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Umbilical cord blood-derived Helios-positive regulatory
T cells promote angiogenesis in acute lymphoblastic leukemia
in mice via CCL22 and the VEGFA-VEGFR2 pathway
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Abstract. Regulatory T cells (Tregs) maintain immune
homeostasis and modulate tumor-induced neovascularization.
However, the mechanisms underlying the role of Tregs in acute
lymphoblastic leukemia (ALL) remain to be elucidated. Helios,
combined with forkhead box P3, is considered a suitable
marker for discriminating functional Tregs. In the present
study, a microenvironment was created with a high proportion
of Helios* Tregs in T cell-deficient nude mice to determine the
mechanism underlying Tregs expressing Helios in ALL. It was
revealed that umbilical cord blood-derived Helios* Tregs had
proliferation and immunosuppression abilities similar to those
of normal pediatric Tregs. The accumulation of Helios™ Tregs
accelerated leukemogenesis and the infiltration of leukemic
cells into the bone marrow. Importantly, a high expression of
Helios in Tregs promoted angiogenesis in the bone marrow
via the vascular endothelial growth factor (VEGF)A/VEGF
receptor 2 (VEGFR?2) pathway. Furthermore, the expression
of chemokine CC-chemokine ligand 22 (CCL22) in the bone
marrow and serum of ALL mice infused with Helios"s" Treg
cells was increased. The results demonstrated that Helios
promotes the secretion of chemokine CCL22, which may
recruit more Tregs into the bone marrow. Increased Helios*
Treg cells promoted angiogenesis in the bone marrow of
ALL mice via the VEGFA/VEGFR?2 pathway. Therefore,
Helios may be a target to manipulate Treg activity in clinical
settings.
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Introduction

Immunosuppression mediated by regulatory T cells (Tregs)
is considered to be a key facilitator of tumor immune
evasion (1,2). Marked Treg infiltration into tumors is generally
associated with pathogenesis and a poor clinical outcome (3).
In addition to the immunosuppressive function of Tregs,
emerging evidence suggests a link between angiogenesis and
the accumulation of Tregs at tumor sites (4,5).

Previous studies have shown that Tregs contribute to tumor
angiogenesis through indirect and direct mechanisms. Tregs
can promote angiogenesis indirectly by inhibiting effector
cell-derived angiostatic cytokines, including interferon vy
(IFN-y) and C-X-C motif chemokine 10 (CXCL10) (6). Tregs
that have been recruited to hypoxic regions can also directly
stimulate angiogenesis through the production of vascular
endothelial growth factor (VEGF) (4). The association of Treg
infiltration with the overexpression of VEGF and increased
microvessel density in endometrial and breast cancer has
provided clinical clues for a link between Tregs and angio-
genesis (6). VEGF promoted the proliferation of Tregs, and
VEGF/VEGEF receptor (VEGFR) antibodies and inhibitors
decreased the number of Tregs in patients with colon cancer
and in mouse models (7). Sustained angiogenesis is also critical
for leukemogenesis (8). Our previous study demonstrated that
the expression of Helios in Tregs was involved in angiogenesis
in vitro (9).

Helios, a member of the Ikaros family, serves an impor-
tant role in the regulation of lymphoid cell proliferation and
differentiation (10). The findings of previous studies have led
to increased interest in Helios, which may serve a critical role
in controlling certain aspects of Tregs, including their suppres-
sive function, differentiation and survival (10,11). Our previous
study confirmed that the increased proportion of Helios* Tregs
in patients with pediatric acute lymphoblastic leukemia (ALL)
serves an important role in the mechanism of oncogenesis,
and may be involved in the regulation of bone marrow angio-
genesis in ALL (9). However, the mechanism requires further
clarification.

The present study aimed to investigate whether the expres-
sion of Helios in Tregs influences leukemic angiogenesis
in vivo, and to examine the mechanism further. To this end, a
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number of Helios"" Tregs derived from umbilical cord blood
(UCB) were infused into nude mice with defective T cell
function, and leukemia was established in these mice. The
findings suggest the importance of Tregs expressing Helios for
angiogenesis in ALL in vivo.

Materials and methods

Cell culture. The Nalm-6 human pre-B ALL cell line was
provided by Professor Daoxin Ma (Qilu Hospital, Jinan,
China). A total of five normal pediatric peripheral blood (PB)
samples were obtained from consenting individuals (5 female,
ages 5-13) with no history of tumors, antecedent primary
hematologic abnormalities or immunodeficiency diseases who
underwent orthopedic surgery at the Qilu Hospital (Jinan,
China) from May-July 2016. A total of five UCB samples were
donated by healthy mothers (ages 23-29) at the Qilu Hospital
from May-July 2016. Human umbilical vein endothelial cells
(HUVECsS) were derived from cryopreserved cells in stem
cell and regenerative medicine research center (Shandong
University, Jinan, China). The Nalm-6 cells were cultured
in complete RPMI-1640 medium (HyClone, GE Healthcare
Life Sciences, Logan, UT, USA) containing 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The HUVECs were cultured in M199 medium
(Gibco; Thermo Fisher Scientific, Inc.) containing 15% FBS
and 40 ng/ml fibroblast growth factor (PeproTech, Inc., Rocky
Hill, NJ, USA). Monocytes from the UCB or PB were isolated
from the samples and cultured in complete RPMI-1640
medium. On day 1,200 U/ml human recombinant interleukin-2
(rIL-2) (PeproTech, Inc.), 2.5 ng/ml transforming growth
factor (TGF)-f (eBioscience; Thermo Fisher Scientific, Inc.),
0.5 ug/ml anti-CD3e (OKT3; eBioscience; Thermo Fisher
Scientific, Inc.) and 1 xg/ml anti-CD28 (CD28.2; eBioscience;
Thermo Fisher Scientific, Inc.) were added to the medium. In
accordance with routine culturing, the cells were passaged
every 3 days with the addition of 100 U/ml rIL-2. During the
culture period, CD4*CD25* Tregs and CD4*CD25" T helper
(Th) cells were isolated using a CD4*CD25" Treg Isolation
kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
The purity of the Th and Treg cell populations was >90%, as
determined by flow cytometry using a Guava easyCyte 8HT
flow cytometer (EMD Millipore, Billerica, MA, USA). The
cells were counted using a hemocytometer on days 0, 7, 14, 21
and 28 of the culture period. All cells were cultured at 37°C
under a 5% CO, atmosphere. All study participants, including
direct participants, blood donors and parent/guardians of child
participants, provided written informed consent. The study
was approved by the Research Ethics Committee of Qilu
Hospital.

ExpressionofHelios in UCB Tregs.To confirm the role of Helios
in Tregs, the expression of Helios was reduced in Treg cells on
day 14 of culture. A lentiviral vector was used to silence the
expression of Helios in the UCB-derived Tregs on day 14 of the
culture period. The lentiviral vectors, GV248-enhanced green
fluorescent protein (EGFP) short hairpin (sh) RNA-Helios
and GV248-EGFP, were developed by Shanghai GeneChem
Co., Ltd. (Shanghai, China; Fig. S1A). The Helios sequence
was obtained from GeneBank (accession no. NM_016260).
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According to the RNAi sequence design principle, multiple
RNAI target sequences were designed, and the optimal kinetic
parameter target was selected to enter the subsequent experi-
mental procedure. The Helios-targeting shRNA sequences
(RNAi-sense 5-CCGGGGAAGATTGTAAGGAACAAC
TCGAGTTGTTCCTTACAATCTTCCTTTTTG-3"; RNAI-
antisense, 5S-AATTCAAAAAGGAAGATTGTAAGG
AACAACTCGAGTTGTTCCTTACAATCTTCC-3") were
designed. These were inserted between the Agel and EcoRI
sites in the GV248 vector (Shanghai GeneChem Co., Ltd.) by
homologous recombination using the T4 DNA ligase enzyme.

Cells in the logarithmic growth phase were digested
with trypsin 24 h prior to being transfected. The cells were
re-suspended at 5.0x10° cells/15 ml in Dulbecco's modified
Eagle's medium containing 10% FBS, and maintained at
37°C in an atmosphere of 5% CO, for 24 h until the cells were
70-80% confluent. The cell culture medium was replaced
with serum-free medium 2 h prior to transfection. DNA was
extracted using the Plasmid Maxi kit (Qiagen China Co., Ltd.,
Shanghai, China), according to the manufacturer's instructions.
A solution containing the prepared DNA (20 ug pGV-shRNA
vector, 15 ug pHelper vector 1.0 and 10 g pHelper vector 2.0)
was added to a sterile centrifuge tube, and the final volume
was brought to 1 ml. The solution was incubated at room
temperature for 15 min, and 293T cells were transfected using
GeneChem transfection reagent (Shanghai GeneChem Co.,
Ltd.) according to the manufacturer's instructions. The trans-
fected cells were incubated in serum-free medium for 6 h, the
medium was subsequently replaced with medium containing
10% serum, and the cells were cultured for an additional
48-72 h. The packaging 293T cell line was transfected with
the lentiviral vector.

The culture supernatants were collected when the cells
expressed high levels of green fluorescence and cell fusion was
observed (48-72 h). The virus in the supernatant was concen-
trated to the target volume by centrifugation (4°C, 4,000 x g,
10 min). The viral concentrate was removed and aliquot into
a tube for long-term storage at -80°C. In order to determine
the viral titer, 10 ul viral stock was used to make 1 ml serial
dilutions (102-10-%), which were used to infect 293T cells
in a 96-well plate (4x10* cells). Following 4 days in culture,
EGFP expression in each well was observed under a fluores-
cence microscope (magnification, x200). The number of cells
expressing EGFP was counted and multiplied by the dilution
ratio to determine the viral titer [transducing units (TU)/ml].
The viral supernatant was harvested 48 h after transfection,
and the lentiviral particle titer was determined (5x10® TU/ml).

The Tregs were cultured in 25 cm? culture flasks at a
density of 1x10° cells/ml. Following overnight culture, the
cells were infected for 12 h at 37°C with the lentiviral vector.
Subsequently, the cells were washed and cultured in fresh
medium for 3 days. The viral concentrates of shRNA-Helios
were diluted to infect the UCB Tregs at a multiplicity of infec-
tion of 50. The transduction rate and expression of Helios in
the Tregs were confirmed by flow cytometry (Fig. S1B and C).

Establishment of murine models of ALL. A total of 48
4-week-old female BALB/c nude mice (14+1 g) were obtained
from Beijing HFK Bioscience (Beijing, China). The animals
were housed in a specific pathogen-free environment, with



; DIDOS
EJ PUBLICATIONS

a constant temperature between 25°C and 27°C, in a 12/12 h
light/dark cycle. The mice were fed with a standard diet
and water ad libitum. On days 1 and 2, all mice received
cyclophosphamide (2 mg/mouse; Heng Rui Medicine Co.,
Ltd., Jiangsu, China) by intraperitoneal injection. Animals
in the blank group received PBS only on day 3. The model
group was injected with Nalm-6 cells (3x10%mouse) through
the tail vein on day 3. In the Helios™" group, Nalm-6 cells
(2.5x10%/mouse) were injected first through the tail vein on
day 3, followed by UCB-derived Tregs (0.6x10%mouse) with
shRNA-Helios transduction. In the Helios"" group, Nalm-6
cells (2.5x10%/mouse) were injected first through the tail
vein on day 3, followed by UCB-derived Tregs on day 14 of
the culture period (0.6x10%mouse). Each group consisted of
12 mice. Mouse weights were determined once a week. In the
Helios"e" group, one mouse died on day 32 and another on
day 41. In the model group, one mouse died on day 41. All
mice were sacrificed on day 42 when the hind legs had become
paralyzed in the majority of the leukemia model animals. The
liver, spleen and kidneys were weighed to calculate the organ
index, calculated as the organ weight to total body weight
ratio. Bone marrow smears from the femur were examined in
the Department of Pathology of Qilu Hospital. The use of the
animals was approved by the Animal Care and Use Committee
of Shandong University (Jinan, China).

Flow cytometry. The cells were stained with the following
fluorochrome-conjugated antibodies: Phycoerythrin
(PE) anti-human (h)CD19 (cat. no. SJ25C1, 12-0198,
0.06 pg/test; eBioscience; Thermo Fisher Scientific, Inc.),
fluorescein isothiocyanate anti-hCD4 (cat. no OKT4, 11-0048,
0.25 ugftest; eBioscience; Thermo Fisher Scientific, Inc.), PE
anti-hCD25 (cat. no BC96, 302606, 5 ul/test; BioLegend,
Inc., San Diego, CA, USA), PerCP/Cy5.5 anti-mouse (m)CD4
(cat.no GK1.5, 100434, 0.25 pg/10°cells; BioLegend, Inc.), and
allophycocyanin anti-mCD?25 (cat. no 3C7, 101910, 0.25 pg/10°
cells; BioLegend, Inc.). Allophycocyanin anti-human fork-
head box P3 (hFoxP3; cat. no PCH101, 17-4776, 0.5 ug/test;
eBioscience; Thermo Fisher Scientific, Inc.), PE anti-hHelios
(cat. no 22F6, 12-9883, 0.03 ug/test; eBioscience; Thermo
Fisher Scientific, Inc.) and Alexa Fluor® 488 anti-mFOXP3
(cat. no 150D, 320012, 5 ul/test; BioLegend, Inc.) were
detected using the FoxP3/Transcription Factor Staining Buffer
set (cat. no 00-5523; eBioscience; Thermo Fisher Scientific,
Inc.) following the manufacturer's protocol. Analyses were
performed using a Guava easyCyte 8HT flow cytometer (EMD
Millipore), and the data were analyzed using Guava software
6.1. Multi-color flow cytometry with fluorescence minus one
control was used to determine background signal levels.

Carboxyfluorescein diacetate succinimidyl ester (CFSE)-
based proliferation and suppression assay. The proliferation
capacity of the Treg population was detected as follows: Treg
cells (1x10° cells/well) were labeled with 5 uM CFSE and
incubated for 48 h at 37°C in a 12-well plate. The proliferation
of Treg cells was evaluated by flow cytometry.

The suppressive capacity of the Treg population was detected
as follows: CD4*CD25" Th cells were labeled with 5 M CFSE
and incubated for 48 h at 37°C. The Tregs (1x10° cells/well) were
cultured in RPMI-1640 medium supplemented with 100 U/ml
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rIL-2 and CD3/CD28 beads (bead: Cell ratio of 1:1; Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C. These Tregs were then
co-cultured with Th cells for 72 h at 37°C. The proliferation of
Th cells was evaluated by flow cytometry. Modfit LT software
(Version 3.1, Verity Software House, Inc., Topsham, ME, USA)
was used for data analyses.

Western blotting. Western blotting was performed as described
previously (9). Antibodies against VEGFA (cat. no. ab46154;
1:1,000; Abcam, Cambridge, MA, USA), VEGFR2
(cat. no. ab11939; 1:500; Abcam), VEGFR2 (phosphoS473;
cat.no.ab5473; 1:800; Abcam),CD31 (cat.no.ab28364; 1:1,000;
Abcam) and (3-actin (cat. no. 60008-1-Ig; 1:2,000; ProteinTech
Group, Inc.) were used. The proteins were detected using the
ECL Chemiluminescence Detection kit (EMD Millipore)
and quantitated with Image Studio Digits Ver 4.0 (LI-COR
Biosciences, Lincoln, NE, USA). The signal intensities of all
target proteins were normalized against f-actin signals.

In vitro vascular tube formation assay. To verify the effect of
Helios* Tregs on endothelial tube formation, the culture super-
natant of transfected Tregs was obtained by centrifugation at
800 x g for 10 minutes at room temperature. There were four
groups: Blank group (blank), normal Tregs group on day 0
of the culture period (control), Tregs with high expression of
Helios on day 14 of the culture period (Helios"" Treg), and
Tregs with low expression of Helios (Helios" Treg). Growth
factor-reduced Matrigel (BD Biosciences, San Jose, CA, USA)
was allowed to polymerize in a 96-well plate at 37°C for at
least 30 min. The HUVECs (5x10° cells /well) were suspended
in 100 ul medium conditioned with culture supernatant from
the normal Tregs (Control), Helios" Tregs or Helios"" Tregs.
Following incubation for 6 h at 37°C, images of capillary-like
structures in the Matrigel were captured under an Olympus
IX71 inverted fluorescence microscope (Olympus Corporation,
Tokyo, Japan). Tube formation was analyzed by determining
the total tube length in each well using ImagelJ software 1.43u
(National Institutes of Health, Bethesda, MA, USA). The tube
length of the entire culture well was measured. Fold changes of
capillary length with respect to the control were determined.
The total tube length of the blank group was set to one.

Immunohistochemical assessment of microvessel density
(MVD). Paraffin-embedded and sliced bone marrow, liver
and spleen tissues (4-um thick) were produced by Servicebio
Company (Wuhan, Hubei, China). The sections were prepared
for microscopic examination by routine immunohistochemical
methods using an antibody against CD31 (cat. no. ab28364,
1:50, Abcam). Low magnification (x100) was used to identify
the regions of highest vascular density (hot spots), and three hot
spots were selected to count the number of microvessels under
high magnification (x400). A microvessel was considered as a
brown-stained endothelial cell or endothelial cell cluster, with
or without lumen, that was clearly separated from the adjacent
tissue. The average value of these three counts represented the
MVD for that case.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) analysis. Total RNA
was extracted from samples using TRIzol® reagent (Invitrogen;
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Figure 1. Number and suppressive function of Tregs isolated and expanded from UCB and PB. (A) Total numbers of CD4*CD25*FoxP3*Helios* Tregs over
time in the UCB and PB. (B) Proliferation indices of Tregs between days 7 and 28 in the UCB and PB, determined using a CFSE-based proliferation assay.
(C) Proportions of Helios*FoxP3* cells in CD4*CD25* cell populations from UCB and PB determined by flow cytometry on days 7, 14 and 21. (D) Proliferation
indices of Th cells in a CFSE-based suppression assay between days 7 and 28 of culture in UCB and PB. (“P<0.005, "'P<0.05). UCB, umbilical cord blood; PB
peripheral blood; CFSE, carboxyfluorescein diacetate succinimidyl ester; Treg, regulatory T cell; FoxP3, Forkhead box P3.

Thermo Fisher Scientific, Inc.). First-strand cDNA was synthe-  reaction mixture using the ReverTra Ace qPCR RT Master
sized using 1 ug of total RNA in a 20 pul of reverse transcription ~ Mix kit (Toboyo Co., Ltd., Osaka, Japan) with primers. The
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temperature protocol was as follows: 37°C 15 min, 95°C 5 min
and 4°C hold. gPCR analysis was performed on an ABI Prism
7500 sequence detection system using Thunderbird SYBR
gPCR mix (Toboyo Co., Ltd.) in 20 ul of reaction mixture. The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 5 min, followed by 33 cycles of 95°C (15 sec) and
60°C (1 min). Data were analyzed using Sequence Detection
Software 1.4 (Applied Biosystems; Thermo Fisher Scientific,
Inc.). GAPDH was used as an internal control. Values for
the blank group were set to one. RNA expression levels were
quantified using the 2424 method and normalized to the
expression levels of GAPDH (12). The primer sequences are
presented in Table SI.

Measurement of chemokine CC-chemokine ligand 22 (CCL22)
by ELISA. Following the onset of ALL in mice, the mice
were sacrificed and plasma was obtained by centrifugation
at 1,000 x g for 10 minutes at room temperature for CCL22
protein detection. The protein levels of CCL22 were measured
using an ELISA kit (cat. no. ab204525; Abcam) according to
the manufacturer's protocol.

Statistical analysis. All data are presented as the mean + stan-
dard deviation of three separate experiments. Differences in
the number of PB-Tregs and UCB-Tregs, and the proportion

of Helios* cells following shRNA-Helios transduction were
assessed using Student's t-test. Other experiments were assessed
by one-way analysis of variance (ANOVA), which was used to
compare multiple groups. If the ANOVA result was significant,
the Bonferroni test was performed. Statistical analyses were
performed using SPSS Statistics 17.0 (SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Isolation, amplification and identification of
CD4*CD25*FoxP3*Helios* Tregs from fresh UCB. UCB is
considered to be a universal source of Tregs, the function
of which is not influenced by HLA antigen expression. The
present study compared the proliferation and suppression
abilities of CD4*CD25*FoxP3*Helios* Tregs derived from
UCB and pediatric PB during the culture period. As shown
in Fig. 1A, the number of induced CD4*CD25* Treg cells
derived from the UCB and PB increased steadily between
days 0 and 28. A statistically significant difference in the
number of PB Treg cells and UCB Treg cells was observed
on day 14. However, no significant differences in the numbers
of these cells were observed on days 7, 21 and 28 of culti-
vation. On day 14, the proliferation capability of the Tregs
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was significantly enhanced in the UCB and PB (Fig. 1B).
The ratio of Helios* FoxP3* T cells to isolated CD4*CD25*
T cells increased gradually between days 7 and 21, and
reached a peak of almost 50% on day 21 (Fig. 1C). After
day 21, cell debris significantly increased in the culture
medium. The suppression ability of UCB Tregs was signifi-
cantly enhanced on day 14 (Fig. 1D). On days 14, 21 and 28,
the immunosuppressive ability of the UCB Treg cells did not
differ significantly from that of the PB Treg cells (Fig. 1D).
Based on the high expression of Helios and high immunosup-
pressive ability, Treg cells on day 14 of the culture period
were selected for the subsequent experiments.

UCB-derived Helios* Tregs promote angiogenesis in vitro.
The effect of Helios* Tregs on angiogenesis in vitro was
subsequently examined. The results showed that, compared
with the normal Tregs, the supernatant from Helios"" Tregs
promoted angiogenesis (Fig. 2A and B). By contrast, inhibiting
the expression of Helios in UCB Treg cells via shRNA-Helios
reduced the angiogenic ability (Fig. 2A and B).

For further verification, protein levels of CD31 in HUVECs
in the co-culture system were evaluated. Compared with the
control and blank groups, the HUVECs incubated in super-
natants from Helios"" Tregs exhibited higher protein levels

of CD31. By contrast, when shRNA-Helios was present, the
expression of CD31 was decreased (Fig. 2C and D).

UCB-derived Helios* Tregs increase the infiltration of
leukemia cells into the bone marrow. The weights of mice
with ALL were lower after 5 weeks compared with those in
the blank group; however, there were no significant differ-
ences in weights among the three ALL groups (Fig. S2A). The
ALL mice exhibited significant increases in the liver, spleen
and kidney indices, compared with those in the normal nude
mice. However, among the three ALL groups, no significant
differences were observed in the liver, spleen or kidney indices
(Fig. S2B). At 1 week post-Tregs infusion, neither human nor
murine Tregs were detected in the PB of any groups.
Subsequently, the present study performed a BM smear to
analyze the incidence of leukemia. Of the recipients, 90% (9/10)
developed extensive bone marrow lymphoblastic infiltration in
the Helios"¢" group. This was compared with 83% (10/12) in
the Helios'®" group, 64% (7/11) in the model group and 0%
in the blank group (Fig. 3A). Furthermore, human CD19*
cells in the BM were detected by flow cytometry. Compared
with the model group and Helios"" group, the proportion of
human CDI19* cells in the BM was increased in the Helios"e"
group of ALL mice (Fig. 3B and C). Human CDI19* cells were
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Figure 4. Helios* Tregs promote angiogenesis through the VEGFA/VEGFR2 pathway in a mouse model of acute lymphoblastic leukemia. (A) Western blot and
quantitative analyses of VEGFA, VEGFR2 and p-VEGFR?2 proteins in the BM of the blank, model, Helios"s" and Helios"" groups. (B) Quantitative analyses
of the CD31 MVD values of the BM in the blank, model, Helios™" and Helios"¢" groups. (C) Quantitation of the mRNA expression of CCL22 in the BM of
the blank, model, Helios®" and Helios"s" groups. (D) Quantitation of the protein levels of CCL22 in the plasma of the blank, model, Helios'" and Helios""
groups. (“P<0.0005, “P<0.005, ‘P<0.05). VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2; p-VEGFR?2, phosphorylated VEGFR?2;
MVD, microvascular density; BM, bone marrow; CCL2, CC-chemokine ligand 22.

also detected in the PB. The accumulation of Tregs resulted
in a higher number of transplanted primary leukemia cells,
however, no differences were found between the Helios"" and
Helios™" groups (Fig. 3D).

UCB-derived Helios* Tregs promote angiogenesis in ALL
mice. The correlations between the accumulation of Helios*
Tregs and biomarkers of angiogenesis, including VEGF family
expression and MVD, were examined in four groups. In the
bone marrow, the levels of VEGFA, VEGFR2 and phos-
phorylated (p)-VEGFR2 were increased in the mice infused
with UCB-derived Tregs, and this was more marked in the
Helios™s" group (Fig. 4A). In the liver, spleen and kidneys of
the ALL model mice, the protein expression levels of VEGFA,
VEGFR1, VEGFR2 and p-VEGFR2 were significantly
increased compared with those in the normal mice; however,

no statistically significant differences in protein expression
were observed among the three ALL groups (P>0.05).

The mean MVD was determined in the bone marrow,
liver and spleen. The mice in the Helios"¢" group had higher
MVD in the bone marrow (Fig. 4B), although no differences
were present between the Helios"s" and Helios'" groups with
respect to the liver and spleen (P>0.05). The downstream
genes regulated by Helios* Tregs were then identified. A
higher expression of Helios in Tregs significantly increased
the mRNA expression of CCL22 in the bone marrow
(Fig. 4C), whereas the expression of other factors, including
C-X-C motif chemokine ligand 6 (CXCL6), interleukin
(IL)-17a, interferon-y, TGF-f1, IL-10, CCL28 and neuropilin
1, remained unchanged (data not shown). Furthermore,
the secretion of CCL22 protein in the plasma of mice was
examined. The results showed that a higher expression of
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Helios in Tregs significantly increased the protein expres-
sion of CCL22 in the plasma (Fig. 4D). When shRNA-Helios
inhibited the expression of Helios in Tregs, the expression of
CCL22 in the plasma decreased, compared with that in the
Helios"" group (Fig. 4D).

Discussion

In the present study, an immunosuppressive internal
environment was established by infusing a number of
Helios*CD4*CD25*FoxP3* Tregs into nude mice. The results
confirmed that the infusion of Helios* Tregs increased the
extent of leukemic cell infiltration in the bone marrow, with
Helios serving akey role in angiogenesis. Consequently, Helios*
Tregs are closely associated with the onset of leukemia, which
is consistent with our previous study in pediatric patients with
ALL 9).

Previous studies have reported a positive correlation
between angiogenesis and tumor-infiltrating Tregs (13,14).
Our previous study found an increase in the expression of
Helios in ALL Tregs, and the capacity of PB-derived Helios*
Tregs to ostensibly control the process of neovascularization
in vitro (9). The present study confirmed that the overexpres-
sion of Helios in Tregs activated microvascular formation
in the bone marrow of ALL mice. Due to the short onset
time of ALL in mice, Treg cells may have mainly promoted
leukemia cell infiltration of the bone marrow, which is the site
of leukemia, and had minimal effect on liver and spleen infil-
tration. Therefore, the pro-angiogenic effect of Treg cells was
mainly reflected in the bone marrow. Tregs can contribute to
tumor angiogenesis through indirect and direct mechanisms.
The mass of Tregs in the tumor microenvironment effec-
tively restricts the Th 1 effect, which decreases the secretion
of anti-angiogenic factors and indirectly promotes tumor
angiogenesis (15). By contrast, Tregs can directly synthesize
and secrete certain pro-angiogenic factors, including VEGF,
neuropilin-1 and apelin (16-18).

VEGEF promotes tumor angiogenesis through stimulating
the proliferation and survival of endothelial cells, and also
by increasing the permeability of vessels and recruiting
vascular precursor cells from the bone marrow (19). In the
present study, the effects of Helios* Tregs on the microvascu-
lature during ALL were mediated by the VEGFA/VEGFR2
pathway. VEGFA has been the subject of more investigations
than other VEGF family members, and is a critical regulator
of angiogenesis. VEGFR2 is the main signaling VEGFR in
blood vascular endothelial cells (19,20). The blockade of
VEGFA with a specific antibody decreases the number of
Tregs, and inhibiting VEGFA/VEGFR-transduced signals
counteracts the induction of Tregs by malignanT cells (21).
Sunitinib, an agent targeting VEGFRs, has been reported
to reduce the number of Tregs in tumor-bearing mice and
in patients with metastatic renal carcinoma (22). Notably,
the depletion of CD25* or CCR10* cells has been shown to
eliminate Treg cells from the tumor microenvironment, and
significantly suppress the expression of VEGF and angiogen-
esis at tumor sites (4). The present study demonstrated that
the high expression of Helios in Tregs is an important factor
in regulating bone marrow angiogenesis in ALL mice via the
VEGEF pathway.
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Helios is expressed at relatively high levels in functional
Tregs. Studies have shown that the overexpression of Helios
enhances the immunosuppressive function of normal Tregs
on Th cells (23). By contrast, Helios-deficient Tregs within
tumors acquire effector T cell function and contribute to
immune responses against cancer (11,24). CD4" invariant
natural killer T cells protect from graft-versus-host
disease-associated morbidity and mortality through an
expansion of donor Helios*™ Tregs (25). Helios not only influ-
ences the expression of FoxP3, but also acts as a positive
regulator of the TGF-3 suppressor-effector function (9). A
previous study found that tumor-infiltrating Tregs were
mainly Helios* activated Tregs and significantly correlated
with the concentration of CCL22 in ovarian tumor cell
culture supernatants (26). The results of the present study
also showed that a high expression of Helios in Tregs induced
abnormal expression of the pro-angiogenic factor CCL22,
which is responsible for Treg recruitment at tumor sites, and
thus promoted angiogenesis further.

Chemokines have been shown to have pleiotropic effects in
promoting tumor invasion, migration and vascularization (27).
The upregulation of CCL28 caused by tumor hypoxiain ovarian
cancer resulted in marked Treg accumulation, increased
levels of VEGF and significantly increased blood vessel
development (4). Tumor environments contain high levels of
CCL22, which is likely derived from tumor cells and tumor
macrophages (28). CCL22 can recruit Tregs through CCR4,
and Treg migration can be abrogated through the inhibition
of CCR4 in vitro (29). Human T-lymphotropic virus type 1
induces and maintains a high frequency of FoxP3* T cells by
inducing expression of chemokine CCL22; the frequency is
particularly high in patients with chronic leukemia (30). In
the present study, a high expression of Helios in Treg cells
stimulated macrophages, dendritic cells or leukemia cells to
secrete CCL22, thereby recruiting Treg cells to the tumor site
and then activating the VEGF signaling pathway to promote
angiogenesis in tumor sites.

As a traditional and convenient source of cells for hemato-
poietic stem cell transplantation, UCB T cells contain a higher
percentage of the naive CD4*CD25"* subset compared with
adult T cells (31). Therefore, the expansion of UCB Tregs can
overcome the cell number limitation that often prevents their
use (31,32). In the present study, UCB Helios* Tregs exhibited a
similar proliferative capacity to pediatric PB Tregs. Although
allogeneic Tregs from donors may offer improved therapeutic
benefits, UCB Tregs have low immunogenicity and a high
safety margin (33,34). Therefore, UCB may represent a safe
and potent source for in vitro Treg expansion.

In conclusion, the results of the present study further
clarify the mechanism of Tregs in the pathogenesis of ALL
and highlight the impact of the Treg expression of Helios in
on angiogenesis in ALL. These findings may assist in under-
standing the mechanisms by which Treg cells are involved in
the pathogenesis of ALL, and may be useful for developing
a molecular therapeutic strategy for ALL by targeting Tregs
expressing Helios.
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