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SUMMARY

Immune rejection can be reduced using immunosuppressants which are not viable
for premature infants. However, desensitization can induce immune tolerance for
premature infants because of underdeveloped immune system. The fetuses of
Wistar rats at 15–17 days gestation were injected via hOPCs-1 into brain, mus-
cles, and abdomen ex utero and then returned while the fetuses of control
without injection. After 6 weeks of desensitization, the brain and muscles were
transplanted with hOPCs-1, hNSCs-1, and hOPCs-2. After 10 and 34 weeks of
desensitization, hOPCs-1 and hNSCs-1 in desensitized groups was higher than
that in the control group while hOPCs-2 were rejected. Treg, CD4CD28,
CD8CD28, and CD45RC between the desensitization and the control group
differed significantly. Inflammatory cells in group with hOPCs-1 and hNSCs-1
was lower than that in the control group. hOPCs-1 can differentiate into myelin
in desensitized groups. Wistar rats with desensitization developed immune toler-
ance to desensitized and transplanted cells.

INTRODUCTION

Premature infants with white matter injury (WMI) are often associated with neurodevelopmental sequelae

such as cognitive and behavioral disorders, and cerebral palsy with the pathophysiologic characteristics

associated with poor myelination, and a global health concern and the most common cause of chronic

neurological morbidity.1 Since clinically effective treatments are currently unavailable, exploring effective

treatments for premature white matter injury (PWMI) is necessary.2 Endogenous oligodendrocyte precur-

sor cells (OPCs) may promote re-myelination in acute demyelinating lesions but not myelination in chronic

demyelinating lesions.3 Despite numerous intact-appearing axons, newly generated endogenous OPCs

fail to differentiate and initiate myelination along their normal developmental trajectory in preterm infants

with WMI.4 Therefore, transplantation of exogenous hOPCs is a promising therapeutic option for WMI in

premature infants.5 Transplantation of exogenous hOPCs can effectively promote myelin repair.6 For

example, transplanting hOPCs into neonatal Shiverer mice can promote cerebral myelination in congenital

demyelination7; embryonic stem cell (ESC)-derived OLs transplanted into Sprague-Dawley (SD) rats can

migrate into white matter and repair white matter structure and function8; transplantation of hOPCs

restored neurobehavioral functions by preventing axonal demyelination in SD rats.9 hOPCs can be used

in the cell therapy of perinatal hypoxic-ischemic and infectious brain injuries, including periventricular leu-

komalacia and cerebral palsy.10 Therefore, overcoming the immune rejection of exogenous hOPC trans-

plantation is a problem faced by both researchers and clinicians.

Researchers have tried to solve this using numerous methods, including donor matching and graft and

recipient preconditioning (myeloablative therapy, plasma exchange, splenectomy, and immunosuppres-

sants).11 These treatments against graft rejection may predispose the recipients to side effects e.g., endan-

gering both life quality and expectancy.12 The satisfactory strategy is to induce low responsiveness or irre-

sponsiveness in recipients of donor grafts while preserving the normal immunological functions in antigen

recognition and infection prevention. This way, successful transplantation strategies include weakening the

immune response or inducing immune tolerance to the grafts13 based on abstinence clones. Moreover,

the immature immune development in premature infants can be used to create abstinence clones, where

the lymphocyte clones are damaged and inhibited when they encounter internal antigens or are artificially
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introduced to foreign antigens during the embryonic stage. In postnatal life, abstinence clones remain

inactive to internal antigens or the artificially introduced foreign antigens present in utero, indicating

that adults can form immunologic tolerance to antigens prior to exposure during the embryonic

period.13,14 White matter damage is common in preterm fetuses aged 28–32 weeks.15 At this stage, im-

mune development is incomplete,16 and the development of T regulatory (Treg) peaks that facilitates

the induction of immune tolerance.17,18 Therefore, we desensitized premature infants via hOPCs transplan-

tation to induce immune tolerance.

In this study, we transplanted hOPCs-1 into the abdomen, brain, and muscles (the left forelimbs) of 15–17-

day-old fetal rats (desensitization) to explore the difference in immune tolerance induced by central and

peripheral desensitization. After six weeks of desensitization, the rats were transplanted with the

hOPCs-1, hNSCs-1, and hOPCs-2 in the brain, and the desensitized (the left forelimbs) and un-desensitized

(the right hind limbs) muscles (transplantation). We also observed the changes in Treg, CD4CD28,

CD8CD28, and CD45RC in the peripheral blood of six-, 10-, and 34-week-old rats to explore their immune

response to grafts. Finally, we observed the survival, differentiation, and local inflammatory response of

transplanted cells via immunofluorescence staining of Stem121, human nuclear antigen (HNA), and myelin

basic protein (MBP) and immunohistochemical staining of CD4, CD8, and OX42 in the desensitized and

near the corpus callosum, respectively.
RESULTS

Characterization of hOPCs and hNSCs

Oligodendrocyte progenitor cell bodies are fully round or spindle-shaped with strong refraction, and pro-

trusions are bipolar bead-like, elongated, or havemore than two poles (Figure 1A). Flow cytometric analysis

of hOPCs showed that the positive rates of A2B5, PDGFR-a, OLIG2, and SOX10 were 48.3, 82.0, 95.6, and

92.4%, respectively (Figure 1B). The immunofluorescence staining results of hOPCs showed that A2B5,

PDGFR-a, OLIG2, and SOX10 were positive (Figure 1C). hNSCs were cultured as a suspended state of

neuro-spheres, had a good refractive index, and exhibited minute protrusions around the spheroids; the

sizes of the neuro-spheres varied, with an average diameter of 200–250 mm (Figure 1D). Immunofluores-

cence staining showed a positive result for the NSC-specific antigen, nestin (Figure 1D).
Survival of hOPCs after transplantation in intrauterine desensitized rats and differentiation

Six weeks after intrauterine desensitization (Table 1), we traced the hOPCs in the rat brain andmuscle using

immunofluorescence staining and revealed that Stem121 was positive in the desensitization sites (Fig-

ure 2A). Six weeks after desensitization in other rats, the intrauterine desensitization sites were transplanted

with hOPCs-1, hOPC-2 and hNSCs-1. At 10 weeks after desensitization with hOPCs-1, immunofluorescence

staining using Stem121 revealed that it was positive in the near the corpus callosum of the brain and cere-

bral cortex in all desensitized groups (Figure 2C), and in desensitized muscles in the i.p.m and i.p.mb

groups (Figure 2B). However, immunofluorescence staining of Stem121 was negative in the brain near

the corpus callosum and cerebral cortex in the control group (Figure 2C), and in the un-desensitized mus-

cles in the i.p., i.p.m, i.p.b, and i.p.mb groups (Figure 2B). In addition, immunofluorescence staining of

Stem121 was positive in the brains that were transplated with hNSCs-1 while negative with hOPCs-2 in

the i.p. and i.p.b groups (Figures S1A and S1B). We performed immunofluorescence staining using MBP

and Stem121 in all desensitized groups (Figure 2D), and the results revealed that hOPCs could survive

and differentiate in the brain.
Survival and inflammatory response of grafts in the brain and muscles of 10-week-old wistar

rats

In groups with the transplantation of hOPCs-1, HNA grafts in the brain and muscles of 10-week-old Wistar

rats were immunohistochemically stained which revealed that HNA was positive in all desensitized groups

while negative in the control group (Figures 3A and S2A). Meanwhile, HNA was positive in i.p. and i.p.b

groups with the transplantation of hNSCs-1 while negative in i.p. and i.p.b groups with the transplantation

of hOPCs-2 (Figure S2A). The survival of grafts of hOPCs-1 analyzed using the Image-Pro10 software in the

rat brain was 75.1%, 75.2%, 55.9%, and 53.4% in the i.p.b, i.p.mb, i.p., and i.p.m groups, respectively (Ta-

ble 2). In groups with hOPCs-1, brains and muscles were also immunohistochemically stained for CD4

and OX42. The corpus callosum was positive for CD4 and OX42 in the control group, whereas there

were few CD4+ T and OX42+ cells in all desensitization groups (Figures 3B and S2B, S2C). In groups with
2 iScience 26, 106647, May 19, 2023



Figure 1. Characterization of human oligodendrocyte precursor cells and neural stem cells

(A) The morphology of hOPCs observed using a phase-contrast microscope. Scale bar, 50 mm.

(B) Proportion of PDGFR-a+, A2B5+ OLIG2+, and SOX10+ hOPCs was analyzed by flow cytometry.

(C) Immunofluorescence staining of A2B5, PDGFR-a, OLIG2, and SOX10 in hOPCs was confirmed. Scale bar, 50 mm.

(D) The morphology of hNSCs cultured as a suspended state of ‘‘neuro-spheres’’ observed using a phase-contrast microscope. Scale bar, 50 mm and 20 mm;

Immunofluorescence staining of NESTIN in hNSCs was confirmed, Scale bar, 50 mm.
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hNSCs-1 and hOPCs-2, the corpus callosum was positive for CD4 and OX42 in the i.p. and i.p.b group with

the transplantation of hOPCs-2, whereas there were few positive cells i.p. and i.p.b group with hNSCs-1

(Figures S2B and S2C). The un-desensitized muscle group was positive for CD4, whereas the desensitiza-

tion group had few CD4+ T cells (Figure 3C).
Flow cytometric analysis of peripheral blood mononuclear cells (PMBCs) in peripheral blood

of 6 and 10-week-old rats

Flow cytometric analysis of Treg, CD4CD28, CD8CD28, and CD45RC (the detailed antibodies information

provided in STARMethods) in the peripheral blood of six- and 10-week-old rats was performed (Figures 4A

and 4B). Treg, a type of helper T cell, can suppress immune rejection when increased. CD4CD28 and

CD8CD28 act as the secondary signals for activating CD4 and CD8 helper T cells, respectively; when

they decrease, T cell activation also decreases, promoting the development of immune tolerance. The in-

crease in CD45RC, a surface marker of human naive B cells, represents an increase in naive B cells in rats,

which also promotes the development of immune tolerance.

In groups with the transplantation of hOPCs-1, flow cytometric analysis (Table 3) revealed that in six-week-

old rats (before transplantation), Treg increased in the i.p., i.p.b, and i.p.mb groups compared to that in the
iScience 26, 106647, May 19, 2023 3



Table 1. Graft survival in the different desensitization protocols

group

Intrauterine

desensitization

site

Age for

desensitization

transplantation

site in 6 weeks-old rats

Survival of grafts

in Braina (% of cells

grafted)

Ctrl no desensitization GA15-17days brain 1.47%

i.p. i.p. GA15-17days brain 55.9%

i.p.m i.p., muscles GA15-17days Brain, Des/no-Des muscle 53.4%

i.p.b i.p., brain GA15-17days Brain, no-Des muscle 75.1%

i.p.mb i.p., muscles, brain GA15-17days Brain, Des/no-Des muscle 75.2%

GA for gestation age. Ctrl/i.p./i.p.m/i.p.b/i.p.mb respectively for group control, i.p., i.p.+muscle, i.p.+brain and i.p.+muscle+brain.
aSurvival of grafts of brain in 10 weeks-old rats.
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control group. CD4CD28 decreased in each intrauterine desensitization group compared to that in the

control group, and the CD8CD28 in the i.p. and i.p.mb groups decreased compared to that in the control

group (Figure 4C).

In 10-week-old rats (after four weeks of transplantation) with the transplantation of hOPCs-1, Treg

increased in the i.p., i.p.b, and i.p.mb groups compared to that in the control group (Figure 4D); In groups

with the transplantation of hOPCs-2, Treg did not increased in the i.p., i.p.b, and i.p.mb groups compared

to that in the control group (Figure S3A). CD4CD28 and CD8CD28 decreased in each intrauterine desen-

sitization group compared to that in the control group with hOPCs-1 (Figure 4D); In groups with hOPCs-2,

CD4CD28 and CD8CD28 did not decrease in the i.p., i.p.b and i.p.mb groups compared to that in the con-

trol group (Figure S3A). CD45RC increased in each intrauterine desensitization group compared to that in

the control group with hOPCs-1 (Figure 4D); while in group with hOPCs-2, CD45RC decreased in the i.p.,

and i.p.b groups compared to that in the control group (Figure S3A). The results showed that the desen-

sitization of the same series of cells (hOPCs-1) did not cause activation of T and B cells which was contrary to

the Ctrl group, and Treg cells increased. On the contrary, the un-desensitized cells (hOPCs-2) caused acti-

vation of T and B cells which was similar to the Ctrl group. CD8CD28 decreased in 10-week-old rats

compared to that in 6-week-old rats in i.p., i.p.m, and i.p.b groups(Figure 4E); CD4CD28 decreased in

10-week-old rats compared to that in 6-week-old rats in i.p., and i.p.b groups (Figure S3B); Treg increased

in 10-week-old rats compared to that in 6-week-old rats in i.p.m and i.p.b groups (Figures 4E and S3B) which

revealed that transplantation of the antigen resulted in an increase in Treg cells and a decrease in activated

T cells.
Survival of grafts in the brain of 34-week-old wistar rats

We traced the grafts (hOPCs-1) in the rat brain 34 weeks after intrauterine desensitization using immu-

nofluorescence staining of Stem121 (Figure 5A) and immunohistochemical staining of HNA (Figures 5B

and 6A), which revealed that Stem121 and HNA remained positive in the desensitization and cyclo-

sporine (CSA)-treated groups, but negative in the control group (Figures 5A and 5B). In addition,

whole brain sections were scanned via 3D-HISTECH and analzed for HNA+ grafts via Imaris software.

The results revealed that the i.p.mb group (brain, n = 3) had the highest number of surviving grafts,

followed by the i.p.b group (brain, n = 4), which was equivalent to the CSA-treated group (brain, n =

3), the i.p. (brain, n = 3), and i.p.m (brain, n = 3) groups ranked third and fourth, respectively. The

control group (brain, n = 3) had the fewest grafts, indicating that the graft was almost completely re-

jected (Figure 5C).

To quantify the differentiation capacity of hOPCs-1 into MBP+ oligodendrocytes, the proportion of

Stem121+ cells that were also MBP+ was determined in i.p., i.p.m, i.p.b, and i.p.mb group (Figure 6B). Im-

ages were taken from 203 objective fields per animal, namely, at most three sampling regions per animal.

The area fraction of stem121+/MBP+ was measured using ImageJ. The majority of Stem121+ cells co-ex-

pressed MBP, and the area fraction of stem121+ MBP+/stem121+ was 54.42 G 1.66%, 43.47 G 6.35%,

80.12G 9.81%, and 73.71G 10.64% in i.p., i.p.m, i.p.b, and i.p.mb group, respectively (Figure 6C). The dif-

ferentiation rate of i.p.b group were higher than that of i.p. and i.p.m group, and the differentiation rate of

i.p.mb group were higher than that of i.p.m group (Figure 6C).
4 iScience 26, 106647, May 19, 2023
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Figure 2. Immunofluorescence staining of grafts in 6- and 10-week-old rats in ctrl, i.p., i.p.m, i.p.b, and i.p.mb group with transplantation of

hOPCs-1

(A) Immunofluorescence staining of desensitized muscle and brain in six-week-old rats (six weeks after desensitization).

(B) Immunofluorescence staining of desensitized muscles (the left forelimbs in i.p.m and i.p.mb groups) and un-desensitized muscles (the right hind limbs in

i.p., i.p.m, i.p.b, and i.p.mb groups) in 10-week-old rats (four weeks after transplantation).

(C) Immunofluorescence staining of the corpus callosum and cerebral cortex in each group in 10-week-old rats (four weeks after transplantation).

(D) Immunofluorescence staining of MBP and Stem121 in desensitization groups. Scale bar, 50 mm i.p., i.p.m, i.p.b, and i.p.mb stands for i.p. (intraperitoneal),

i.p.+muscle, i.p.+brain, and i.p.+muscle+brain, respectively.
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Inflammatory response of grafts in the brain of 34-week-old wistar rats with hOPCs-1

Immunohistochemical staining of CD4, CD8, and OX42 performed in the corpus callosum in all groups re-

vealed that the control group was positive (Figures 7A–7C). In contrast, the inflammatory reactions of the

other desensitization groups and the CSA-treated groups were mild (Figures 7A–7C). We used the Image-

Pro 10 software to analyze the cumulative optical density (OD) and area of CD4, CD8, andOX42 to calculate

the average OD. The results revealed that the average OD of each desensitization group (slide, n = 8) and

CSA-treated group (slide, n = 9) decreased compared to that of the control group (slide, n = 8) (Figure 7D).

It is interesting here weather transplanted cells caused increased macrophages in corpus callosum. We

performed double-immunofluorescence labeling of grafts with Stem121 and OX42 in 34-week-old rats

with hOPCs-1 in Ctrl, i.p., i.p.m i.p.b, and i.p.mb group, respectively. Although the grafts in the Ctrl group

were almost completely rejected, there were still OX42+ cells in the corpus callosum (Figure S4A). In the

intrauterine desensitized abdominal cavity and muscle groups, i.e. i.p. group and i.p.+muscle group,

although some grafts survived, there were a small number of OX42+ cells around the grafts (Figures S4B

and S4C). The brain groups that had undergone intrauterine desensitization, i.e. i.p.+brain and i.p.+-

mouse+brain groups, not only survived the grafts, but also had few OX42+ cells in the corpus callosum

(Figures S4D and S4E).

Mixed lymphocyte culture in 34-week-old wistar rats

We isolated peripheral blood mononuclear cells (PBMCs) from the spleen of 34-week-old rats and co-

cultured them with the hOPCs-1, hOPCs-2 and hNSC-1 to establish a mixed lymphocyte culture to study

the effects of the grafts on immune cells of recipient rats. We also demonstrated the morphology and

growth of cells in the OPC-1+ConA+PBMC, ConA+PBMC, OPC-1+PBMC, and PBMC groups cultured

for three and five days (Figure S5A). On the third and fifth days, ConA+PBMCs had clonal spheres with

plump and large nuclei. However, in OPC+ConA+PBMC group, the hOPCs inhibited the proliferation of

PBMCs (Figure S5A). On the third and fifth days of culture, the number of cells decreased, and the nuclei

were smaller in the OPC-1+PBMC and PBMC group without concanavalin A (ConA) stimulation

(Figure S5A).

In OPC-1/NSC-1/OPC-2+PBMC group, we collected PBMCs on day five of culture for flow cytometric anal-

ysis (Figures 8A and 8B). The results revealed that Treg increased in i.p._OPC-1, i.p.b_OPC-1, i.p._NSC-1,

and i.p.b_NSC-1 groups compared to that in the control group (p＜0.01) while decreased in the i.p._OPC-2

groups compared to that in the control group (p＜0.01). CD4CD28 and CD8CD28 decreased in i.p._OPC-1,

i.p.b_OPC-1, i.p._NSC-1, and i.p.b_NSC-1 groups compared to that in the control group (**p＜0.01, *p＜
0.05). CD45RC increased in i.p._OPC-1, i.p.b_OPC-1, and i.p._NSC-1 groups compared to that in the con-

trol group (Figure 8C). In OPC-1/NSC-1/OPC-2+ConA+PBMC group, we got similar results showedOPC-1

and NSC-1 reduced the number of activated T/B cells and increased the number of Treg cells compared to

that in the control group. However, OPC-2 increased the number of activated T/B cells and reduced or un-

changed Treg compared to that in the control group which revealed that T/B cells developed immune

tolerance to OPC-1 and NSC-1 (Figure 8D).

In groups with the transplantation of hOPCs-1, Treg increased in the i.p., i.p.b, and i.p.mb groups

compared to that in the control group. In all desensitization groups, CD4CD28 decreased compared to

that in the control group, and CD45RC increased in the i.p.m and i.p.mb groups compared to that in the

control group (Figure S5B). In addition, we used the modfit software to analyze the proliferation of

PBMC in each group. The results revealed that the proliferation index of Treg was higher in all desensiti-

zation groups than in the control group (Figure S5C). In contrast, the proliferation indexes of CD4CD28

and CD8CD28 were lower in all desensitization groups than in the control group (Figure S5C). Compared

to the control group (rats, n R 3), the proliferation index of CD45RC in the i.p.b and i.p.mb groups

increased (Figure S5C).
6 iScience 26, 106647, May 19, 2023
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Figure 3. Immunohistochemical staining of grafts in 10-week-old rats in ctrl, i.p., i.p.m, i.p.b, and i.p.mb group with transplantation of hOPCs-1

(A) Immunohistochemical staining of human nuclear antigen (HNA) in the brain of rats in each group. Scale bar, 20 mm, 10 mm (red box).

(B) Immunohistochemical staining of CD4 and OX42 in the corpus callosum in each group. Scale bar, 500 mm.

(C) Immunohistochemical staining of CD4 in desensitized muscles (the left forelimbs in i.p.m and i.p.mb groups) and un-desensitized muscles (the right hind

limbs in i.p., i.p.m, i.p.b, and i.p.mb groups). Scale bar, 100 mm, 20 mm (red box). i.p., i.p.m, i.p.b, and i.p.mb stand for intraperitoneal, i.p.+muscle, i.p.+brain,

and i.p.+muscle+brain, respectively.
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DISCUSSION

According to the World Health Organization, approximately 15 million premature infants are born every

year, and white matter damage is one of the leading causes of death in infants younger than five years.1,19

Mature OLs differentiated from hOPCs are myelinating cells in the central nervous system.20,21 Endoge-

nous hOPCs may promote re-myelination in acute demyelinating lesions, but not myelination in chronic

demyelinating lesions.3,22 Transplantation of exogenous hOPCs can effectively promotemyelin repair.6 Im-

mune rejection of exogenous hOPCs transplantation can be reduced using immunosuppressants that are

not viable for premature infants, while the immune tolerance induced by desensitization is more beneficial

than immunosuppressants for premature infants because of underdeveloped immune system.13 Nato et al.

promote survival and differentiation of Neural precursor cells (NPC) of xenogeneic origin after in utero in-

jection of NPC together with adult tolerance inducing tissue extracts.23 Immune-tolerance of xenografted

NPCs needs a double transplant of cells which contains the initial xenografts to desensitization performed

usually intraperitoneally before complete development of the host immune system in rat neonates and the

second xenografts derived from the same species of the initial one.24,25

Desensitization of human cells transplanted into neonatal mice can reduce immune rejection of allografts

and induce immune tolerance to allografts in adults. For example, Claire M Kelly et al.24 injected 13105

human or rat fetal brain-derived neural progenitor cells into the abdominal cavity in newborn and

10-day-old SD rats to induce desensitization. The right lateral striae of the rats were transplanted with

2.5/53105 cells of the same type 10–12 weeks later. At 12–40 weeks after transplantation, the grafts injected

intraperitoneally at birth remained viable for a long time, while the grafts injected intraperitoneally 10 days

after birth were completely rejected which was published NATURE METHODS. Shufang Zhang et al.26 in-

jected 13105 human embryonic stem cells-mesenchymal stem cells (hESC-MSCs) intraperitoneally in

neonatal SD rats and then transplanted 23105 hESC-MSCs into the cartilage defect model at six weeks.

The results revealed that pre-desensitization of hESC-MSCs was beneficial for joint regeneration. Andreas

Heuer et al.27 injected 13105 hESCs intraperitoneally in neonatal SD rats, and transplanted 23105 hESCs

into the striatum at six weeks. This study also revealed that the grafts could survive for a long period of time.

Previous studies have suggested that desensitization of human-derived cells in neonatal rats followed by

transplantation can prolong the survival of human-derived transplanted cells.

However, this approach that contains the initial xenografts before complete immune development of the host

and the second xenografts derived from the same species of the initial one did not always result in long-term

xenograft survival which depends on the species of donor, the origin of the cells,3,6,7 and the strain of the

host.21 There are reports of failure to induce immune tolerance after desensitization. Miroslaw Janowski

et al.28 injected 13105 human glial-restricted precursors (hGRPs) and the neural stem cell line derived from
Table 2. The scheme of flow cytometric analysis

Flow tube Antibody with fluorescein

Panel1 CD45 PerCP-Cy5.5, CD3-PE, CD4-APC/cy7,

CD8-PE/cy7, CD28-APC, CFSE

Isotype1 CD45 PerCP-Cy5.5, CD3-PE, CD4-APC/cy7,

CD8-PE/cy7, APC-Mouse IgG1, CFSE

Panel 2 CD45 PerCP-Cy5.5, CD45RC-PE, CFSE

Isotype2 CD45 PerCP-Cy5.5, PE-Mouse IgG1, CFSE

Panel 3 CD45 PerCP-Cy5.5, CD4-APC/cy7, CD25-PE,

Foxp3-AlexaFlour647, CFSE

Isotype3 CD45 PerCP-Cy5.5, CD4-APC/cy7, PE-Mouse

IgG1, Alexa Fluor� 647-Mouse IgG1, CFSE

8 iScience 26, 106647, May 19, 2023



ll
OPEN ACCESS

iScience 26, 106647, May 19, 2023 9

iScience
Article



Figure 4. Flow cytometric analysis of peripheral blood mononuclear cells (PMBCs) in peripheral blood in 6- and 10-week-old rats in Ctrl, i.p., i.p.m,

i.p.b, and i.p.mb group with transplantation of hOPCs-1

(A and B) Flow cytometric analysis of PMBCs in peripheral blood for six- and 10-week-old rats.

(C and D) Histograms of the statistical analysis of flow cytometry of PMBCs for six- and 10-week-old rats, respectively. One-way analysis of variance (ANOVA)

test was used. *, p＜0.05; **, p＜0.01.

(E) Histograms of the statistical analysis of flow cytometry of Treg and CD8CD28 for six- and 10-week-old rats. Independent sample t-test was used for

comparison between the experimental group and the control group, *, p＜0.05, **, p＜0.01. Each group has at least three samples. Data are represented as

mean G SEM.
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human umbilical cord blood (HUCB-NSC) into neonatal BALB/c mice and Wistar rats intraperitoneally for

desensitization. Six weeks post-transplantation, 33105 hGRP and 23105 HUCB-NSC were transplanted into

the brains of the BALB/c mice and Wistar rats, respectively. The bioluminescent imaging signal produced

by hGRP gradually decreased in the BALB/c brain and could not be detected 14 days after transplantation.

The HNA staining signal of HUCB-NSC cells gradually decreased in the Wistar rat brain and disappeared

completely 21 days after transplantation which was published NATURE METHODS. Why does allografting

into the SD rat induces lifelong immune-tolerance while the very same experiment however, the survival of al-

lografts in Wistar rats and BALB/c mice were gradually decreased and completely rejected?

The development of immune tolerance in neonatal SD rats may be related to their immune development

status.29 At birth, the compartmental structure of the spleen is the periarteriolar aggregation of CD3-pos-

itive mononuclear cells, with a slight concentration of CD45RC-positive cells around the periphery of the

periarteriolar aggregates. The thymus matures rapidly after postnatal day 14, with a high-density cellular

cortex and a lower cellular medulla. Mature T and B cell populations do not appear in the thymus in SD

rats until they are nine weeks old. In contrast, Wistar rats have a relatively rapid immune development,

with the first T cell precursors reaching the rat thymus anlage on days 13–14 of gestation. On days 15–17

of gestation, CD4�CD8�CD3� triple-negative and CD45RC+ T cells appear. On days 20–21 of gestation,

the first mature thymocyte double-positive (CD4+CD8+) cells appear. The first single positive cells for

CD4+ or CD8+ appear in neonatal Wistar rats that have undergone negative and positive selection. One

week after birth, CD4+CD8+ double-positive cell subsets and numerous mature CD4 single-positive cells

appear.30 In BALB/c mice, CD4�CD8�double negative cells can be observed before 15–17 days of gesta-

tion. On days 15–17 of gestation, CD4+CD8+ double-positive cells appear. BALB/c mice were negatively

selected on day 18 of gestation. In neonatal BALB/c mice, few thymus-derived cells already existed in pe-

ripheral organs, and immune function had been activated in few cells.31 The difference in immune devel-

opment status of the three strains of neonatal mice/rats may be the reason for the success or failure of

inducing immune tolerance. Comparing the immune development status of the three experimental models

revealed similarities between newborn SD rats, 15–17-day gestational Wistar rats, and 14-day gestational

BALB/c mice, which explain why neonatal SD rats can successfully induce immune tolerance while other

neonatal strains fail. BALB/c mice at 14 days of gestation were too small and fragile to undergo the intra-

uterine operation. Therefore, in this study, based on the theory of immature immune development, Wistar

rats at 15–17 days of gestation were used to establish an animal model to validate whether immune toler-

ance can be induced by means of intrauterine desensitization and transplantation.

After desensitization and transplantation, the percentage of lymphocyte subsets and proliferation index were

assessed by flow cytometry. Treg cells are crucial in maintaining immune tolerance and repressing antitumor
Table 3. Experimental groups performed according to different desensitization methods and different

transplanted cells

group OPC-1a NSC-1 OPC-2 OPC-1b sum

Ctrlc 3 3 3 3 12

i.p.c 3 2 3 3 11

i.p.+musclec 2 3 5

i.p.+brainc 3 3 3 4 13

i.p.+muscle+brainc 4 3 7

CSAc 3 3

aWistar rats after 10 weeks of desensitization.
bWistar rats after 34 weeks of desensitization, c the number of the rats in each group.
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Figure 5. Immunohistochemical and immunofluorescence staining of grafts in 34-week-old rats in ctrl, i.p., i.p.m,

i.p.b, and i.p.mb group with transplantation of hOPCs-1

(A) Immunofluorescence staining of Stem121 in the brain of 34-week-old rats. Scale bar, 50 mm.

(B) Immunohistochemical staining of HNA in the brain of 34-week-old rats. Scale bar, 20 mm, 10 mm (red box).

(C) Histograms of the statistical analysis of HNA+ grafts in 34-week-oldWistar rats. One-way analysis of variance (ANOVA)

test was used. *, p＜0.05; **, p＜0.01. Data are represented as mean G SEM.
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Figure 6. Differentiation rate of grafts in 34-week-old rats in i.p., i.p.m, i.p.b, and i.p.mb group with

transplantation of hOPCs-1

(A) Immunohistochemical staining of HNA in the brain of 34-week-old rats in i.p.mb group. Scale bar, 50, 20 (red box) mm.

(B) Immunofluorescence staining of Stem121 and MBP in the brain of 34-week-old rats in i.p., i.p.m, i.p.b, and i.p.mb

group. Scale bar, 50 mm.

(C) Histograms of the statistical analysis of Stem121+/MBP+ area in Stem121+ area in 34-week-old Wistar rats. One-way

analysis of variance (ANOVA) test was used. *, p＜0.05; **, p＜0.01. Data are represented as mean G SEM.
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immunity,32,33 inhibiting direct and indirect xenogeneic responses of T cells, and suppressing the activation of

B cells and macrophages and functioning of antigen-presenting cells.33 CD4+CD25+FoxP3+T cells suppress

inflammation by secreting cytokines, enhancing central and peripheral tolerance, and blunting responses

to self and external antigens. Tregs reduce sensitization and resolve inflammation.12,34 CD28, a transmem-

brane glycoprotein, is a member of the immunoglobulin superfamily.35 When CD28 expression is significantly

low, the B7/CD28 counter-receptor co-stimulation pathway is disrupted. A decrease in the secondary signal of

the activation of CD4 and CD8 T cell (CD4CD28/CD8CD28) results in T cells not being fully activated.
12 iScience 26, 106647, May 19, 2023



Figure 7. Immunohistochemical staining of CD4, CD8, and OX42 in 34-week-old rats in Ctrl, i.p., i.p.m, i.p.b and

i.p.mb group with transplantation of hOPCs-1

(A–C) Immunohistochemical staining of CD4, CD8, and OX42 in 34-week-old rats, Scale bar, 10 mm.

(D) Histograms of the statistical analysis of the average OD of CD4, CD8, and OX42 in 34-week-old Wistar rats.

Independent sample t-test was used for comparison between the experimental group and the control group, *, p＜0.05.

Each group has at least three samples. Data are represented as mean G SEM.
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Lymphocyte function declines when CD4+CD28+ and CD8+CD28+ signals are attenuated12 which will blunt

immune rejection. CD45 signaling is necessary for efficient T cell activation. An increase in naive B cells

(CD45RC) led to a decrease in immune cloning. CD45RC is a surfacemarker of naive B cells in rats that induces

stable immune tolerance.36 In this study, flow analysis of peripheral blood and mixed culture of hOPCs and

lymphocytes showed that Treg andCD45RC, two key indicators of immune tolerance, were significantly higher

in the desensitization groups than those in the control group; in contrast, CD4CD28 and CD8CD28, the key

indicators of immune rejection, were significantly lower in the desensitization groups than those in the control

group; CD4CD28 and CD8CD28 were significantly lower in 10-week-old rats than those in 6-week-old rats

which indicated the recipient reduced the number of activated T cells caused by retransplanted cells. These
iScience 26, 106647, May 19, 2023 13



Figure 8. Mixed lymphocyte culture of PBMC of 34-week-old rats in Ctrl, i.p., and i.p.b group with transplantation of hOPCs-1, and i.p., and i.p.b

group with transplantation of hNSCs-1 and hOPCs-2

(A and B) Treg, CD4CD28, CD8CD28, and CD45RC of PMBCs in mixed lymphocyte culture for 34-week-old rats.

(C and D) For OPC/NSC+PBMC and ConA+OPC/NSC+PBMC, histograms of the statistical analysis of flow analysis of T/B cells population in mixed

lymphocyte culture for 34-week-old rats in Ctrl, i.p._OPC-1, i.p.b_OPC-1, i.p._NSC-1, i.p.b_NSC-1, i.p._OPC-1, and i.p.b_OPC-2 group. Independent

sample t-test was used for comparison between the experimental group and the control group, *, p＜0.05, **, p＜0.01. Each group has at least three

samples. Data are represented as mean G SEM.
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results were basically consistent with the increase or decrease of these markers which were beneficial in

inducing immune tolerance to the grafts. Moreover, by analyzing the reported studies, and the results of

our successful induction of immune tolerance, Treg, CD45RC, CD4CD28, and CD28 can be used as indicators

to guide the successful induction of immune tolerance.

Regarding grafts, T cells of the host encounter the allograft through the antigen-presenting cells of the

recipient and attack the allografts, resulting in graft rejection. The allogeneic grafts persisted for four weeks

after transplantation in desensitized muscles but not in un-desensitized muscles. Based on immunohisto-

chemical staining, the average OD of CD4 in the desensitized muscles was lower than that in the un-desen-

sitized muscles. Both confirm the hypothesis that desensitization induces immune tolerance in peripheral

muscles. Moreover, the average OD of CD4, CD8, and OX42 of the brains in intrauterine desensitization

group was lower than in the control group. This indicates that intrauterine desensitization also can reduce

the inflammatory response caused by the transplantation of cells in the central nervous system.

The central nervous system has been considered an immunologically preferential site for transplantation due

to the special structure of the brain; however, grafts in the central nervous system can still be rejected by the

immune system, resulting in poor neural graft survival and impaired functional recovery.37–39 Microglia and

macrophages are major immune rejection mediators in the central nervous system.40 Claire M Kelly et al.

confirmed that, after striatal desensitization in neonatal SD rats, the inflammatory response of the striatum

was less than that before allogeneic desensitization.24 Central immune tolerance can be successfully induced

after allogeneic desensitization and transplantation.24 The survival and differentiation of the hOPCs-1 further

demonstrated the success of central immune tolerance. Allografts were implanted in the brain and muscles

based on intrauterine abdominal desensitization to explore the difference in immune tolerance between

the central nervous system and periphery, in utero. Nonetheless, the number of surviving allografts in desen-

sitized brains was higher than that in the un-desensitized brain, the allografts in the un-desensitized brain sur-

vived from 10 weeks up to 34 weeks. Whlie there were no surviving allografts in the un-desensitizedmuscles in

10-week-old Wistar rats. This indicates that the central nervous system is relatively tolerant to transplantation

and more likely to develop immune tolerance. The comparison of i.p., i.p.m, i.p.b, and i.p.mb desensitization

groups showed that the survival of allografts in the i.p.b and i.p.mb desensitization groups with desensitized

brains was higher than that in the i.p. and i.p.m desensitization groups with un-desensitized brains. That is, the

grafts of the desensitized brain survived weremore than those of the un-desensitized brain. This indicates that

the survival rate of allogeneic grafts after multiple central transplants has a cumulative effect.

Future research is needed to determinewhether the immune tolerance inducedby intrauterine desensitization

in Wistar rats can be applied to human preterm infants. Therefore, we analyzed whether the immune devel-

opment of preterm infants is suitable for the induction of immune tolerance through desensitization. At 12

gestation weeks, lymph nodes and Peyer’s patches lymphoid tissue appear in the human fetus.41,42 At

16–20 gestation weeks, T cells migrate to form a peripheral T cell pool, and developing T cells are in close

contact with thymic epithelial cells. At 20 gestation weeks, the thymus begins to develop. The development

of Tregs peaks at 23–32 gestation weeks. After birth, neutrophils grow exponentially, and the number of neu-

trophils in the first week of life may even exceed adult levels. The absolute number of natural killer cells peaks

at birth and then gradually declines until it reaches adult levels at age five. Oneweek after birth, the number of

lymphocytes in newborns increase significantly; therefore, lymphocyte development and maturation are

completedmainly after birth. T cell levels increase yearly after birth and then decrease to the adult level in chil-

dren aged 3 to 7 years old. The spleen remains underdeveloped until the age of two.43,44 White matter dam-

age in preterm infants is likely to occur between 28 and 32 gestation weeks.45 Treg development also peaks at

this time,17 and immune tolerance can be easily developed. Desensitization of premature infants is expected

to induce immune tolerance and alleviate immune rejection. The results of this study are expected to guide the

induction of immune tolerance through desensitization in preterm infants.

In this study, desensitizedWistar rats developed immune tolerance to transplanted hOPCs-1 and hNSCs-1,

and rejected hOPCs-2. Additionally, intrauterine desensitization enabled hOPCs-1 survival in the center

and periphery, and desensitization reduced the inflammatory response to transplantation. The results

included immune tolerance in rats treated by intrauterine desensitization, long-term grafts survival

in the host, and reduction of immune rejection caused by grafts. We also found that the central nervous

system is in a relatively tolerant to transplantation. Furthermore, Treg, CD45RC, CD4CD28, and

CD8CD28 can be used as indicators to guide the successful induction of immune tolerance, and multiple
iScience 26, 106647, May 19, 2023 15



ll
OPEN ACCESS

iScience
Article
central transplants have a cumulative effect. In future research, the animal model of immune tolerance

induced by intrauterine desensitization in Wistar rats should be combined with the WMI model to observe

the myelin repair effect of grafts on WMI. We also should focus on the effect of desensitization and trans-

plantation on graft rejection and disease improvement in premature infants.
Limitations of the study

In the model of intrauterine desensitization, the fetal brain was too small to desensitize accurately near the

corpus callosum resulting in that we cannot observe whether desensitized cells can differentiate. We can’t

tell whether myelination was caused by desensitized cells or transplanted cells. In general, we cannot judge

whether the surviving grafts are desensitized cells, transplanted cells, or both.
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Antibodies

Mouse-anti A2B5 R&D Systems Cat. #MAB1416, RRID: AB_357687

Rabbit-anti PDGF receptor-a Cell Signaling Technology Cat. #C5241, RRID: AB_10692773

Rabbit-anti OLIG2 Millipore Cat. #AB9610, RRID: AB_570666

Mouse-anti SOX10 R&D Systems Cat. #MAB2864, RRID: AB_2195180

Mouse-anti nestin Abcam Cat. #ab6320, RRID: AB_308832

BV421 PDGFR-a mouse anti-human BD Biosciences Cat. #562799, RRID: AB_2737804

PE A2B5 mouse anti-human Miltenyi Biotec RRID: AB_10830711

PerCP/Cyanine5.5 anti-rat CD45 Biolegend Cat# 202220; RRID: AB_10683172

PE anti-rat CD3 Biolegend Cat# 201412; RRID: AB_2563273

APC/Cyanine7 anti-rat CD4 Biolegend Cat# 201518; RRID: AB_1186084

PE/Cyanine7 anti-rat CD8a Biolegend Cat# 201716; RRID: AB_2814100

APC anti-rat CD28 Biolegend Cat# 200908; RRID: AB_2073971

APC Mouse IgG1, k Isotype Ctrl Biolegend Cat# 400119; RRID: AB_2888687

PE anti-rat CD45RC Biolegend Cat# 204007; RRID: AB_1186138

PE Mouse IgG1, k Isotype Ctrl Biolegend Cat# 400112; RRID: AB_2847829

PE anti-rat CD25 Biolegend Cat# 202105; RRID: AB_314002

Alexa Fluor� 647 anti-mouse/rat/human FOXP3 Biolegend Cat# 320014; RRID: AB_439750

Alexa Fluor� 647 Mouse IgG1, k Isotype Ctrl (ICFC) Biolegend Cat# 400155; RRID: AB_2832978

PerCP/Cyanine5.5 anti-rat CD45 Biolegend Cat# 202220; RRID: AB_10683172

PE anti-rat CD3 Biolegend Cat# 201412; RRID: AB_2563273

APC/Cyanine7 anti-rat CD4 Biolegend Cat# 201518; RRID: AB_1186084

PE/Cyanine7 anti-rat CD8a Biolegend Cat# 201716; RRID: AB_2814100

APC anti-rat CD28 Biolegend Cat# 200908; RRID: AB_2073971

APC Mouse IgG1, k Isotype Ctrl Biolegend Cat# 400119; RRID: AB_2888687

PE anti-rat CD45RC Biolegend Cat# 204007; RRID: AB_1186138

PE Mouse IgG1, k Isotype Ctrl Biolegend Cat# 400112; RRID: AB_2847829

PE anti-rat CD25 Biolegend Cat# 202105; RRID: AB_314002

Alexa Fluor� 647 anti-mouse/rat/human FOXP3 Biolegend Cat# 320014; RRID: AB_439750

Alexa Fluor� 647 Mouse IgG1,

k Isotype Ctrl (ICFC)

Biolegend Cat# 400155; RRID: AB_2832978

mouse-anti CD4 Abcam Cat. #ab33775, RRID: AB_726468

mouse-anti CD8 Bio-Rad Cat. #MCA48G, RRID: AB_32147

mouse-anti OX42 Bio-Rad Cat. #MCA275G, RRID: AB_321301

mouse-anti HNA Millipore Cat. #MAB1281, RRID: AB_94090

mouse-anti Stem121 TaKaRa Cat. #Y40410, RRID: AB_2801314

rat-anti MBP Bio-Rad Cat. #MCA409S, RRID: AB_325004

Alexa 488-conjugated donkey anti-mouse Abcam Cat. #ab150105, RRID: AB_2732856

Alexa 594-conjugated donkey anti-rabbit Abcam Cat. #ab150064, RRID: AB_2734146

Alexa 488-conjugated donkey anti-rabbit Abcam Cat. #ab150153, RRID: AB_2737355

(Continued on next page)

iScience 26, 106647, May 19, 2023 19



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper https://data.mendeley.com/datasets/

hpshy3gddf/draft?a=4d2b303c-2782-

4f88-8daf-403fc9edd4aa

Experimental models: Cell lines

Human neural stem cells The pediatrics laboratory of the sixth

medical center of the Chinese

PLA General Hospital

the China National Institute for Food

and Drug Control (SH20220032)

human oligodendrocyte precursor cells The pediatrics laboratory of the sixth

medical center of the Chinese PLA

General Hospital

differentiated from hNSCs

Experimental models: Organisms/strains

Rats: Wistar rats Beijing Sibeifu Biotechnology Co., Ltd N/A

Software and algorithms

ImageJ Schneider et al.47 https://imagej.nih.gov/ij/

3DHISTECH Viktor Sebestyén Varga et al.48 https://www.3dhistech.com/

Imaris software Megan K Gautier et al.49 https://imaris.oxinst.com/

Other

insulin needles China Food and Drug Administration No. 20183140467

nanometer carbon suspension State Food & Drug Administration

of China

No. H20041829

Microliter Syringes Hamilton Cat. #87900
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dou Ye (yedou666199@163.com) who is also the point person for technical questions

about the protocol.
Materials availability

This study did not generate new unique reagents.

Data and code availability

Raw and analyzed data from Figures 1, 2, 3, 4, 5, 6, 7, and 8, and Figures S1–S5 have been deposited at

Mendeley and the DOI is listed in the key resources table. This paper does not report original code. Any

additional information required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

For experimental animal models

All animal operations were performed approved by the Experimental Animal Welfare and Ethics Commit-

tee of Beijing Physical and Chemical Analysis and Testing Center (Ethics number: 210520-SWDWF-003).

The animal model we studied is an experimental model of intrauterine desensitization involving female

Wistar rats of 15–17 days gestation. During intrauterine desensitization, the fetus is too small to judge

whether source fetal material is male or female.

There are few influence (or association) of sex, gender, or both on the results of the study. We recorded the

gender of rats that got transplantation after 6 weeks of desensitization:
20 iScience 26, 106647, May 19, 2023
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In the control group, because there was no surgical operation for intrauterine desensitization, we included

12 rats (6 males and 6 females) into the control group which littermates of the same sex were randomly as-

signed to four experimental groups based on the cells of transplantation.

(1) Control_OPC-1: (4 males and 2 females); involving 3 Wistar rats after 10 weeks of desensitization, 3

Wistar rats after 34 weeks of desensitization

(2) Control_NSC-1: (1 males and 2 females);

(3) Control_OPC-2: (2 males and 1 females);

(4) CSA_OPC-1: (1 males and 2 females).

In each intrauterine desensitization group, rats went through the surgery who survived were chosen to each

group. These successfully survived rats, we can’t control the male and female ratio of these rats. We re-

corded the gender of rats that got transplantation. Littermates of the same sex were randomly assigned

to experimental groups.

In i.p._OPC-1 group included 11 rats (4 males and 7 females), which were assigned to three groups based

on the cells of transplantation.

(5) i.p._OPC-1, (4 males and 2 females); involving 3Wistar rats after 10 weeks of desensitization, 3Wistar

rats after 34 weeks of desensitization;

(6) i.p._NSC-1, (1 males and 1 females);

(7) i.p._OPC-2, (1 males and 2 females).

In i.p.+brain_OPC-1 group included 13 rats (5 males and 8 females), which were assigned to three groups.

(8) i.p.+brain_OPC-1, (3 males and 3 females); involving 3Wistar rats after 10 weeks of desensitization,

4 Wistar rats after 34 weeks of desensitization;

(9) i.p.+brain_NSC-1, (1 males and 2 females);

(10) i.p.+brain_OPC-2, (1 males and 2 females); In (11) i.p.+muscle_OPC-1 group included 6 rats

(4 males and 2 females); involving 2 Wistar rats after 10 weeks of desensitization, 3 Wistar rats after

34 weeks of desensitization; OneWistar rats died during feeding; In (12) i.p.+muscle+brain_OPC-1

group included 9 rats (6 males and 3 females). involving 4 Wistar rats after 10 weeks of desensiti-

zation, 3 Wistar rats after 34 weeks of desensitization; Two Wistar rats died during feeding.

The animals in the dividal ventilated Cages (IVC) are raised in an environment of 20–26 �C and 40%–70%

humidity. The SPF laboratory is located on the 4th floor of Building B, Incubation Building, No. 7, Fengxian

Middle Road, Haidian District, Beijing, China. The food for the animals is purchased from Beijing Sibeifu

Biotechnology Co., Ltd. The drinking water from the tap water has been disinfected with softened ozone

under high pressure.
For cell lines

hNSCs were prepared in the pediatric laboratory of the Sixth Medical Center of PLA General Hospital,

Beijing, China, authenticated by National Institutes for Food and Drug Control of China (Report number:

SH20220032). The sex of hNSCs is male. hNSCs have been tested for mycoplasma contamination. hNSCs

were cultured in Dulbecco’s modified Eagle medium (DMEM) mixed with F12 medium (3:1) supplemented

with HEPES, D-glucose, progesterone, putrescine, sodium selenite, insulin, heparin, L-glutamine, basic

fibroblast growth factor (bFGF), epidermal growth factor (EGF), leukemia inhibitory factor (LIF), and peni-

cillin and streptomycin. hNSCs were seeded into T25 (2 3 106 cells/bottle), maintained at 37�C in a humid-

ified atmosphere with 8.5% CO2 in an incubator, passaged every 15 days. hNSCs were digested by 1 mL of

accutase into single cells which were re-suspended in hOPCs differentiation medium which contains Neu-

robasal�-A Medium mixed with putrescine, GlutaMAX�-1, B27, platelet-derived growth factor (PDGF),

neurotrophic factor-3 (NT3), bFGF, EGF, LIF, and penicillin and streptomycin, and inoculated on a 6-well

platepre-coated with fibronectin human plasma and laminin with 200 000 OPCs /well. Half the medium
iScience 26, 106647, May 19, 2023 21
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of hOPCs was replenished every 3 d. Ten of passage of hNSCs and three to five of passage of hOPCs were

chosen to transplanted.
METHOD DETAILS

Preparation of hNSCs and hOPCs for desensitization and transplantation

The hNSCs and hOPCs which derived from hNSCs isolated from the human fetal brain were prepared by

the pediatrics laboratory of the sixth medical center of the Chinese People’s Liberation Army General Hos-

pital Beijing, China, on September 2019.46 hNSCs (2 3 106 cells/bottle) were seeded into T25 cell culture

bottles in 5 mL of culture media which contains Dulbecco’s modified Eagle medium (DMEM) mixed with

F12 medium (3:1) supplemented with HEPES, D-glucose, progesterone, putrescine, sodium selenite, insu-

lin, heparin, L-glutamine, basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), leukemia

inhibitory factor (LIF), and penicillin and streptomycin at 37 �C in a humidified atmosphere with 5.0%

CO2. hNSCs were digested by 1 mL of Accutase-Enzyme Cell Detachment Medium (Cat. #00-4555-56,

Thermo Fisher Scientific, Waltham, Massachusetts, USA) into single cells which were re-suspended in

hOPCs differentiation medium which contains Neurobasal�-A Medium mixed with putrescine,

GlutaMAX�-1, B27, platelet-derived growth factor (PDGF), neurotrophic factor-3 (NT3), bFGF, EGF, LIF,

and penicillin and streptomycin, and inoculated on a 6-well platepre-coated with fibronectin human plasma

and laminin with 200 000 OPCs /well. Half the medium of hOPCs was replenished every 3 days. To identify

the characteristics of hNSCs and hOPCs, the cells were seeded in 24-well plates and immunofluorescence

staining was performed using mouse anti-A2B5 (1:50; Cat. #MAB1416, R&D Systems, Minneapolis, MN,

USA, RRID: AB_357687), rabbit anti-platelet-derived growth factor (PDGF) receptor-a (1:800; Cat.

#C5241, Cell Signaling Technology, Boston, MA, USA, RRID: AB_10692773), rabbit anti-oligodendrocyte

transcription factor 2 (OLIG2) (1:300; Cat. #AB9610, Millipore, MA, USA, RRID: AB_570666), mouse anti-

sex-determining region Y (SRY)-box transcription factor 10 (SOX10) (1:300; Cat. #MAB2864, R&D Systems,

Minneapolis, MN, USA, RRID: AB_2195180), and mouse anti-nestin (1:100; Cat. #ab6320, Abcam, Cam-

bridge, UK, RRID: AB_308832). Flow cytometric analysis was performed using BV421 PDGFR-a mouse

anti-human (Cat. #562799, BD Biosciences, Franklin Lake, NJ, USA, RRID: AB_2737804) and PE A2B5 mouse

anti-human (Cat. #130-093-581, Miltenyi Biotec, Bergisch-Gladbach, Germany, RRID: AB_10830711).

hOPCs-1 (cells prepared for desensitization), hNSCs-1 (hOPCs-1 differentiated from hNSCs-1), and

hOPCs-2 (hOPCs-1 and hNSCs-1 derived from the same fetus whereas hOPCs-2 derived from the other

fetus) were respectively included in our study which were digested and resuspended in saline at 4 �C.
Ten of passage of hNSCs and three to five of passage of hOPCs were chosen in intrauterine desensitization

and transplantation. Desensitization was performed using 100 000 cells/25 ml/site. Six weeks after desen-

sitization, 200 000 cells/3 ml/site from day seven of cell culture were grafted in transplantation.
Intrauterine desensitization

Wistar rats aged 15–17 days in utero were anesthetized using Isoflurane (Cat. #R510, BD Biosciences,

Franklin Lake, NJ, USA). We made a transverse incision in the abdomens of the pregnant rats to expose

the fetal rats, and gently pulled them one by one to a warm saline gauze. The fetuses of Wistar rats at

15–17 days gestation were injected 100 000 hOPCs-1/ 25 ml into brain, limbs (the left forelimb), and

abdomen separately ex utero using insulin needles (33G needles, CFDA Device No. 20183140467, China)

and labeled the graft site with nanometer carbon suspension (SFDA, Approval No. H20041829, China).

While the fetuses of control without injection for desensitization. After desensitization, the fetuses were

gently returned to the abdominal cavity, and the cavity was sutured. Wistar rats at gestational ages of

15–17 days were divided into four groups with desensitization of hOPCs-1 (control (n=15), intraperitoneal

[i.p.] (n=11), i.p.+muscle [i.p.m] (n=5), i.p.+brain [i.p.b] (n=13), i.p.+muscle+brain [i.p.mb] (n=7) groups)

based on the desensitization sites to explore the difference between no desensitization, central and pe-

ripheral desensitization to induced immune tolerance.
Flow cytometric analysis of immune cells in rat peripheral blood

Six-, 10-, and 34-week-old Wistar rats were anesthetized by Isoflurane and fixed. The tail was severed and

quickly placed in an Eppendorf tube containing heparin sodium (Cat. #H3149, Sigma-Aldrich, St. Louis,

MO, USA), and 1.5–1.8 mL of blood was collected. The following antibodies (key resources table) were

added after adding red blood cell lysate (Cat. # 420301, BioLegend, St. Louis, MO, USA), and evenly

dividing samples into detection, compensation single dye, and ISO tubes. The scheme for flow cytometric
22 iScience 26, 106647, May 19, 2023



ll
OPEN ACCESS

iScience
Article
analysis of peripheral blood was provided in Table 3. These membranal antibodies were incubated for

20 min at 28 �C in the dark. For the incubation of Foxp3, we added True-Nuclear� 1X Fix Concentrate

to tube, and incubate at room temperature in the dark for 60 minutes. After that, the Foxp3 antibody

was incubated for 60 min at 28 �C in the dark. The washing buffer (key resources table) was added to

each tube and thoroughly mixed. All tubes were analyzed using BD–LSRII (BD Biosciences, Franklin

Lake, NJ, USA) and data were analyzed on the Flowjo�10 software (BD Biosciences, Franklin Lake,

NJ, USA).

Transplantation

Six weeks after desensitization, the Wistar rats were anesthetized, fixed, and then placed on the rat brain

stereotactic locator (Kopf900, RWD, Shenzhen, China). Wemade an incision on the skin of brain and burned

the periosteum of the skull with 2% hydrogen peroxide solution (SFDA Approval No. H12020931, China) to

expose and establish the graft site (AP=1.28 mm, L=2.0 mm, V=-2.8 mm). We used a skull drill (Cat. #LGZ-1,

KEW, Nanjing, China) to make a small hole in the graft site. We transplanted 200 000 hOPCs-1, hNSCs-1

and hOPCs-1/3 ml into the corpus callosum using Microliter Syringes (5 ml, Cat. #87900, Hamilton, Bonaduz,

Switzerland) with round-head glass. The syringe was left in situ for 3 min and then gradually and gently with-

drawn to avoid pulling out the cells left on the syringe. For other graft sites, including desensitized (the left

forelimbs) and un-desensitized (the right hind limbs) muscles, we performed the same operations and

labeled themwith nanometer carbon suspension (SFDA, Approval No. H20041829, China) as the transplan-

tation site. Concomitantly, the cyclosporine (CSA) group was set up to compare the difference between

induction of immune tolerance by intrauterine desensitization and immunosuppressive agents. Three

days before transplantation, the six-week-old Wistar rats were given an i.p. injection of cyclosporine

(10 mg/kg/day) (Cat. #59787-61-0, GlpBio, California, USA) until one month after transplantation, and

then cyclosporine (100 mg/ml) was added to drinking water until the observation time point. If continuous

weight loss, redness of the eyelids, and nosebleed damage were found in rats during immunosuppression,

cyclosporine was reduced or stopped.

Wistar rats at 15–17 days gestation that were desensitized in the uterus via hOPCs-1 were transplanted via

hOPCs-1, hNSCs-1 and hOPCs-2 into the abdomen, brain, and muscles. The above rats were distributed

into eleven groups (Table 1) to explore the difference in immune tolerance induced by different grafts.

Immunohistochemical and immunofluorescence staining

Wistar rats aged 10 and 34 weeks were euthanized using Chloral hydrate (Cat. #82128-69-6, Sigma-Aldrich,

St. Louis, MO, USA) overdose and perfused with phosphate-buffered saline followed by 4% paraformalde-

hyde (Cat. #15827, Sigma-Aldrich, St. Louis, MO, USA). The brain andmuscles were removed and immersed

in 20% sucrose until they sank. The whole brain (from the olfactory bulb to the brain stem) was cut coronally

in a 1:10 series at 14 mm, and muscles were cut at an 8 mm thickness. Immunohistochemistry and immuno-

fluorescence staining were performed using the primary antibodies: mouse-anti CD4 (1:100, Cat.

#ab33775, Abcam, Cambridge, UK, RRID: AB_726468), mouse-anti CD8 (1:300, Cat. #MCA48G, Bio-Rad,

California, USA, RRID: AB_32147), mouse-anti OX42 (1:300, Cat. #MCA275G, Bio-Rad, California, USA,

RRID: AB_321301), mouse-anti HNA (1:500, Cat. #MAB1281, Millipore, MA, USA, RRID: AB_94090),

mouse-anti Stem121 (1:500, Cat. #Y40410, TaKaRa, Shiga, Japan, RRID: AB_2801314), and rat-anti MBP

(1:100, Cat. #MCA409S, Bio-Rad, California, USA, RRID: AB_325004). Alexa 488-conjugated donkey anti-

mouse (1:500, Cat. #ab150105, Abcam, Cambridge, UK, RRID: AB_2732856), Alexa 594-conjugated donkey

anti-rabbit (1:500, Cat. #ab150064, Abcam, Cambridge, UK, RRID: AB_2734146), and Alexa 488-conjugated

donkey anti-rabbit (1:500, Cat. #ab150153, Abcam, Cambridge, UK, RRID: AB_2737355) secondary anti-

bodies were used for immunocytochemistry. Cell nuclei were labeled with 40,6-diamidino-2-phenylindole

(DAPI, 1:20, Cat. #28718-90-3, Sigma-Aldrich, St. Louis, MO, USA). Cells were observed using fluorescence

microscopy (IX-70, Olympus Corporation, Tokyo, Japan).

Mixed lymphocyte culture

Thirty-four weeks after desensitization, the spleens of Wistar rats in each group were ground and divided

into plasma, lymphocytes, monocytes, platelets, granulocytes, or erythrocytes using lymphocyte separa-

tion solution (Ficoll-PaqueTM Plus, Cat. #17144002, Cytiva, Montana, USA). Lymphocytes and monocytes

were collected and centrifuged to produce peripheral blood mononuclear cells (PBMCs), which were

then frozen in liquid nitrogen for subsequent usage. hOPCs-1, hNSCs-1, and hOPCs-2 were inoculated

on a 48-well plate treated with coating solution overnight. After one day of culture, mitomycin C (20 mg/
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mL, Cat. # R051186, RHAWN, Shanghai, China) was used to inactivate the hOPCs and hNSCs. Similarly,

PBMCs isolated from the spleen were resuscitated and treated with 5-(and 6)-Carboxyfluorescein diacetate

succinimidyl ester (CFSE, 0.1 mM, Cat. #423801, Biolegend, San Diego, California, USA) to assess cell divi-

sion and proliferation, and were set up without CFSE in the experiment to show that the staining intensity of

CFSE was moderate, and were stimulated with concanavalin A (ConA, 5 ml/ml, Cat. #C5275 Magi Sigma,

Darmstadt, Germany). The treated PBMCs were seeded into hOPC culture plates (PBMC: hOPC/hNSCs,

5:1) and placed at 37 �C in a humidified 5% carbon dioxide incubator. After three days of mixed lymphocyte

culture, each well of the 48-well plate was supplemented with 250 ml of 1640 medium (Cat. #A10491-01,

Gibco, Grand Island, New York, USA), and the cells were collected after five days of mixed culture for

flow cytometric analysis. The operation steps were the same as above.
QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of graft cells

Wemade continuous frozen sections (14 mm/section) of the whole brain (from the olfactory bulb to the brain

stem), and collected 1-in-10 sections which were involved 50 to 80 sections for every brain for HNA immu-

nohistochemical staining and counted the number of HNA positive cells. Pannoramic Scan (3D HISTECH)

was used to scan a series of coronal sections. For the number of the grafts stained for HNA and optical den-

sity (OD) of T-helper cells and microglia were quantified using the ImageJ software (Version 9.8, Bitplane,

Zurich, Switzerland). The images were analyzed by setting the quantity threshold, the sum of area, and in-

tegratedOD. The number of HNA+ cells was automatically counted by the Imaris software. All transplanted

cells from each brain sample were analyzed under high magnification (nR3).
Statistical analysis

Every individual in the chosen samples in the the control group and groups undergoing intrauterine desen-

sitization should be included with an equal chance. The data in this study were analyzed using the

GraphPad Prism version 8 software (GraphPad Software, San Diego, CA, USA, www.graphpad.com). All

Measurement data are expressed as x G STDEV.P. We used SPSS software (26.0) to perform normality

test and variance homogeneity test on the samples. Two samples that met the above conditions were sub-

jected to independent sample Student’st-tests, and those that did not meet the above two conditions were

subjected to one-way analysis of variance (ANOVA) test; For three samples, when they met the homoge-

neity of variances, use the LSD test for post hoc multiple comparison, and if they did not meet the homo-

geneity of variances test, they were subjected to the Tamhini test. Differences were considered statistically

significant when p<0.05, and p<0.01.
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