB and APB were different, 
little is known about the differences between CB and APB-
derived CD4+ ATs.  One study revealed that CB naïve CD4+ 
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T cells exhibited impaired activation by allogeneic antigen 
presenting cells (APC) and failed to Th1 differentiation 
compared to APB naïve CD4+ T cells (Chen et al. 2006).  In 
addition, some newly identified distinct CD4+ T-cell sub-
sets, such as Tregs and Th17 cells, have also been assumed 
to exert important roles in aGVHD (Taylor et al. 2002; 
Ermann et al. 2005; Carlson et al. 2009), which raised our 
interests to evaluate not the global CD4+ T cells but the spe-
cific subset of cells responsible for aGVHD in CB and APB 
allografts.

In the present study, we used the purified CD4+ CD25− 
T cells derived from CB or APB as responder cells to be 
activated by alloantigens, and the CD4+ ATs, which were 
identified by the acquired expression of an activation 
marker CD25, were further evaluated and compared in 
terms of their precursor frequency, accessibility of being 
activated by alloantigens (alloactivation), proliferative 
capability and subsets constitution.

Materials and Methods
Cell isolation and purification

APB and CB samples were used to prepare CD4+ CD25− 

responder T cells, respectively collected from healthy donors and pla-
centas of normal full-term deliveries at our hospital.  This study was 
performed in accordance with the principles of the 1964 Declaration 
of Helsinki, and approved by the ethics committee of our hospital.

CB or APB mononuclear cells (MNCs) were isolated by Ficoll 
(HAO YANG, Tianjin, China) density gradient centrifugation and 
washed twice with RPMI 1640 (Gibco, Carlsbad, CA).  MNCs were 
frozen in liquid nitrogen, and thawed before further manipulations.  
CD4+ CD25− responder T cells were purified by magnetic activated 
cell sorting (MACS) (Miltenyi Biotec, Auburn, CA) according to the 
manufacturer’s introductions, and the purity was more than 98%.  
Briefly, about 1 × 107 cells were magnetically labeled with a cocktail 
of biotin-conjugated monoclonal antibodies (mAbs) against a series 
of non-CD4+ cell surface markers, and then incubated with anti-biotin 
mAb coated-microbeads.  As a result, the labeled non-CD4+ cells 
were depleted and unlabeled CD4+ T cells were remained in the sus-
pension after flowing through the magnetic column.  Next, the 
enriched CD4+ T cells were labeled with anti-CD25 mAb conjugated 
MicroBeads and finally CD4+ CD25− T cells were obtained for further 
use.  Similarly, anti-CD25 mAb conjugated MicroBeads were also 
used for the isolation of CD4+ ATs where indicated.

MNCs from the peripheral blood of three healthy volunteers 
were mixed and then utilized as allogeneic stimulator cells.  Before 
being co-cultured with responder cells, stimulator cells were treated 
with mitomycin (25 μg/ml) (Sigma, St. Louis, MO) to perish their 
capacity of division.

Carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling and 
cell division analysis

Since CD4 molecules on responder T cells tend to be partially 
lost after activation, it is not appropriate to use CD4 as a marker for 
gating ATs for flow cytometric (FCM) analysis.  Therefore, CD4+ 

CD25− responder T cells were labeled with CFSE (Molecular Probes, 
Eugene, OR) so that they can be distinguished from stimulator cells 
during FCM analysis.  CFSE labeling was performed following the 
manufacturer’s instructions.  Briefly, responder T cells were resus-

pended in phosphate buffered saline (PBS) with 5% fetal bovine 
serum (FBS) (Gibco, Carlsbad, CA) at a concentration of less than 1 
× 107/ml, and then CFSE solution was added to the cell suspension to 
achieve a working concentration of 5 μM.  After thorough mixing, we 
kept cells to be labeled with CFSE by incubating for 5-10 min at 
room temperature.  Finally, labeling was stopped by adding 10 vol-
umes of PBS with 5% FBS, and cells were washed twice and counted 
before seeded as responder cells.

In addition to identifying separate parties in the co-culture sys-
tem, CFSE dilution analysis was also used in this study to track the 
division of responder cells driven by alloantigens, since each cell 
division leads to a sequential halving of fluorescence intensity which 
can be supervised by using FCM.  Precursor frequency and cell divi-
sion were analyzed with FlowJo software (V7.6.1, Stanford, CA).

One-way mixed lymphocytes reaction (MLR)
CFSE-labeled responder cells (R) derived from CB or APB 

were plated in triplicate in 96-well round bottom microtiter plates at a 
density of 1 × 105 cells per well, and irradiated HLA-mismatched 
stimulator cells (S) were added to the co-culture system at a ratio of 
1:1 (S/R).  Phytohemagglutinin (PHA, 5 μg/ml) (Sigma, St. Louis, 
MO)-stimulated responder cells were used as the positive control, and 
responder cells stimulated by mitomycin-treated autologous MNCs 
were used as the negative control.  Co-stimulation was provided by 
the addition of anti-CD28 and anti-CD49d mAbs (BD Fast Immune, 
San Jose, CA) both at 1 μg/ml to the MLR or control cultures.  Mixed 
lymphocytes were cultured in a final volume of 200 μL RPMI 1640 
supplemented with 100 IU/ml penicillin, 100 μg/ml streptomycin, 2 
mM L-glutamine, and 10% heat-inactivated FBS, and placed at 37°C 
under 5% CO2 humidified atmosphere.

For alloactivation analysis, intracellular antigen staining and 
CD25+ ATs isolation, co-cultures were harvested on day 5, at which 
time point the expression of CD25 reached a peak level, according to 
our sequential observations and others’ experiences (Amrolia et al. 
2003).  On day 8, the remaining cultures were harvested for cell divi-
sion analysis with CFSE dilution method, when the maximum prolif-
eration was observed in our MLR system.

Intracellular antigen staining and FCM analysis
For intracellular cytokine staining, a Protein Transport Inhibitor 

Cocktail (eBioscience, San Diego, CA) containing both monesin and 
brefeldin was added 6 to 10 hours before the end of co-culture to 
inhibit cytokine exclusion.  Cells were harvested and washed twice 
with PBS, and then non-viable cells were stained with LIVE/DEAD 
Fixable Violet Dead Cell Stain Kit for 405 nm excitation (Invitrogen, 
Eugene, OR).  After washed twice, cells were stained with phycoery-
thrin (PE)-anti-CD25 mAb (eBioscience, San Diego, CA).  Next, dif-
ferent staining protocols were adopted according to the detected anti-
gens: for INF-γ, IL-4 and IL-17A, cells were firstly fixed with reagent 
A (FIX & PERM, Caltag Laboratories, Burlingame, CA), and then 
permeabilized with reagent B while incubating with mAbs against 
INF-γ, IL-4, and IL-17A.  In case of FoxP3, the staining buffer spe-
cific for FoxP3 (eBioscience, San Diego, CA) was applied, where cell 
fixation and permeabilization were performed simultaneously, after 
which mAbs against FoxP3 were used to stain the intranuclear anti-
gens separately.  Corresponding isotype mAbs were used to determine 
the negative confidence interval of each antigen.  Phycoerythrin-
cyanin7 (PE-Cy7)-anti-IFN-γ, allophycocyanin (APC)-anti-IL-4, phy-
coerythrin-cyanin5 (PE-Cy5)-anti-FoxP3 and corresponding isotype 
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mAbs were all purchased from eBioscience (San Diego, CA), allo-
phycocyanin-cyanin7 (APC-Cy7)-IL-17A and its isotype mAbs were 
purchased from BioLegend (San Diego, CA).  Phenotypic and intra-
cellular antigen detection of all samples was performed by multi-
color FACS (FACSAria, BD Biosciences).  FlowJo (V7.6.1, Stanford, 
CA) was used for data analysis and graph making.

Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR was performed in some experiments to evaluate rela-

tive mRNA levels of lineage-specific transcription factors for CD4+ 

ATs.  Briefly, CB and APB co-cultures were respectively harvested 
after four days’ MLR, and then CD25+ ATs were magnetically isolated 
with anti-CD25 mAb conjugated MicroBeads (Miltenyi Biotec, USA) 
for further manipulations, and the purity of CD25+ cells was more 
than 95%.  Total RNA was extracted from the enriched CD25+ cells 
by using TRIzol reagent (Invitrogen, Carlsbad, CA), and then con-
verted to cDNA, which was further used as the template for PCR with 
PrimeScript™ RT-PCR Kit (Takara Biotech, Shiga, Japan), according 
to the manufacturer’s instructions.  Sequences of primers used in this 
study were listed in Table 1.  A relative level of target mRNA was 
determined with Quantity One software (Version 4.6.2, Bio-Rad, 
USA) by using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
mRNA as the reference.

Western blot analysis
Due to the limited number of enriched CD25+ cells available for 

analysis, total protein was extracted from the phenol-ethanol superna-
tant layer left over after aqueous phase was removed for RNA isola-
tion with TRIzol reagent.  Equal amount of heated protein (20 µg/
lane) was subjected to SDS-PAGE, and then transferred onto PVDF 
membranes (Millipore, Milford, MA).  Nonspecific binding sites on 
membranes were treated with 5% nonfat dry milk in Tris-buffered 
saline to block the nonspecific binding sites for one hour, followed by 
incubations with individual primary antibodies overnight at 4°C, 
including anti-T-bet, anti-GATA3, anti-RORγt, anti-FoxP3 and anti-β-
actin mAbs (all from CST, Danvers, MA).  Next, the membranes 
were treated with horseradish peroxidase-conjugated secondary anti-
bodies for one hour, followed by a detection with an enhanced chemi-
luminescence reagent (seven sea biotech, Shanghai, China).  The 
expression of protein relative to β-actin was also analyzed with 
Quantity One software.

Enzyme linked immunosorbent assay (ELISA)
In order to detect Tregs-associated cytokines, purified CD25+ 

cells from both CB and APB MLR were resuspended with serum-free 
culture medium at 1 × 106 cells/ml in separate experiments, and 
seeded into 96-well plates in triplicates, and kept resting or incubated 
with allogeneic stimulator cells at a ratio of 1:1 in the presence of 
anti-CD28 and anti-CD49d mAbs, and the total volume of culture 
was 200 μl per well.  After four days’ culture, IL-10 and TGF-β1 lev-
els in the supernatants were measured by using ELISA kits (R&D, 
Minneapolis, MN), according to the protocols described by the manu-
facturer.  All samples were detected in duplicates.

Statistical analysis
All data were represented as means ± standard deviation (SD).  

Normal distribution was evaluated with Kolmogorov-Smirnov test, 
and homogeneity of variance was assessed with Levene’s test.  
2-tailed student’s t-test was used for compared data following normal 
distribution and with equality of variance, or else Kruskal-Wallis test 
was adopted.  All statistical analysis was executed on SPSS 19.0 soft-
ware (IBM, Chicago, IL).  P values less than 0.05 were considered 
statistically significant.

Results
Alloactivation of CD4+ATs

CB or APB CD4+ CD25− responder T cells were stimu-
lated by allogeneic stimulator cells combined with the co-
stimulation of anti-CD28/CD49d mAbs.  After stimulation, 
CD4+ ATs became morphologically larger than the resting 
cells.  Thus, lymphocytes and lymphoblasts were used 
when performing gating on Forward Scattering/Side 
Scattering (FSC/SSC) interface of FCM analysis.  After 
dead cells were excluded, CFSE+ (CFSEbright and CFSEdim) 
responder cells can be obviously distinct from CFSE− stim-
ulator cells and can be easily gated for ATs analysis.  To the 
best of our knowledge, there had been no widely recognized 
marker specific for ATs.  We thus used the acquired expres-
sion of a T cell-activation marker CD25 (α subunit of IL-2 
receptor) as the identification of ATs.

After four days’ co-culture, the alloactivation of 
responder cells reached a peak both in CB and APB, vali-
dated by their respective levels of CD25 expression.  
However, the percentage of CD25+ cells was not statisti-
cally different between CB and APB responder cells (9.36% 
± 0.64% vs. 9.06% ± 0.53%, P > 0.05) (Fig. 1A).  
Moreover, CD69, another commonly used marker for early 

Genes Sequences of primers

T-bet
Sense: 5’- TCACTACTCTCCTCTCCTAC-3’
Anti-sense: 5’-CAATCTCAGTCCACACCAA-3’

GATA-3
Sense: 5’-ACTGTGGTGTCTGTGTTC-3’
Anti-sense: 5’-ACTTCTTGGCATCCTTCAT-3’

RORγt
Sense: 5’-GGATGAGAGGCTGGAGAT-3’
Anti-sense: 5’-TGATTGCTGTTGAGTCTGTA-3’

FoxP3
Sense: 5’-AAGGAGGATGGACGAACA-3’
Anti-sense: 5’-CTGGTTGTGAAGGCTCTG-3’

GAPDH
Sense: 5’-GGCTCTCCAGAACATCATC-3’
Anti-sense: 5’-TCTTCCTCTTGTGCTCTTG-3’

Table 1.  Sequences of primers used in this study.
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activation of T cells (Simms and Ellis 1996), was also 
detected, and the frequency of CD69+ cells in CB and APB 
responder cells was similar (12.76% ± 1.24% vs. 12.36% ± 
1.12%, P > 0.05) (Fig. 1B).

Frequency of CD4+ATs precursors and their proliferative 
capability

CFSE is a cytoplasmic fluorescent dye which can be 
effectively used to monitor lymphocyte proliferation due to 
the progressive halving of fluorescence intensity within 
daughter cells after each cell division.  CD4+ ATs make up 
only a small proportion of the whole CD4+ T cell popula-
tion, and the duration of co-culture in this study was no 
more than seven days.  Thus, cells were unlikely to prolifer-
ate to the extent that CFSE fluorescence decayed to be 
undistinguished from the autofluorescence background of 
stimulator cells, which was validated in our preparing 
experiments.  We used mixed APB MNCs as stimulators, 
and the frequency of CD4+ alloreactive precursors under 
this stimulating condition was not different between CB 
and APB (3.67% ± 0.75% vs. 4.23% ± 0.96%, P > 0.05) 
through a curve fitting analysis with FlowJo software (Fig. 
2A, B).  Moreover, the proliferative capability of CD4+ ATs 
in CB and APB was also similar, as illustrated by the per-

centage of CFSEdim cells in responder cells (13.80% ± 
1.57% vs. 13.43% ± 1.49%, P > 0.05) (Fig. 2A, C).

Subset analysis of effector CD4+ATs
Pathophysiological changes of aGVHD have been 

considered to be mediated by the cytokines produced by the 
donor’s alloreactive Teffs, and different subsets of Teffs 
may play different roles in the tissue damages of aGVHD 
(Coghill et al. 2011).  Therefore, we evaluated the subsets 
of CD4+ CD25+ alloreactive Teffs after four days’ alloanti-
gen stimulation (allostimulation).  A specific subset of Teffs 
was determined by the representative cytokine; namely, 
CD4+ CD25+ IFN-γ+ cells, CD4+ CD25+ IL-4+ cells and CD4+ 

CD25+ IL-17A+ cells were considered as alloreactive Th1, 
Th2 and Th17 cells, respectively.

In contrast to APB, CB CD4+ ATs contained lower per-
centage of Th1 (4.37% ± 1.90% vs. 9.42% ± 2.89%, P < 
0.05), Th2 (4.63% ± 1.80% vs. 18.20% ± 4.50%, P < 0.001) 
and Th17 cells (3.70% ± 1.45% vs. 5.56% ± 1.62%, P < 
0.05) (Fig. 3A).  Furthermore, we were able to isolate CD4+ 

ATs from the co-cultures with MACS according to the 
acquired marker CD25, and relative mRNA and protein 
expression levels of linage-specific transcription factors, 
including T-bet for Th1, GATA3 for Th2, and RORγt for 

Fig. 1.  Cord blood (CB) and adult peripheral blood (APB) CD4+ alloreactive T cells (ATs) display similar ability of being  
alloactivated.

	 Purified CD4+ CD25− responder T cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) and 
then cocultured with allogeneic APB mononuclear cells (MNCs) stimulators for four days, then CD25+ and CD69+ cells 
were evaluated with flow cytometry (FCM).  (A) A representative FCM result and the bars showing the percentage of 
CD25+cells gated on CFSE+ (CFSEbright and CFSEdim) responder T cells in CB (n = 11) and APB (n = 10).  (B) A repre-
sentative FCM result and the bars showing the percentage of CD69+ cells gated on CFSE+ responder T cells in CB (n = 
11) and APB (n = 10).  The bars represent mean ± standard deviation (SD).
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Th17 cells, were evaluated with RT-PCR and western blot-
ting analyses, respectively.  In correspondence with the 
detection of Teffs subsets using FCM, CB CD4+ ATs exhib-
ited significantly lower levels of both T-bet mRNA (0.27 ± 
0.04 vs.  0.34 ± 0.06, P < 0.01) and protein (0.50 ± 0.09 vs. 
0.84 ± 0.14, P < 0.001), GATA3 mRNA (0.23 ± 0.04 vs. 
0.46 ± 0.09, P < 0.001) and protein (0.57 ± 0.08 vs.  1.02 ± 
0.07, P < 0.001), RORγt mRNA (0.16 ± 0.03 vs. 0.45 ± 
0.09, P < 0.001) and protein (0.30 ± 0.05 vs. 0.46 ± 0.04, P 
< 0.001), compared to their APB counterparts (Fig. 3B, C).

Alloantigen-induced (allo-induced) CD25+ FoxP3+ T regs 
detected in CD4+ ATs

Tregs have been found to exert vital functions in 
restricting aGVHD by suppressing the proliferation or 
induce the apoptosis of Teffs (Beres and Drobyski 2013).  It 
remains controversial whether CB contains a larger number 
of natural Tregs (nTregs) than APB.  We thus aimed to 
investigate whether allo-induced regulatory T cells (allo-
iTregs) are involved in CB and APB CD4+ ATs, since both 
effector ATs and Tregs may express membrane CD25.

As illustrated in Fig. 4A, higher percentage of FoxP3+ 

cells was observed in CB CD4+ CD25+ ATs after four days’ 
allostimulation without supplementation of exogenous 
inducing cytokines, whereas in APB there was much lower 
percentage of FoxP3+ cells (12.55% ± 2.66% vs. 3.29% ± 
0.74%, P < 0.001).  Expectedly, the majority of FoxP3+ 

cells in CB CD4+ ATs were found in the CD25high cells, 
which is consistent with our finding that CB CD4+ ATs had 
a higher intensity of CD25 expression than their APB coun-
terparts (data not shown).  Accordingly, the relative level of 
FoxP3 mRNA was found to be much higher in purified CB 

CD25+ ATs (0.78 ± 0.21 vs. 0.15 ± 0.04, P < 0.001) (Fig. 
4B), which was further confirmed by a relative analysis of 
protein level (0.82 ± 0.04 vs. 0.24 ± 0.05, P < 0.001) (Fig. 
4C).

Moreover, in other experiments, CD25+ ATs were 
enriched and maintained resting or re-stimulated with allo-
geneic stimulators for four days, and supernatant concentra-
tions of TGF-β1 and IL-10, which are two main suppressive 
cytokines associated with Tregs (Vignali et al. 2008), were 
assayed with ELISA.  CB CD4+ ATs culture supernatants 
had significantly higher levels of TGF-β1 than their APB 
counterparts both at resting (67.60 ± 8.22 vs. 56.90 ± 6.17 
pg/ml, P < 0.01) and being re-stimulated (389.50 ± 39.25 
vs. 343.9 ± 34.94 pg/ml, P < 0.05) (Fig. 4D), while the 
IL-10 concentrations were not significantly different 
between the two (resting: 72.40 ± 9.66 vs. 68.90 ± 7.83 pg/
ml, P > 0.05; re-stimulated: 236.60 ± 21.19 vs. 231.7 ± 
20.19 pg/ml, P > 0.05) (Fig. 4E).

Discussion
Previous studies have addressed the issue by compar-

ing the cytokine production or gene expression profiles of 
CB and APB T cells, but unpurified CB or APB MNCs 
were used as responder cells or nonspecific stimulations 
(PHA, ConA, anti-CD3 mAb, et al.) were adopted in most 
of these studies (Chalmers et al. 1998; Nitsche et al. 2007; 
Miyagawa et al. 2009).  Thus, these results merely reflected 
the immune characteristics of general CD4+ T cells, but not 
the specific CD4+ ATs.  Moreover, the contaminated non-
specifically activated CD4+ CD25+ Teffs or Tregs that inher-
ently exist in CB or APB T cells may potentially affect their 
response to either the polyclonal or alloantigen stimulation.  

Fig. 2.  Precursor frequencies, proliferative capability of CD4+ATs in CB and APB.
	 A representative FCM display of CFSE dilution assay, the values shown are the percentages of proliferating blasts  

(CFSEdim) in all responder T cells (CFSEbright and CFSEdim).  (B) Frequencies of CD4+ ATs precursors residing in CB (n = 
12) and APB (n = 10) were calculated with FlowJo software.  (C) Percentage of the proliferating CD4+ ATs in CB (n = 
12) and APB (n = 10).  The bars represent mean ± SD.

	 Allo, allogeneic stimulators; Auto, autologous stimulators; PHA, Phytohemagglutinin.
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Given this, purified CD4+ CD25− T cells were used as 
responders, and allogeneic APB MNCs other than nonspe-
cific reagents were used as stimulators in the present study.

A previous study demonstrated that CB CD4+ T cells 
had a lower proliferative capability, and they may have a 

higher threshold for activation than adult cells (Bogunia-
Kubik et al. 2000).  By contrast, in our study the percentage 
of either CD25+ or CD69+ T cells in responder cells was 
comparable, indicating that CB and APB CD4+ T cells had 
similar capability of being activated by alloantigens.  What 

Fig. 3.  The main subsets of effector T cells in CB and APB CD4+ ATs.
	 (A) Representative FCM dotplots of Th1, Th2 and Th17 cells in CB and APB CD4+ ATs.  The quantitative analysis 

showing significantly less enriched Th1, Th2 and Th17 cells in CB CD4+ ATs (n = 8, 8, 10, respectively) than in APB 
CD4+ ATs (n = 9, 9, 10, respectively).  (B) A representative mRNA study of transcription factors in CD4+ ATs isolated 
from three CB and three APB samples, and the quantitative analysis of T-bet, GATA3, RORγt mRNA levels in CB CD4+ 

ATs (n = 15) vs. APB CD4+ ATs (n = 12).  (C) Results from western blotting confirming the expression of T-bet, GATA3, 
RORγt protein in CB CD4+ ATs (n = 15) vs. APB CD4+ ATs (n = 12).  The bars represent mean ± SD.  *P < 0.05, **P < 
0.01, ***P < 0.001.
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Fig. 4.  CD25+ FoxP3+ T cells detected in CB and APB CD4+ ATs.
	 (A) Representative dotplots were displayed, and values represent the percentage of CD25+ FoxP3+ T cells in CB and 

APB CD4+ ATs.  The percentage of CD25+ FoxP3+ T cells in CB CD4+ ATs (n = 6) was remarkably higher than in APB 
CD4+ ATs (n = 8), which was also validated by FoxP3 mRNA (B) and protein (C) assay (for CB, n = 15, and for APB,  
n = 12).  Isolated CB (n = 10) and APB (n = 10) CD4+ ATs were maintained resting or re-stimulated with allogeneic 
stimulator cells for four days, then TGF-β1 (D) and IL-10 concentration (E) in the culture supernatants were determined 
by using ELISA.  The bars represent mean ± SD.  *P < 0.05, **P < 0.01, ***P < 0.001.
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should be noticed, not all of the CD25+ or CD69+ cells were 
the original CD4+ ATs, which typically take only a small 
proportion in total CD4+ T cells; namely, most of the detect-
able CD25+ or CD69+ cells were daughter generations of 
their precursors.  Given this, we used CFSE dilution assay 
to track the division of CD4+ ATs initially residing in CB or 
APB, and with this method the frequency of ATs precursors 
can be estimated.  Finally, we found that CB and APB had 
similar frequencies of CD4+ ATs precursors capable of 
being driven to division.  Furthermore, some activated ATs 
did not experience proliferation, and thus the positivity of 
CD25 or CD69 was not able to entirely reflect their allore-
activity.  We further analyzed the CFSEdim cells, which rep-
resented the proliferating ATs.  However, the percentage of 
CFSEdim cells was not significantly different between the 
two compared subjects.  Taken together, these findings sug-
gest that the inconspicuous aGVHD after CBT should not 
be attributed to a lower number of CD4+ ATs precursors or 
their blunt response to alloantigens.

Most of the CD4+ T cells in CB are less mature than 
those in APB, which leads to distinct profiles of cytokine 
production; this may be caused by the differences in the 
activation and expression of linage-specific transcription 
factors (Kaminski et al. 2003; Nitsche et al. 2007; 
Miyagawa et al. 2009), implying that the immaturity of CB 
immune cells may be responsible for the reduced occur-
rence of aGVHD after CBT.  Without finding significant 
difference in alloactivation and proliferation between CB 
and APB CD4+ ATs, we further investigated whether their 
cytokine-producing subsets were different in composition.  
Th1 and Th2 cells are typical members of Teffs, and Th1 
was found to arouse GI tract injury  (Burman et al. 2007), 
while Th2 predominantly mediated idiopathic pneumonia 
syndrome /GVHD in the lung (Yi et al. 2009).  Varied find-
ings were reported about the Th1 and Th2 differences in CB 
and APB depending on different ways of stimulation or 
detection methods used in individual studies (Chalmers et 
al. 1998; Garcia Vela et al. 2000; Krampera et al. 2000; 
Slavcev et al. 2002).  However, we in our study compared 
Th1 and Th2 cells in CD4+ ATs of both origins, as well as 
their linage-specific transcription factors T-bet and GATA-
3, showing the significantly lower percentage of both Th1 
and Th2 cells in CB CD4+ ATs, with the more obvious dif-
ference in Th2.  These findings in CD4+ ATs are consistent 
with the previous studies on total T cells, showing that Th1 
were more abundant in APB than in CB (Chalmers et al. 
1998; Garcia Vela et al. 2000; Krampera et al. 2000).  
Nevertheless, it has been more complicated with respect to 
Th2, which was reported to be less abundant in CB than 
APB in some studies (Chalmers et al. 1998; Garcia Vela et 
al. 2000), but similar in other reports (Krampera et al. 2000; 
Slavcev et al. 2002), indicating that different experimental 
conditions or methods may lead to disparities among stud-
ies.  Conflicting results also exist regarding the role of Th17 
in aGVHD, although it has been extensively addressed in 
autoimmune diseases and acute allograft rejection, and a 

supportive evidence was provided with the finding that 
CD4+ ATs were biased to Th17 differentiation, implying that 
Th17 may be the critical player of aGVHD (Litjens et al. 
2009).  In our study, alloreactive Th17 was detected both in 
CB and APB (lower frequency and expression of RORγt in 
CB than in APB), but the lowest among the three subsets of 
Teffs evaluated.  Our findings suggested that the decreased 
frequency of cytokine-producing Teffs after alloactivation 
in CB CD4+ ATs may be one of the main mechanisms con-
tributing to the low-grade severity of aGVHD associated 
with CBT.

Tregs have been recognized as vital protectors against 
aGVHD (Ganguly et al. 2014).  Donor-derived Tregs can 
inhibit aGVHD after allogeneic bone marrow transplanta-
tion both in the animal model (Taylor et al. 2002; Hippen et 
al. 2011) and clinical study (Di Ianni et al. 2011).  CB is an 
abundant source of nTregs, which have been successfully 
expanded in vitro and grafted to recipients to attenuate 
aGVHD in clinical trials (Brunstein et al. 2011).  A study 
showed that nTregs were more enriched in CB than APB 
(Miyagawa et al. 2009), but this was not proved by other 
studies (Chen et al. 2006; Chirumbolo et al. 2011).  
Interestingly, we found a distinct subset of FoxP3+ Tregs in 
CB but not in APB CD4+ CD25+ ATs, which was also con-
firmed by FoxP3 mRNA and protein analysis.  Apparently, 
Tregs we detected were not the expanded population of the 
original nTregs in CB, which had been depleted when pre-
paring CD4+ CD25− responder cells; indeed, they were 
newly induced with alloantigens, likely to be more specific 
and potent for the suppression of alloreaction (Sagoo et al. 
2011).  These allo-induced Tregs may contribute to the 
lower frequency of Teffs observed in CB CD4+ ATs in this 
study.  Of importance, these Tregs were produced without 
addition of any exogenous inducing cytokines, prompting 
us to study the cytokine milieu where ATs were present.  As 
expected, significantly higher TGF-β1 concentrations were 
found in the CB CD4+ ATs cultures, which was a favoring 
condition for Tregs polarization (Chen et al. 2003; Fu et al. 
2004).  Meanwhile, TGF-β1 was also a crucial cytokine 
mainly secreted by Tregs to perform immunosuppression 
(Esquerre et al. 2008; Sojka et al. 2008); thus, a positive 
signaling cascade for Tregs nurturance may exist in CB 
CD4+ ATs.  Additionally, IL-10 is another suppressive cyto-
kine associated with Tregs’ function (Asseman et al. 1999), 
but the CB CD4+ ATs cultures did not show a significantly 
higher level of IL-10 than APB CD4+ ATs, despite that a 
larger number of Tregs were detected.  IL-10 is also pro-
duced by several Teffs subsets (Fujio et al. 2010; Jankovic 
et al. 2010) which were more enriched in APB CD4+ ATs in 
the present study.  The overwhelming production of IL-10 
by Teffs in APB CD4+ ATs may account for the similar 
IL-10 concentration between CB and APB CD4+ ATs cul-
tures.

In summary, we have shown similar frequency of 
CD4+ ATs precursors residing in CB and APB, and their 
accessibility of being activated by alloantigens or their pro-
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liferative capability driven by alloantigens was not signifi-
cantly different.  However, subset profiles of CD4+ ATs 
were different; the main Teffs, including Th1, Th2 and 
Th17 cells, were invariably less enriched in CB than in 
APB CD4+ ATs, and FoxP3+ Tregs, newly induced by allo-
antigens, were more abundant in CB CD4+ ATs, which may 
partially explain a lower degree of severity of aGVHD after 
CBT.  However, it remains to be investigated whether these 
allo-induced FoxP3+ Tregs can maintain their regulatory 
phenotype and functions.
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