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Abstract

Background: (3-Thalassaemia is a clinically common cause of hereditary haemolytic anaemia stemming from
mutations in important functional regions of the B-globin gene. The rapid development of gene editing
technology and induced pluripotent stem cell (iPSC)-derived haematopoietic stem cell (HSC) transplantation has
provided new methods for curing this disease.

Methods: Genetically corrected [-thalassaemia (homozygous 41/42 deletion) iPSCs that were previously established
in our laboratory were induced to differentiate into HSCs, which were transplanted into a mouse model of V52—
654 B-thalassaemia (B6;129P2-Hbb"™*Y"/) mice) after administration of an appropriate nonmyeloablative
conditioning regimen. We also investigated the safety of this method by detecting the incidence of tumour
formation in these mice after transplantation.

Results: The combination of 25 mg/kg busulfan and 50 mg/(kg day) cyclophosphamide is an ideal
nonmyeloablative protocol before transplantation. Genetically corrected 3-thalassaemic HSCs survived and
differentiated in nonmyeloablated thalassaemia mice. No tumour formation was observed in the mice for 10 weeks
after transplantation.

Conclusion: Our study provides evidence that the transplantation of genetically corrected, patient-specific iPSCs
could be used to cure genetic diseases, such as B-thalassaemia major.
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Introduction

-Thalassaemia is one of the most common autosomal re-
cessive disorders worldwide [1]. Due to the presence of
over 200 different mutations in important functional re-
gions of the B-globin gene [2], B-thalassaemia patients
have a defect in B-haemoglobin formation, and their clin-
ical manifestations vary from minor symptoms to severe
anaemia. Regardless of the genotype, the classification and
severity of this disease are based primarily on haemoglo-
bin (HB) levels and clinical tolerability. This genetically
inherited disease, which is prevalent throughout southern
China, has threatened millions of people’s lives for de-
cades, but no effective treatments are available. Patients
with severe [-thalassaemia need regular red blood cell in-
jections to survive [3]; without treatment, these patients
will die within the first 5 years of life, and even with trans-
fusions, only 50—65% of patients in high-income countries
survive to 35 years of age [4—6].

Gene therapy with haematopoietic stem/progenitor
cells (HSPCs) has been clinically used for the treatment
of B-thalassaemia, and although its efficacy and safety
are still under evaluation, it has shown promising thera-
peutic effects [7—9]. Induced pluripotent stem cell (iPSC)
technology emerged in 2006 [10] and has developed rap-
idly in recent years, providing an ideal research tool and
treatment strategy in regenerative medicine. In addition,
obtaining iPSCs from patients with the same genetic back-
ground represents a solution for the ethical and immune
rejection problems presented by the use of embryonic
stem cells (ESCs). Moreover, similar to haematopoietic
stem cells (HSCs), iPSCs can differentiate into the three
germ layers (endoderm, mesoderm and ectoderm) in vitro
[11-13]. HSCs can be obtained from embryoid bodies
formed in the presence of haematopoietic cytokines or
from cocultures of iPSCs with stromal cells [14]. Recently,
many researchers have attempted to determine the cura-
tive effect of iPSC transplantation on haematological dis-
ease by using total body irradiation (TBI) or radiation
combined with myeloablative drugs as pretreatment be-
fore transplantation, but the observed effects were not
those expected [15, 16].

Therefore, in this study, iPSCs derived from patients
with B-thalassaemia (homozygous 41/42 mutation) estab-
lished by our laboratory [17] were used to generate HSCs,
which were transplanted into B6;129P2-Hbb"?""“/] (ivs2-
654) mice, a model of IVS2-654 [B-thalassaemia [18]; we
observed whether these HSCs can survive, home and
differentiate in vivo and further evaluated their safety and
effectiveness. In addition, we investigated the use of
busulfan combined with cyclophosphamide as a nonmye-
loablative conditioning regimen prior to stem cell trans-
plantation to more closely approximate clinical treatment.
Our results demonstrated that genetically corrected, iPSC-
derived HSCs can differentiate in vivo and produce
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human f-globin in a mouse model, and the mice that re-
ceived transplants lived for over 10 weeks without tumour
formation. These results have important implications for
the future personalized treatment of -thalassaemia.

Materials and methods

Experimental animals

We used the B6;129P2-Hbb™21"] thalassaemia mouse
model purchased from The Jackson Laboratory (Stock
No: 003250). Animals were housed in an SPF animal
room at the Guangdong Province Experimental Animal
Centre for Medical Laboratory (experimental animal li-
cence number: SYXK (Guangdong) 2013-0002) under
the following conditions: temperature, 20~26 °C; humid-
ity, 40~70%; and 10-h:14-h day/night cycle. The housing
conditions remained stable to ensure the reliability of
the experimental results. The heterozygous mouse
model (Hbb™*/Hbb") carries one allele with the human
B-IVS-2-654 mutation and one normal mouse B-globin
allele and exhibits a mild B-thalassaemia phenotype,
microcytosis and other erythrocyte morphologies reflect-
ing reduced mouse [-globin levels and no human p-
globin [18]. Experiments were performed using 8-10-
week-old healthy female mice weighing 20+2g and
positive for f-thalassaemia.

Determination of the nonmyeloablative drug dosage
Experimental grouping and treatment: The mice were
randomly divided into 4 groups of 7 mice each. The
mice in the experimental groups (groups 22, 25, 28 and
35) were intraperitoneally injected with busulfan
(Patheon Manufacturing Services, LLC) at 22mg/
(kg day), 25 mg/(kg day), 28 mg/(kg day) and 35 mg/
(kg day), respectively. Mice in all the experimental
groups were given the same dose of 50 mg/(kg day)
cyclophosphamide (Baxter Oncology GmbH) on the 5th
or 6th day. Mice in the normal control group were
injected intraperitoneally with 0.9% sodium chloride.
After 7 days, the white blood cells (WBCs) were sub-
jected to routine blood tests every other day. Bone mar-
row (BM) pathology was assessed in two mice per group
on day 11 (D11).

Feeder-free culture of hESCs and iPSCs

Human ESCs (hESCs; H1), niPSCs (iPSCs from normal
human blood), piPSCs (p-iPS-41/42 cell line generated
using cells from a p-thalassaemia patient homozygous
for the CD41/42 (-CTTT) HBB mutation and infected
with Sendai virus) and ciPSCs (genetically corrected
iPSCs previously homozygous for the 41/42 deletion)
were established in the Third Affiliated Hospital of
Guangzhou Medical University. Cell lines were cultured
using mTeSR™1 medium (STEMCELL Technologies)
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and Matrigel (BD Biosciences) in a feeder-independent
system according to the manufacturer’s instructions.

Haematopoietic differentiation

OP9 cells were placed onto 0.1% gelatine-coated 100-
mm culture dishes in a-MEM (Invitrogen) containing
10% foetal bovine serum (FBS) (BI) and 50 pg/ml peni-
cillin/streptomycin (Gibco). When the OP9 cells reached
confluence, half of the medium was exchanged every
other day. Undifferentiated hESCs and iPSCs were har-
vested after OP9 cells were cultured for 5-6 days at con-
fluence. Undifferentiated iPSCs or ESCs were washed
with DMEM/F12 and then digested with dispase. The
cells were collected by scraping, pipetted into tubes and
observed until they sedimented naturally. The super-
natant was discarded, and an appropriate amount of cul-
ture medium was added to resuspend the cells. Next,
1.5 x 10° stem cells were added to OP9 cells in 100-mm
dishes with a-MEM supplemented with 10% FBS,
100 pM monothioglycerol (MTG; Sigma), 20 ng/ml IL-3
(PeproTech), 40ng/ml SCF (PeproTech), 20ng/ml
VEGEF (PeproTech), 20 ng/ml BMP4 (PeproTech) and
20 ng/ml FIt3 (PeproTech). The coculture system was
maintained for up to 12 days in an incubator at 37 °C in
5% CO,, and half of the medium was exchanged every
other day.

Colony forming unit (CFU) assay

CD34" cells were sorted by flow cytometry, and approxi-
mately 5-10 x 10* single cells were suspended in Metho-
Cult H4434 (STEMCELL Technologies) and then placed
in an incubator at 37° and 5% CO, for at least 14 days.
Shaking of the culture dish during cultivation was
avoided to prevent disrupting the colonization pattern.
Images of the typical morphology of different types of
colonies were obtained after 14 days of culture.

Collection of CD34" cells

CD34" cells from iPSC/OP9 and hESC/OP9 cell cocul-
tures and human umbilical cord blood were collected,
washed with magnetic-activated cell sorting (MACS)
buffer (PBS with 2% FBS) and incubated with FcR Block-
ing Reagent and CD34 MicroBeads (Miltenyi Biotec) for
30 min at 4 °C. Then, the CD34" cells were magnetically
separated on MS columns according to the manufac-
turer’s instructions.

BM transplantation

Mice in each group consumed sterile water supple-
mented with gentamicin (320 mg/l) starting 5 days be-
fore drug treatment and continuing for 3 weeks after
transplantation to avoid intestinal infections. The opti-
mal dose of busulfan was intraperitoneally injected on
D1-4, and 50mg/(kg day) cyclophosphamide was
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injected intraperitoneally on D5-6. On D7, the mice
were anaesthetized with isoflurane, and an insulin syr-
inge was rotated parallel to the bottom of the left femur
of the mouse for insertion into the femoral marrow cav-
ity. When there was no resistance to the puncture, the
syringe was inserted into the marrow cavity.

The mice received nonmyeloablative treatment and
then were randomly divided into 6 groups: the a-MEM,
piPSC, ciPSC, niPSC, UCBC and hESC groups. For cell
transplantation, 20 ul of a-MEM containing 5 x 10°
CD34" cells that were differentiated or isolated from
each group of stem cells was inserted into the BM cavity.
The mice were warmed with a warmer before being
awakened. Starting on the next day, 100 ul of 60 pg/ml
recombinant human granulocyte colony-stimulating fac-
tor (rhG-CSF) and 100 pl of 100 IU/ml recombinant hu-
man erythropoietin (rhEPO) were intraperitoneally
injected into each mouse that underwent transplant-
ation. The negative control group was injected with
200 pl of normal saline. The treatments and control were
administered 6 times on an every-other-day schedule.

Routine blood tests

Approximately 30-ul blood samples were collected from
mice. Routine tests were performed every week using
the Sysmex XN-9000 system according to the manufac-
turer’s instructions for dilution mode.

Flow cytometry

hESC/OP9 and iPSC/OP9 cell cocultures were harvested
and washed with FACS buffer (PBS with 2% FBS). Cells
were analysed for HSC differentiation efficiency using an
anti-human CD34-PE-Cy7 monoclonal antibody (BD).
Mouse peripheral blood cells and femur BM cells were
collected to analyse the human cell ratios. The cells were
treated with erythrocyte lysate (E Bioscience), washed
with FACS buffer and stained with the following mono-
clonal antibodies from BD Biosciences: anti-human
CD3-FITC, anti-human CD8-PE-Cy7, anti-human
CD31-PE, anti-human CD34-PE-Cy7, anti-human
CD43-FITC, anti-human CD45-APC and anti-human
CD71-PE. Staining of erythrocytes with anti-human
CD235-APC monoclonal antibody (BD Biosciences) does
not require lysis. Finally, the cells were resuspended in
200 pl of FACS buffer and analysed by flow cytometry
on a weekly basis for 10 weeks after transplantation.

Pathological examination

All mice were sacrificed 10 weeks after transplantation.
Blood and BM cells from both femurs were collected for
flow cytometry analysis. The liver, lungs, kidneys and
BM were collected for pathological examination.
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Statistical analysis

Data are expressed as the mean + standard error of the
mean (SEM) after comparison by one-way analysis of vari-
ance (ANOVA). Significant differences between groups
identified by ANOVA were assessed by the post hoc LSD
test (SPSS version 13.0 for Windows). Differences with
P <0.05 were considered statistically significant.

Results

Peripheral blood results in mice after nonmyeloablative
pretreatment

In our study, WBCs from mice in each experimental
group showed different degrees of decline after drug
treatment (Fig. 1a). All mice in group 35 died during
drug treatment; therefore, leukocytes and BM pathology
were not assessed in this group. The WBC counts in
groups 22, 25 and 28 reached a minimum on D11
(0.41 x 10°/1, 0.27 x 10°/1 and 0.26 x 10°/1, respectively)
and then began to recover. The WBC count was lower
on D9 in group 22 than in the other groups (0.67 vs 0.39
and 0.32) but recovered more quickly in group 22 than
in the other two groups (D13: 0.64 vs 0.32 and 0.33). In
terms of the degree of decline and recovery of WBCs,
both were lower in groups 25 and 28 than in group 22.
The greater the degree of preparation was, the easier it
was for the mice to accept the exogenous cell implant-
ation. Although groups 28 and 25 were similar in terms
of WBC profiles, group 28 had significantly greater mor-
tality than group 25 due to the high dose of preparative
drugs. Therefore, we determined that the dose adminis-
tered to group 25 was the most appropriate.

A
1.04
-o- Group 22

0.8+ - Group 25
LN -+ Group 28
T 0.6
°
>
=2 0.41
(3]
o
= 0.2

0.0 T T T T T T

D7 D9 D11 D13 D15 D17
B Control group Group22 Group25 Group28

BM pathology

Fig. 1 WBC evaluation of B-thalassaemic mice in each group after
treatment with different doses of nonmyeloablative drugs. a
Different doses of busulfan in each group. b BM pathology in -
thalassaemic mice after nonmyeloablative treatment. Bone tissue
from groups 25 and 28 showed only a few haematopoietic cells (red
arrow). The remaining cavities were filled with vacuole structures
(black arrow); scale bar, 20 um

Page 4 of 13

In the BM pathology results on D11 (Fig. 1b), purple
represents HSCs. With the increase in busulfan dose, the
number of HSCs in the BM cavity decreased. However, a
few HSCs were observed, and the remaining cavities
were filled with vacuolar structures. Our results showed
that the WBC count in group 25 was relatively stable,
and mortality was low. Considering these results, 25 mg/
kg busulfan was chosen as the best nonmyeloablative
treatment for subsequent experiments.

Haematopoietic differentiation in vitro

To determine and compare haematopoietic and eryth-
roid differentiation abilities, piPSC, ciPSC and hESC
lines were each cocultured with OP9 stromal cells using
previously established protocols [19]. Two and 10 days
after coculture, the morphology of these cells indicated
similar differentiation processes (Fig. 2a). It is note-
worthy that both uncorrected (piPSCs) and genetically
corrected (ciPSCs) iPSCs cocultured with stromal cells
had a similar ability to differentiate and produce HSCs.
On D12, cells expressing the haematopoietic cell marker
CD34 were analysed by flow cytometry. Our results re-
vealed a similar percentage of CD34" cells derived from
all cell lines: hESCs, 30.3%; piPSCs, 32.14%; and ciPSCs,
32.76% (Fig. 2b).

These results indicated that both uncorrected and gen-
etically corrected iPSCs are capable of successful haem-
atopoietic differentiation in vitro, and higher efficiency
was observed with our combination of cytokines.

Next, we used haematopoietic CFU assays to further
assess the haematopoietic differentiation ability of ESCs
and iPSCs in vitro. Our results showed that CD34"
haematopoietic progenitors from the OP9 coculture sys-
tem formed colonies of various cell types, including
erythroid cells, macrophages, and granulocytes, and mul-
tipotent colonies containing granulocyte, macrophage
and/or megakaryocyte elements (CFU-E, CFU-M, CFU-
GM and CFU-GEMM, respectively) (Fig. 2c).

Haematopoietic differentiation in vivo

Next, an in vivo haematopoietic differentiation assay was
performed with B6;129P2-Hbb™?""/] mice as the ex-
perimental model. Heterozygous mice are considered an
ideal model because they exhibit symptoms consistent
with a moderate form of p-thalassaemia, including
haemolytic anaemia, microcytosis and other erythrocyte
morphology reflecting a reduction in B-globin and the
absence of human p-globin. Therefore, we used this
mouse model to observe the haematopoietic differenti-
ation of ciPSCs in vivo. For these experiments, 10 x 10°
CD34" HSCs were enriched by MACS and transplanted
into the left femur of drug-treated mice. Routine blood
analyses were performed up to 5weeks after
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Fig. 2 Morphology of iPSCs and ESCs in the OP9 coculture system and CFU assays performed with CD34" cells from different groups. a Images
of the typical morphology of iPSCs and ESCs in the OP9 coculture system used to induce haematopoietic differentiation at D2 and D10; scale bar,
100 um. b Flow cytometry analysis of human CD34" cell proportions in the four groups (a-MEM, hESC, piPSC and ciPSC groups) after coculture
with OP9 cells. ¢ Morphology of colonies of CD34" haematopoietic progenitors derived from iPSCs cocultured with OP9 cells; scale bar, 50 um.

granulocytes/erythrocytes/monocytes/megakaryocytes (GEMMs)

HSCs induced differentiation into erythroid cells (E), macrophages (M), granulocytes (G), granulocytes/macrophages (GMs) and

transplantation to evaluate the recovery of haematopoi-
etic function.

Similar to the results of other studies [19], those of
our study showed that the erythrocyte (RBC) count and
HB levels in the six transplantation groups of mice were
lower in the first week after transplantation than at base-
line (3.6 x10"%/1 and 100g/l, respectively) (P <0.05).
Two weeks after transplantation, the HB level in each

experimental group began to increase and was higher
than that in the control group (Table 1). The RBC count
in all groups of mice that underwent transplantation
began to normalize (over 3.6 x10'%/1) in the second
week after the transplant. In all groups of mice, HB
levels increased slowly and remained below the normal
baseline until the 5th week after transplantation (Fig. 3,
Table 1). However, there were no significant differences
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Table 1 Summary of routine blood test parameters of six groups of 3-thalassaemic mice before and after transplantation from week
0 to week 5 after nonmyeloablative treatment

0 week
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

1 week
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

2 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=13)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

3 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

4 weeks
a-MEM group (n=3)
UCBC group (n=13)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

5 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=13)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

Weight (g)

19.30£0.71
18.77 +1.68
19.70£0.90
19.77 £0.68
1893+ 124
2000+ 1.39

20.80 +0.85
2060£150
21.10£0.72
21.00+0.36
20.80+0.70
2093+ 188

21.55+1.63
2190+085
20.13+2.53
1917 £341
2245x007
2227 +2.16

21.60+099
22.30+085
20.70+1.13
21.00x127
20.90+0.14
2150+ 1.37

2140+1.70
2280+ 1.56
21.05+0.78
2120141
20.05+0.21
2117161

2395+1.06
23.10£007
2345+ 134
2355+134
2225+021
23.87 +1.66

RBC (10'2/1)

752+058
789+0.71
769+045
7.28+045
7.38+0.39
746+0.25

296+0.13
299+045
2.77+053
2954053
270£0.26
320+052

511+£069
6.04+0.73
547+042
583+040
528+035
6.03+0.35

6.08+0.28
6.57 +0.09
6.77 £0.62
6.58 £047
6.06 +0.37
642+042

6.61+046
709+ 064
6.97£0.70
6.97 +1.52
6.92+0.28
642+0.17

6.78 £0.50
6.91+0.21
6.51+£0.08
691+103
6.39+0.22
6.58£0.79

HB (g/1)

9267 £551
98.00 + 8.00
9433+£513
89.00 £ 458
90.00 +4.36
9200£1.73

3433+4.16
3767+503
3367 £6.66
35.00+529
3250+212
3967 £6.51

65.50+9.19
7400+ 11.31
68.50 + 3.54
70.00 +5.66
65.00 £ 5.66
73.00+5.66

7450+ 3.54
81.00 +2.83
83.50+£4.95
79.00 + 849
73.00+7.07
7867 643

82.50 +3.54
86.50 +4.95
87.50+£4.95
85.50+17.68
85.00 + 5.66
7933+ 231

83.00£5.66
84.00 £ 1.41
7850+0.71
86.50 + 14.85
79.00+4.24
81.33+10.02

HCT (%)

3107 +237
3233+355
3177144
3043+ 161
31.13+ 050
31.05+0.78

18.17 +£3.84
1250+ 2.36
11.63£291
7.77%270

14.25+1.63
1553 £ 445

33.00+12.02
3345+7.00
22.13+13.86
18.00£20.38
3265+2.76
2530+791

3330+0.57
2835+0.21
3085+3.18
3245+304
3040 +2.55
3020+ 1.08

29.60+0.14
3040+3.11
3130+ 240
31.05+7.00
30.00+0.28
2930+ 161

30.10+0.14
2865+1.20
28.00+0.71
30.00 +4.95
2700x057
2923 +241
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Table 1 Summary of routine blood test parameters of six groups of 3-thalassaemic mice before and after transplantation from week

0 to week 5 after nonmyeloablative treatment (Continued)

0 week
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

1 week
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

2 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

3 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

4 weeks
a-MEM group (n=3)
UCBC group (n=13)
hESC group (n=3)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

5 weeks
a-MEM group (n=3)
UCBC group (n=3)
hESC group (n=13)
niPSC group (n=3)
piPSC group (n=3)
ciPSC group (n=3)

MCV (fl)

41.27 035
4097 +£1.01
4133+£057
41.77 £0.38
4230+ 1.65
4300+ 151

47.07 £375
4160+ 1.71
4167 +=3.00
4090+ 3.15
4295+134
4783 +£6.25

5045+361
49.70+2.69
5440+ 135
5137+386
5210495
54.10+3.04

47.95+6.29
43.15+£092
4555049
4960 +8.20
4395+1.63
4723+£207

4495 +332
42.85+049
44.05+0.21
44.55+0.35
4335+ 134
4563 +1.36

43.55+4.88
41.45+049
43.00+057
4335064
4230+057
4457 £1.72

MCH (pg)

1233021
1243+0.12
1230x0.17
1223021
1223 +£0.12
1233£0.15

1267 £0.29
1260+050
1217+£0.29
1243 +035
1250+ 0.00
12.37£0.06

1230+ 0.71
12.15+£021
12.07 £0.87
11.30£1.18
12.50£0.00
1233+0.15

1220+0.14
1235+021
1235035
12.00+042
1245+021
12.23+£0.29

1250+0.28
1220+ 042
1235+021
1230+0.14
1230+£0.28
12.37£0.06

1225+ 0.07
1215021
12.05+0.21
1250+0.28
1235+0.21
1233 +£0.06

MCHC (g/1)

298.67 +4.93
304.00+9.17
296.67 £3.21
29233 +2.89
289.00+10.15
287.00+13.00

270.00 +20.52
304.00 £ 2261
29233 +1858
305.00 + 2261
292.00 + 849

26167 £33.65

243.50+3.54

24500+ 18.38
22167 +10.21
221.00+31.95
24100+ 2263
22767 +£12.90

256.50+31.82
285.50+12.02
271.50+£12.02
246.00 +49.50
283.50 +14.85
25967 £17.01

27850+ 1344
28500+ 1273
280.00 +5.66
276.00 + 5.66
283.50+16.26
27133 +850

276.00+19.80
29350+7.78
280.50+9.19
28850+2.12
29250+9.19
27767 +£11.50

RET%

14.64 £ 206
1299 +3.18
13.16+£4.13
13.14£337
14.99 +6.27
18.13+£1.76

8.18 £4.05
400064
388+223
385+ 1.15
442+0.18
840+598

5445+ 488

3425+19.16
40.75+£19.76
30.13+£17.03
56.30+11.88
4237 +1543

34.16 + 2891
19.07 £1.07
1972141
30.98 +23.50
20.51 +1.66
2614+ 627

1233+ 0.04
15.94 + 549
14.27 £ 6.46
11.85+3.85
16.03 +0.21
2044+ 875

1213 +£293
1060£2.10
10.25+1.62
29.83+£31.07
1298 +4.16
"13.38+£092

Values represent mean + SD. RBC red blood cell count, HB haemoglobin, HCT haematocrit, MCV mean corpuscular volume, MCH mean corpuscular haemoglobin,

MCHC mean corpuscular haemoglobin concentration, RET reticulocyte count
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between these groups in HB levels or RBC count at dif-
ferent weeks post transplantation (P> 0.05) (Fig. 3).

Next, to determine the complete blood cell differenti-
ation profile of the implanted cells, we analysed cluster
of differentiation (CD) markers in blood using flow cy-
tometry analysis. Human CD3 was present in 70—-80% of
normal human peripheral blood lymphocytes and 60—
85% of thymocytes; human CD45 was present in all hu-
man leukocytes, including lymphocytes, monocytes,
granulocytes, eosinophils and thymocytes; human CD71
was expressed on erythroid progenitors; human CD235a
was expressed on human erythrocytes and erythrocyte pre-
cursor cells; human CD8 was expressed on most thymo-
cytes; human CD31 was expressed on platelets, monocytes,
granulocytes and most endothelial cells; and human CD43
was expressed on T cells, precursor B cells, activated B cells,
natural killer (NK) cells and granulocytes. In our study,
these markers were tested weekly after transplantation.
CD3 and CD43 levels were higher in the piPSC, ciPSC,
niPSC, UCBC and hESC groups than in the a-MEM group
(Fig. 4a), but no significant differences were observed
among the experimental groups. For example, CD8, CD3
and CD45 (leukocytes); CD71 (immature red blood cells);
CD235a (mature red blood cells); and CD31 and CD43
(other human-specific antibodies) were detected in the cell
transplantation groups but not in the blank control group
(Fig. 4b). In other words, after IVS-1I-654 [B-thalassaemia
mice underwent nonmyeloablative treatment with busulfan
and cyclophosphamide, stem cells derived from p-
thalassaemia-iPSCs before and after repair, hRESCs and cord
blood can survive and differentiate in mice.

To detect the differentiation ability of transplanted
cells in BM from the left femur (transplantation) and
right femur (no transplantation), all mice were sacrificed
10 weeks after cell transplantation. BM cells were col-
lected from the transplantation (left) femur and non-
transplantation (right) femur, and human CD3, CD31,
CD34, CD43, CD45, CD71 and CD235a were detected
by flow cytometry. CD45 and CD71 were detected in
similar proportions in the transplantation and nontrans-
plantation femurs from each group (Fig. 5a). The levels
of these CD markers were higher in the piPSC, ciPSC,
niPSC, UCBC and hESC groups than in the control
group injected with «a-MEM (Fig. 5b). The expression of
human-related markers was detected in the nontrans-
plantation mouse femur, indicating that human HSCs
derived from iPSCs and UCBCs can successfully home
in mice.

Pathological results

The potential tumourigenicity of iPSCs is an important
factor in their clinical development. Therefore, we deter-
mined by histopathology whether tumour formation oc-
curs in mice that undergo BM transplantation. In fact,
no tumours were observed 10weeks after transplant-
ation in the liver, lungs, kidneys or BM of mice in each
group (Fig. 6). Therefore, we believe that iPSC-derived
HSCs have no short-term tumourigenic effect in mice,
and long-term observation may be needed in future
studies to confirm that genetically corrected iPSC-
derived HSCs are safe for use in humans.
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Discussion

Thalassaemia is the most common genetic disease in the
world and is characterized by genetic defects in HBB
synthesis. Patients with severe forms of the disease re-
quire life-long blood transfusions and iron chelation
therapy. A clear and effective way to treat thalassaemia
is allogeneic HSC transplantation, but the use of this
method is limited by the lack of HLA-matched donors
and the risk of post-transplant complications, such as
graft failure and graft-versus-host disease (GVHD) [20].
Because iPSCs come from patients themselves, their use
avoids the ethical problems associated with ESCs and is
associated with relatively little immune rejection. iPSCs
are considered the most promising tools for treating p-
thalassaemia with gene repair technology by inducing
their haematopoietic differentiation into HSCs and
transplanting them into patients.

In recent years, the rapid development of iPSC tech-
nology has provided an in vitro culture strategy to obtain
pluripotent stem cells derived from patients’ own som-
atic cells for use in regenerative medicine. This approach
avoids not only the problem of autoimmune rejection

but also ethical problems. Researchers in our laboratory
and others have shown that HBB production by HSCs
can be restored by genetic correction of patient-specific
iPSCs [14, 19, 21-24]. However, many obstacles must be
overcome before iPSCs can be clinically applied, includ-
ing determining the subsequent impact of establishing
iPSCs in patients, whether HSCs survive and differenti-
ate in vivo after genetic correction and whether HSC
transplantation lead to tumour formation. The commer-
cial use of the Sendai virus, which expresses four “Yama-
naka” reprogramming factors, in the iPSC approach has
enabled the widespread use of iPSC technology and rep-
resents a notable step towards clinical application [25,
26]. The development of clustered regular interval short
palindromic repeat (CRISPR) systems has generated a
powerful tool for targeted genetic modification and more
convenient genetic repair [27]. Therefore, we focused on
the differentiation of HSCs derived from ciPSCs in vivo
in a thalassaemia mouse model. This report describes
our first attempt to directly transplant gene-corrected
iPSC-derived HSCs into the B6;129P2-Hbb™"*""/] thal-
assaemia mouse model. Our study advances the field by
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demonstrating the potential application of gene therapy
with iPSC-derived HSCs and helps establish a new av-
enue for the clinical treatment of -thalassaemia major.
Traditional pretreatment for HSC transplantation
mainly involves a lethal dose of a myeloablative precon-
ditioning agent. This method of immunosuppression is
robust and has a strong killing effect on leukaemia and
tumour cells [28, 29]. However, further research revealed
that pretreatment at a lethal dose inevitably leads to
pretreatment-related events, such as infection, haemor-
rhage and even death, due to the clearance of the haem-
atopoietic system from the BM. The mortality associated
with transplantation preconditioning can be 10~20% or
even greater [30]. At present, the majority of animal
models used in basic research use TBI [31] as pretreat-
ment prior to transplantation. However, since the early
1980s, TBI prior to human HSC transplantation has
been gradually replaced in clinical practice by combina-
tions of chemotherapeutic drugs, such as busulfan and
cyclophosphamide, due to the limited use of radiation
sources in many laboratories. Busulfan and cyclophos-
phamide, when used in combination to clear noncircu-
lating primitive stem cells, have similar effects as TBI
[15, 16, 32], but the appropriate dosages of these drugs

are not clear. Therefore, as the nonmyeloablative effect
of the chemicals used to pretreat the HSCs before trans-
plantation is similar to that of TBI, we further investi-
gated the appropriate dosages of the nonmyeloablative
drugs in this study. All mice in group 35, which were
treated with 35 mg/(kg day) busulfan, died during drug
treatment, suggesting that the dosage was too high and
thus killed all the mice. Our results indicated that 25
mg/kg busulfan combined with 50 mg/(kg day) cyclo-
phosphamide for 6 days was an ideal nonmyeloablative
preconditioning regimen for transplantation therapy in
B-thalassaemia mice with possible applications in the
clinic.

In this study, we used a thalassaemic mouse model to
mimic thalassaemic patients. As there is currently no
animal model of thalassaemia and immunodeficiency
that allows cell implantation, the concurrent use of
drugs that stimulate transplanted cell growth after non-
myeloablative treatment is required to achieve immuno-
suppression in the immunocompetent thalassaemia
mouse model. This mouse has the typical symptoms of
thalassaemia but normal immune function. Routine
blood test results showed that HB and erythrocyte levels
in peripheral blood decreased greatly after drug
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Fig. 6 Pathological results of the mouse liver, lungs, kidneys and BM after transplantation. No tumours were observed in the liver, lungs, kidneys
or BM of mice in any group at 10 weeks after transplantation. Scale bar, 100 um

treatment. After 2 weeks of pretreatment and transplant-
ation, the two indicators began to increase in mice in
each group, but no significant differences were observed
among groups. It may be that the model mice were not
completely immunosuppressed and maintained a certain
level of immunity against transplanted material, meaning
that the implants could only be maintained within a cer-
tain small range; this may cause the number of cells in
each experimental group to remain low and not differ
among groups. To confirm haematopoietic function in
thalassaemic mice, we determined the extent of haem-
atopoietic function of the graft and self-recovery and de-
tected human markers (CD3, CD45, CD71, CD3l1,
CD34, CD43 and CD235a) in BM cells from both the
transplantation and nontransplantation femurs; more-
over, we confirmed that iPSC-derived HSCs can survive,
home and differentiate in these mice. Although HSC
homing is an accepted fact and intravenous injection
protocols have been published, we aimed to reduce the
loss of cells in blood circulation and increase the num-
ber of cells that reached the desired location; thus, we
performed femoral injections to confirm whether the
injected cells can be detected in the body at sites other

than the injection site and in other bones. Similar to the
results in a previous study that genetically modified
iPSC-derived HSCs positively stimulate haematopoiesis
in irradiated SCID mice [19], the haematopoietic results
of our study suggest that genetically corrected iPSC-
derived HECs successfully stimulate haematopoiesis in
B6;129P2-Hbb"" ™[] mice after appropriate nonmye-
loablative treatment. This study represents a novel, valu-
able attempt to determine whether these genetically
corrected iPSCs can give rise to haematopoietic progeni-
tors that undergo normal haematopoiesis in a [-
thalassaemia mouse model.

However, the mechanism of stimulation in this study
may be different. Our mice have normal immune func-
tion, and their own haematopoietic function will self-
recover over time. Furthermore, transplanted cells may
be killed by NK cells in these mice. These specifics may
explain why HB levels and the RBC count increased
quickly but remained below the normal baseline values.
Regarding the number of cells transplanted, we referred
to previous studies; when 5x10° CD34" HECs were
transplanted into the mouse tibia, cell implantation and
growth were detected [19]. Although we could not
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definitely determine whether the lack of detectable
tumour formation is due to transplanted cell rejection,
we performed relevant pathological tests to determine
whether tumours had formed. Our results verified that
gene therapy with transplanted HSCs established haem-
atopoiesis in thalassaemia mice, further addressing the
issues that prevent effective HSC transplantation in
humans. Moreover, flow cytometry analysis of the differ-
entiation abilities of erythrocytes and other blood cells
suggested that the transplanted cells were functional and
capable of undergoing haematopoiesis in thalassaemia
mice, which is consistent with the results of previous
in vivo studies [17].

In summary, we demonstrated that HSCs obtained
from genetically corrected iPSCs can survive and differ-
entiate into erythrocytes in mice that underwent non-
myeloablative preconditioning. In addition, we did not
observe tumour formation in thalassaemic mice after
transplantation. However, our results showed that cell
implantation did not achieve the expected therapeutic
effect (anaemia was not effectively treated). Considering
that our mouse model has anaemia but otherwise ex-
hibits normal function, it will significantly reject foreign
grafts. Therefore, the implantation effect will be ob-
scured by self-recovery, leading to anaemia symptoms
that cannot be corrected. This effect may be the main
reason that we successfully recovered haematopoietic
function without observing significant differences be-
tween the experimental and control groups. Therefore,
we propose administering an anti-rejection drug in com-
bination with genetically modified iPSC-derived HSC
transplantation; such an approach may be an important
topic of our future research, which may bring us closer
to human clinical translation.

Conclusions

In conclusion, our study provides strong evidence that
iPSC technology combined with gene targeting could
potentially be used to treat a variety of human diseases,
including genetic diseases such as p-thalassaemia major.

Abbreviations

a-MEM: Alpha minimum essential medium; BMP4: Bone morphogenetic
protein 4; CFU: Colony forming unit; CRISPR: Clustered regular interval short
palindromic repeats; FBS: Foetal bovine serum; Flt3: Fms-related tyrosine
kinase; GVHD: Graft-versus-host disease; HB: Haemoglobin;

HSC: Haematopoietic stem cell; HSPCs: Haematopoietic stem/progenitor
cells; IL-3: Interleukin-3; iPSC: Induced pluripotent stem cell; MACS: Magnetic-
activated cell sorting; rhG-CSF: Recombinant human granulocyte colony-
stimulating factor; rhEPO: Recombinant human erythropoietin;

UCBC: Umbilical cord blood cell; VEGF: Vascular endothelial growth factor;
WBCs: White blood cells

Acknowledgements

We would like to thank Zhiwu Jiang (Guangzhou Institutes of Biomedicine
and Health) for assisting with the animal experiments. We would like to
express our gratitude for the helpful comments from our reviewers.

Page 12 of 13

Authors’ contributions

Yexing Xian, Yingjun Xie and Xiaofang Sun designed the study; Bing Song,
Zhanhui Ou, Shuming Ouyang, Zeyu Xiong, Haoxian Li and Yuhuan Xie
performed the experiments; Yi Yang performed the statistical analysis; and
Yexing Xian and Yingjun Xie wrote the paper. The authors read and
approved the final manuscript.

Funding

This study was supported by the Science and Information Technology of
Guangzhou Key Project (201508020258), the Youth Project for Education of
Guangdong Province (2015KQNCX132/B16036095), the Guangdong Province
Science and Technology Project (2017A030310380), and the Clinical
Innovation Research Program of Guangzhou Regenerative Medicine and
Health Guangdong Laboratory (2018GZR0201002).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate

All participants in this study provided written informed consent for donating
blood. The Ethics Committee of The Third Affiliated Hospital of Guangzhou
Medical University (Guangzhou, China) approved experiments using human
cells. The animal ethics were approved by both Guangdong Province
Experimental Animal Centre and the Third Affiliated Hospital of Guangzhou
Medical University. All methods were performed in accordance with the
approved guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no potential conflicts of interest with respect to the
research, authorship and/or publication of this article.

Received: 5 February 2020 Revised: 19 May 2020
Accepted: 8 June 2020 Published online: 16 July 2020

References

1. Flint J, et al. The population genetics of the haemoglobinopathies. Baillieres
Clin Haematol. 1998;11(1):1-51.

2. Hardison RC, et al. HbVar: a relational database of human hemoglobin
variants and thalassemia mutations at the globin gene server. Hum Mutat.
2002;19(3):225-33.

3. Rachmilewitz EA, Giardina PJ. How [ treat thalassemia. Blood. 2011;118(13):
3479-88.

4. Modell B, et al. Improved survival of thalassaemia major in the UK and
relation to T2* cardiovascular magnetic resonance. J Cardiovasc Magn
Reson. 2008;10:42.

5. Thuret |, et al. Complications and treatment of patients with beta-
thalassemia in France: results of the National Registry. Haematologica. 2010;
95(5):724-9.

6. Borgna-Pignatti C. The life of patients with thalassemia major.
Haematologica. 2010,95(3):345-8.

7. Cavazzana-Calvo M, et al. Transfusion independence and HMGA?2 activation
after gene therapy of human beta-thalassaemia. Nature. 2010;467(7313):
318-22.

Sadelain M, et al. Strategy for a multicenter phase | clinical trial to evaluate
globin gene transfer in beta-thalassemia. Ann N'Y Acad Sci. 2010;1202:52-8.

9. Li G etal A novel conditioning regimen improves outcomes in beta-
thalassemia major patients using unrelated donor peripheral blood stem
cell transplantation. Blood. 2012;120(19):3875-81.

10. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell. 2006;126(4):
663-76.

11. Chen'Y, et al. Generation of integration-free induced pluripotent stem cells
(GZHMUI001-A) by reprogramming peripheral blood mononuclear cells
from a 47, XXX syndrome patient. Stem Cell Res. 2017;23:57-60.

12. Fan'V, et al. Generation of human beta-thalassemia induced pluripotent
stem cells from amniotic fluid cells using a single excisable lentiviral stem
cell cassette. J Reprod Dev. 2012,58(4):404-9.



Xian et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

(2020) 11:288

Luo Y, et al. Generation of induced pluripotent stem cells from skin
fibroblasts of a patient with olivopontocerebellar atrophy. Tohoku J Exp
Med. 2012;226(2):151-9.

Song B, et al. Improved hematopoietic differentiation efficiency of gene-
corrected beta-thalassemia induced pluripotent stem cells by CRISPR/Cas9
system. Stem Cells Dev. 2015;24(9):1053-65.

Neben S, et al. Hematopoietic stem cell deficit of transplanted bone
marrow previously exposed to cytotoxic agents. Exp Hematol. 1993,21(1):
156-62.

Robert-Richard E, et al. Human cell engraftment after busulfan or irradiation
conditioning of NOD/SCID mice. Haematologica. 2006;91(10):1384.

Niu X, et al. Combining single strand oligodeoxynucleotides and CRISPR/
Cas9 to correct gene mutations in beta-thalassemia-induced pluripotent
stem cells. J Biol Chem. 2016;291(32):16576-85.

Lewis J, et al. A common human beta globin splicing mutation modeled in
mice. Blood. 1998,91(6):2152-6.

Wang Y, et al. Genetic correction of beta-thalassemia patient-specific iPS
cells and its use in improving hemoglobin production in irradiated SCID
mice. Cell Res. 2012,22(4):637-48.

Angelucci E, et al. Hematopoietic stem cell transplantation in thalassemia
major and sickle cell disease: indications and management
recommendations from an international expert panel. Haematologica. 2014;
99(5):811-20.

Hanna J, et al. Treatment of sickle cell anemia mouse model with iPS cells
generated from autologous skin. Science. 2007;318(5858):1920-3.

Ma N, et al. Transcription activator-like effector nuclease (TALEN)-mediated
gene correction in integration-free beta-thalassemia induced pluripotent
stem cells. J Biol Chem. 2013:288(48):34671-9.

Xie F, et al. Seamless gene correction of beta-thalassemia mutations in
patient-specific iPSCs using CRISPR/Cas9 and piggyBac. Genome Res. 2014;
24(9):1526-33.

Wattanapanitch M, et al. One-step genetic correction of hemoglobin E/
beta-thalassemia patient-derived iPSCs by the CRISPR/Cas9 system. Stem
Cell Res Ther. 2018:9(1):46.

Fusaki N, et al. Efficient induction of transgene-free human pluripotent stem
cells using a vector based on Sendai virus, an RNA virus that does not
integrate into the host genome. Proc Jpn Acad Ser B Phys Biol Sci. 2009;
85(8):348-62.

Nishimura K, et al. Development of defective and persistent Sendai virus
vector: a unique gene delivery/expression system ideal for cell
reprogramming. J Biol Chem. 2011,286(6):4760-71.

Hu JH, et al. Evolved Cas9 variants with broad PAM compatibility and high
DNA specificity. Nature. 2018;556(7699):57-63.

Pavlu J, et al. Three decades of transplantation for chronic myeloid
leukemia: what have we learned? Blood. 2011;117(3):755-63.

Stelljes M, et al. Allogeneic transplantation as post-remission therapy for
cytogenetically high-risk acute myeloid leukemia: landmark analysis from a
single prospective multicenter trial. Haematologica. 2011;96(7):972-9.

Hill GR, et al. Total body irradiation and acute graft-versus-host disease: the
role of gastrointestinal damage and inflammatory cytokines. Blood. 1997;
90(8):3204-13.

Cao T, et al. Ex vivo expanded human CD4+CD25+Foxp3+ regulatory T cells
prevent lethal xenogenic graft versus host disease (GVHD). Cell Immunol.
2009;258(1):65-71.

Down JD, Ploemacher RE. Transient and permanent engraftment potential
of murine hematopoietic stem cell subsets: differential effects of host
conditioning with gamma radiation and cytotoxic drugs. Exp Hematol.
1993,21(7):913-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Experimental animals
	Determination of the nonmyeloablative drug dosage
	Feeder-free culture of hESCs and iPSCs
	Haematopoietic differentiation
	Colony forming unit (CFU) assay
	Collection of CD34+ cells
	BM transplantation
	Routine blood tests
	Flow cytometry
	Pathological examination
	Statistical analysis

	Results
	Peripheral blood results in mice after nonmyeloablative pretreatment
	Haematopoietic differentiation in�vitro
	Haematopoietic differentiation in�vivo
	Pathological results

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

