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Abstract

For cellular or tissue transplantation using iPS cells (iPSCs), from the viewpoint of time and

economic cost, an use of allogeneic ones is being considered. Immune regulation is one of the

key issues in successful allogeneic transplantation. To reduce the risk of rejection, several

attempts have been reported to eliminate effects of major histocompatibility complex (MHC)

on the iPSCs-derived grafts. On the other hand, we have shown that minor antigen-induced

rejection is not negligible even when the MHC’s impact is mitigated. In organ transplantation,

it is known that donor-specific blood transfusion (DST) can specifically control immune

responses to the donor. However, whether DST could control the immune response in iPSC-

based transplantation was not clarified. In this study, using a mouse skin transplantation model,

we demonstrate that infusion of donor splenocytes can promote allograft tolerance in the MHC-

matched but minor antigen-mismatched condition. When narrowing down the cell types, we

found that infusion of isolated splenic B cells was sufficient to control rejection. As a

mechanism, the administration of donor B cells induced unresponsiveness but not deletion in

recipient T cells, suggesting that the tolerance was induced in the periphery. The donor B cell

transfusion induced allogeneic iPSCs engraftment. These results suggest for the first time a

possibility that DST using donor B cells could induce tolerance against allogeneic iPSC-

derived grafts.
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Introduction

Pluripotent stem cells (PSCs) are thought to be a source of therapeutic cells for transplantation

because of the ability to differentiate into any cell types in the bod(1) Since induced pluripotent

stem cells (iPSCs), a type of PSCs, can be produced by gene introduction into somatic cells(2,

3), it is possible to generate autologous therapeutic cells from each individual who needs

transplantation. Although there have been reports that various cell types, such as retinal

pigment epithelial cells, were successfully differentiated from autologous iPSCs and

transplanted to patients, the time required for the production and quality evaluation of those

therapeutic cells may hinder its general application(4—6). On the other hand, when qualified

off-the-shelf allogeneic iPSCs are stocked in advance, the duration of the product examination

would be shortened(7-9). Because of the advantage, allogeneic iPSCs have been considered as

a major source of therapeutic cells. However, allogeneic iPSCs could be a target of

immunological rejection by the recipient's immune system.

It has been well established that major histocompatibility complex (MHC) molecular

mismatch between the donor and recipient increases the risk of rejection(10). Indeed, studies

of kidney transplant recipients have shown that higher number of mismatched MHC caused

shorter survival of the transplanted grafts(11). Therefore, in transplantation using iPSCs, it is

planned to prepare allogeneic iPSC lines with a matched MHC type for recipients to reduce the

risk of rejection(7, 8). Based on this, MHC-type homologous iPSCs that are compatible with
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multiple MHC types have been stocked(7, 8). Furthermore, several gene-modified iPSCs which

lack MHC molecules to reduce the risk of rejection (so-called universal iPSCs) have been

reported(12—15). However, in addition to MHC molecules, minor antigen mismatches also

increase the risk of rejection(16, 17). Minor antigens are protein molecules expressed by donor

cells whose amino acid sequence differs from that of the recipient and to which recipient T

cells react as non-self(18). Minor antigens activate T cells through an indirect pathway

presented by recipient antigen-presenting cells, and it is known that a single minor antigen

mismatch alone can result in graft rejection(19, 20). In transplantation experiments of iPSC-

derived therapeutic cells using non-human primates, it has been reported that the use of MHC-

type matched iPSCs attenuated the immune response, but the use of immunosuppressive agents

was necessary to maintain graft viability(21-24). These findings suggest that immune control

is still essential in allogeneic iPSC-based transplantation even when the impact of MHC is

minimized as long as the minor antigen mismatch remains. However, appropriate immune

control regimens for iPSC-based transplantation have not been investigated sufficiently.

We have previously developed an experimental mouse skin transplantation model to

examine immune responses and develop appropriate immunoregulation protocols for MHC-

matched but minor antigen-mismatched transplants(25, 26). This model has shown that it was

challenging to control rejection for the long term even with the combination of tacrolimus,

mycophenolate mofetil, and steroids, which are commonly used in organ transplantation(26).
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Although the effect of the MHC matching was identified in the model, it seemed necessary to

develop safe and efficient immunoregulatory protocols, including immune tolerance induction

for transplantation using MHC-matched (or universal) iPSCs.

In organ or tissue transplantation, it has been reported that donor-specific transfusion

(DST) using spleen or peripheral blood can induce immune tolerance to the donor and control

rejection without the use of immunosuppressive agents(27). In clinical practice, DST has been

shown to prolong graft survival in human kidney transplantation(28, 29). On the other hand, it

has not been clarified whether DST is also effective for iPSCs-based transplantation. To apply

DST to iPSCs-based transplantation, it is necessary to prepare hematopoietic cells from iPSCs,

but the generation of all blood cell types contained in peripheral blood or spleen is of great

technical difficulty and exceeds an affordable cost. For these reasons, it is necessary to identify

effective blood cell types to induce immune tolerance and to clarify whether they can be applied

to iPSC-based transplantation.

In this study, we have attempted to identify blood cell type which can induce immune

tolerance to MHC-matched transplanted grafts by DST. We used the above-mentioned mouse

skin transplantation model and also MHC-matched iPSCs transplantation. The results indicated

that B cells in the spleen were the cell type that efficiently induced immune tolerance. We

analyzed the mechanism of T cell reactivity reduction after donor B cell administration.This

information is beneficial when DST is applied for iPSCs-based transplantation.
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Methods

Mice

Five to eight-week-old male BALB/c (MHC haplotype: H-244), C57BL/6J (B6) (H-2°®),
B6&9eld (H-25%)(30), CBA/N (H-2¥%), and 129X1/Sv (H-2°®) and female C3H/He (H-2¥*%) were
purchased from Japan SLC, Inc. C3129F1 (H-2¥°) mice were obtained by breeding female
C3H/He and male 129X1/Sv mice in our institute's animal experimental facility. All animal
experiments were approved by the Hokkaido University Animal Care Committee (Approval
number: 22-0080) and conducted in accordance with the "Regulations Concerning Animal

Experiments at Hokkaido University National University Corporation."

Cell Preparation

Splenocytes were obtained by lysing red blood cells from the spleen. B or T cells were isolated
from splenocytes using CD19 or CD90.2 MicroBead kits (Miltenyi Biotec), respectively,
according to the manufacturer's procedure. The isolated cells were analyzed by flow cytometry
to confirm that the purity was >95%. Bone marrow cells were collected from the tibias and
femurs and used for induction of bone marrow-derived dendritic cells (BM-DCs) and
macrophages (BM-Ms). BM-DC or BM-M were induced by culturing bone marrow cells in

RPMI 1640 (Wako) supplemented with 10% fetal bovine serum (Nichirei), 55 uM 2-
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mercaptoethanol (Nacalai Tesque), 1% nonessential amino acids (Nacalai Tesque), 1% sodium

pyruvate (Nacalai Tesque), and 1% penicillin and streptomycin (Nacalai Tesque) containing 10

ng/ml granulocyte-macrophage colony-stimulating factor (Biolegend) or 10 ng/ml macrophage

colony-stimulating factor (Biolegend), respectively, for 6 days. During induction of BM-DC

and BM-M, the medium was changed on days 2 and 4. For BM-DCs, CDl11c cells were isolated

using the CD11c MicroBead kit (Miltenyi Biotec) according to the manufacturer's instructions.

BM-M was collected using a cell scraper in phosphate-buffered saline containing 10 mM

ethylenediaminetetraacetic acid (Dojindo).

Donor cell infusion and skin transplantation

As pretreatment for recipient mice, anti-CD4 (clone; GK1.5) and anti-CD8 (53-6.7) antibodies

were administered 13 and 8 days before skin transplantation to deplete peripheral T cells.

Donor blood cells were administered intravenously in the tail vein (only BM-M was

administered intraperitoneally) after 3-Gy total body irradiation of X-rays 7 days before skin

transplantation. Dorsal ear skin tissues of donor mice were used as grafts. Recipient mice were

anesthetized by intraperitoneal administration of a mixture of Domitor (Nippon Zenyaku

Kogyo), Midazolam (Takeda), and Vetorphale (Meiji Seika Pharma), and the skin graft was

replaced by excision of the dorsal chest wall skin (approximately 10 mm in diameter)(31). Skin

grafts were observed regularly, and we defined the period of graft survival as the time from the
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date of grafting to the date when the diameter of the healthy skin graft was less than 30% of its

initial size.

Mixed lymphocyte reaction (MLR)

Splenocytes were harvested from recipients 8 weeks after skin transplantation, and B cells were
removed using a CD19 MicroBead kit; B cell-depleted splenocytes were labeled with 0.25 nM
carboxyfluorescein succinimidyl ester (CFSE) (Dojindo) and used as responder cells.
Splenocytes irradiated with 30 Gy of X-rays were used as stimulator cells. Responder cells
(2x10°%) and stimulator cells (1x10%) were co-cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 55 uM 2-mercaptoethanol, 1% non-essential amino acids, 1%
sodium pyruvate, 1% penicillin and streptomycin in 96-well round-bottom plates. Four days
after co-culture, cells were analyzed by flow cytometry, and T cells with decreased CFSE

fluorescence intensity were evaluated as reacted cells.

Flow cytometry and antibodies

Flow cytometry analysis was performed using FACSCanto II (BD Biosciences), FACSAria 11
(BD Biosciences), or FACSCelesta (BD Biosciences), and data were analyzed with FlowJo
software V7.6.5 (Tree Star). For fluorescence-activated cell sorting (FACS) analysis, the cell

surface was stained with the fluorescent-labeled antibodies listed in supplementary table 1. For
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Treg detection, intracellular staining was performed with anti-Foxp3 antibody using
Foxp3/Transcription Factor Staining Buffer Set (eBioscience). For data analysis, leukocytes
were gated based on forward and side scatters, and cells that incorporated propidium iodide
(PI) or 4',6-diamidino-2-phenylindole (DAPI) (Cayman) were excluded from the analysis as

dead cells.

RNA extraction for T-cell receptor (TCR) repertoire analysis

CD4" and CD8" T cells were sorted from recipients splenocytes using FACSAria IT at least 100
days after saline or B cell administration. MLR was performed to detect and isolate recipient
CD4" and CD8" T cells that reacted against donor splenocytes. In this MLR experiment, CFSE-
labeled naive C3129F 1-derived splenocytes (2x10°) were used as responder cells, and X-ray
(30 Gy) irradiated donor splenocytes (8x10°) were used as stimulator cells. RNA was extracted
from each experimental group using PureLink RNA Mini Kit (ThermoFisher SCIENTIFIC)

according to the manufacturer's procedure.

NGS analysis
RNA Integrity number (RIN) value was analyzed using the Agilent RNA6000 Nano kit and the
Agilent 2100 Bioanalyzer (Agilent Technologies). The RIN values of all samples were

confirmed to be 7.8 or higher. Libraries were prepared from RNA (1300 ng) using the
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SMARTTer Mouse TCRa/b Profiling Kit (TAKARA). Next generation sequencing was
performed using MiSeq Reagent Kit v3 (600 Cycle) with MiSeq (Illumina). The collected data

were analyzed after conversion to fastq files.

Data analysis

Sequence reads for each sample were mapped on the TCR gene using MiXCR 3.0.13, the
complementary determining region 3 (CDR3) sequence of TCRf was extracted, and the
corresponding reads were counted. Read counts were normalized by the total number of reads
mapped to CDR3 and converted to T cell clone frequency. Donor-reactive T cells were analyzed
according to the method of Reference 31 with some modifications(32), defined as the T cells
proliferating in the MLR that show a frequency of 10 or more and appear five times more

frequently than in naive mice.

Luciferase-expressing iPSC (Luc-iPSC) transplantation

Luc-iPSCs and transplantation using them were established in our previous study(26). Briefly,
B6 fetal fibroblast-derived iPSCs were cultured in Advanced-DMEM/F-12 (Thermofisher)
supplemented with Neuro Brew-21 (Miltenyi Biotec), N2 supplement (Wako), 1% penicillin-
streptomycin, 0.03% L-glutamine, 3 pM CHIR99021 (Adooq), 1 uM PD0325901 (Tocris), and

in-house recombinant human leukemia inhibitory factor under 37°C, 5% CO; conditions on
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dishes coated with laminin (Nippi). Recipient mice were anesthetized as described above and
inoculated subcutaneously with 1.5x10°% Luc-expressing iPSCs with an equal number of cells
to be administered between groups. Graft monitoring was performed using an IVIS Spectrum
Imaging System (Caliper Life Sciences). To detect the luminescent signal, recipient mice were
administered 6 mg D-luciferin (Cayman) intraperitoneally, and the signal was measured 20
minutes after the administration by imaging with a 5-seconds exposure time. Data obtained
using Living Image software were analyzed to calculate radiance (photons/sec/cm?/sr) and total
flux (photons/sec) by region of interest centered on the site where the Luc-iPSC was

transplanted.

Statistical analysis

JMP 16.0.0 software (SAS Institute Inc.) was used for statistical analysis. The Student's t-test
(unpaired, two-tailed) or Tukey's honest significant difference (HSD) test was used to test for
statistically significant differences. Graft survival was analyzed with Kaplan-Meier survival
curves and bonferroni-corrected Log-rank tests. Analysis of the frequency of donor-reactive T-
cell clones between groups was performed with Fisher's exact test. The number of donor-
reactive clones detected in naive mice was N, the number of donor-reactive clones detected in
saline-treated recipients was DTsaline, and the number of donor-reactive clones detected in B-

cell-treated recipients was DTocent @s [DTsaline, N-DTsatine; DTocett, N-DToeelt] 2x2 contingency
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Results

Administration of donor splenocytes or splenic B cells selectively prolonged the survival

of skin grafts

First, we tested whether DST is effective in regulating rejection in an MHC-matched but minor

antigen-mismatched transplantation model in order to investigate its applicability to allogeneic

iPSC-based transplantation. B6-derived splenocytes were administered intravenously to

pretreated recipient mice, and skin transplantation was performed (Fig. 1A). In the control

group, which received only saline without donor blood cells, all third-party BALB/c and B6

skin grafts were rejected (Fig. 1B). In contrast, in recipients which had been administered with

B6-derived splenocytes, BALB/c skin grafts were rejected by day 58 (median survival time:

MST = 18 days), but B6 skin grafts survived for more than 100 days (MST > 100 days) (Fig.

I1B). These results indicate that DST is effective for the regulation of minor antigen-

mismatched transplantation.

Splenocytes contain various types of blood cells. We next attempted to identify blood

cell type that is sufficient for successful DST. In recipient mice administered with B6-derived

B cells, BALB/c skin grafts were rejected at early time points, whereas B6 skin grafts survived

for more than 100 days (Fig. 1C). The macroscopic observation of the B6 skin grafts was

similar to that of syngeneic grafts (Fig. 1D). In recipient mice receiving B6-derived T cells,
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BALB/c-derived grafts were all rejected by day 57 (Fig. 1C). In contrast, one out of six B6 skin
grafts was rejected on day 13. In addition, two recipients weakened and died on days 20 and
24 after skin grafting (Fig. 1C). It was considered due to transfer-associated GVHD(33, 34) as
a result of administering allogeneic T cells to the recipients in an immunocompromised state
after pretreatment.

Splenocytes contain a large number of T and B cells but few myeloid cells. Therefore,
to evaluate the ability of myeloid cells to regulate rejection, bone marrow-derived dendritic
cells (BM-DCs) and macrophages (BM-Ms) were used in the following experiments. Survival
of B6 skin grafts was significantly prolonged compared to BALB/c skin grafts when BM-DCs
were administered, but half of the grafts underwent rejection (Fig. 1E). When BM-Ms were
administered, all BALB/c and B6-derived skin grafts were rejected, with no significant
difference in their survival (Fig. 1F). To determine whether the recipients received B cells are
tolerant to the donor, second skin transplantation was performed on recipients who had already
accepted the B6 skin grafts. Although two out of six B6 skins were rejected, the B6 skin grafts
survived significantly longer than the BALB/c skin grafts in the second transplant (Fig. 1G).
These results indicate that donor B cell transfer has the ability to control rejection and induce
immune tolerance to allografts.

Next, we tested whether the number of B cells needed to regulate rejection could be

reduced. When the number of B cells administered was reduced to half (1.5x107), B6-derived
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grafts were successfully engrafted in 80% of recipients (Fig. S1A). On the other hand, when
the B cell number was reduced to 1/10 (3x10%), less than 20% of B6 grafts survived longer than
100 days (Fig. S1B). In addition, to verify the necessity of pretreatment, transplantation
experiments were performed with B cells administered to non-pretreated recipients. All skin
grafts derived from BALB/c and B6 were rejected, with no significant difference in survival
between the two groups (Fig. S1C). These results suggest that in allogenic MHC-matched
iPSC-based transplantation, B-cell administration prolongs graft survival in a donor-specific
manner without serious side effects. In addition, pretreatment is essential to regulate rejection

by the B-cell administration.

In vitro T-cell reactivity was selectively reduced with the donor splenic B cell
administration
To detect T cell responses to minor antigens, it is necessary to stimulate T cells by the indirect
pathway. Therefore, we performed MLR, which can detect T cell activation by both direct and
indirect pathways(25), and analyzed whether T cell responses are suppressed by B cell
administration (Fig. S2).

The responsiveness of CD4-positive T cells to syngeneic stimulation cells was not
increased by B cell administration, and there was no significant difference in the percentage of

proliferated CD8" T cells between the B cell-administrated and control groups (Fig. 2A, B). In
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contrast, the percentage of the cells that responded to B6-stimulator cells was significantly
lower in the recipients who received B6 B cells compared to the control group (Fig. 2B). These
results suggest that the B cell administration has a potential to induce T cell unresponsiveness
to the donor. The magnitude of T cell responses to BALB/c stimulator was much higher
compared to other stimulators (Fig. 2B), because it includes direct recognition in addition to
indirect one. Rather, the B6 B cell-treated group showed higher responses in the BALB/c
stimulator settings (Fig. 2B). Since the efficiency of T cell differentiation into memory subsets
is enhanced in the presence of B cells(35), it is possible that memory T cells for BALB/c were

more frequently present in the B cell-administered recipients than in the saline-administered

group.

Donor-derived B-2 cells were mainly distributed in the recipient secondary lymphoid
tissues

To elucidate the mechanism of immune tolerance induction, we first analyzed the distribution
of donor B cells in the recipient. In peripheral blood and secondary lymphoid tissues, i.e.,
spleen and lymph nodes, the percentage of donor cells (CD45.1") in total B cell population was
highest in the early phase (week 1) after cell administration and decreased by week 3 (Fig. 3A,
B). CD45.1" B6 B cells were still detected at week 7 after cell administration, indicating that

donor B cells were persistently located in secondary lymphoid tissues at least until week 7 (Fig.
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3A, B). Donor B cells were also detected in the primary lymphoid tissue, the thymus, but at a
lower rate than in the secondary lymphoid tissue, and some individuals had no donor-derived
B cells detected in the thymus at weeks 1, 5 and 7 after treatment (Fig. 3A, B).The central
tolerance mechanism of T cells induced in the thymus requires the persistent presence of donor-
derived antigen-presenting cells in the thymus(36). Taken together, these findings suggested
that the administration of donor B cells may have induced immune tolerance in recipient T cells
by a peripheral mechanism.

We then analyzed a subset of B cells distributed in the recipients. The B cell subsets
in the spleen, B-1 and B-2 cells are classified as CD19°CD43" and CD19°CD43" cells,
respectively(37) (Fig. 3C, left for WT spleen). Using these markers, we examined the subsets
of infused B cells distributed in the recipients as shown in Fig. 3C. The results indicate that the
distributed cells retained the preinfused B-1/B-2 cell proportion (Fig. 3D). Therefore, in this
experimental setting, administration of donor B cells which mainly contained B-2 subset

induced allograft tolerance.

The expression of antigen presentation-related molecules was upregulated on donor B
cells in recipient peripheral lymphoid tissues
Next, we analyzed molecular expression changes before and after the B cell administration.

Since B cells are known to regulate T cell responses through interactions mediated by
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molecules such as Fas ligand (FasL)(38) and programmed death-ligand 1 (PD-L1)(39), we
analyzed the expression of these molecules. Although FasL. was upregulated in donor B cells
in lymph nodes (Fig. S4A) and PD-L1 was upregulated in donor B cells in the spleen (Fig.
S4B), results were not consistent between lymph nodes and spleen. In addition, administration
of B cells derived from B684€4 mice, which are genetically deficient in functional FasL(30),
to pretreated C3129F1 recipients maintained long-term survival of B6-derived skin grafts,
indicating that the donor B cells induced allograft tolerance in a FasL-independent manner (Fig.
S4C).

On the other hand, the expression of MHC class I and II molecules was upregulated
in donor-derived B cells distributed in lymph nodes and spleens compared to naive B6 splenic
B cells (Fig. 4A, B). Furthermore, the expression level of CD80/CD86, co-stimulatory
molecules for antigen presentation, was similarly elevated in B6-derived B cells in both lymph
node and spleen tissues compared to that before administration (Fig. 4C, D). These results
suggest that donor B cells have increased antigen-presenting capacity after administration to
the recipients. When irradiated (40 Gy) B cells were administered to C3129F1 mice, immune
tolerance was not induced and B6 skin grafts were rejected (Fig. 4E). The data indicates that

survival of donor B cells is necessary for the induction of immune tolerance.

T cell unresponsiveness is induced by the administration of donor B cells
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As a mechanism for the tolerance induction by DST, it has been reported that an increase in the
frequency of regulatory T cells(40, 41), a deletion of alloreactive T cells(38, 42), or induction
of T cell unresponsiveness(43) occurs in the recipients. Therefore, we tested whether regulatory
T cells were changed by the donor B cell administration and found that the percentage of the
regulatory T cells was not increased in the spleen, lymph node, and thymus of the recipient
mice compared to naive or saline-treated mice (Fig. SA). Next, to test whether the deletion of
alloreactive T cells contributes to the tolerance induction, we analyzed changes in TCR
repertoire frequency before and after donor B cell administration according to the method by
Morris et al. (32) (Fig. S3). The frequency of donor-reactive CD4" T-cell clones was not
reduced in recipient mice administered donor B cells compared to saline-administered mice.
Donor-reactive CD8" T cells were not decreased in the B cell administered recipients compared
to the saline administered recipients, but rather significantly increased (Fig. 5B). Taken
together with the results of the second transplantation (Fig. 2B), we hypothesized that
alloreactive T cells remained after the administration of donor B cells. In summary, in this study,
we could not detect any increase in regulatory T cells nor elimination of T cell clones by the
administration of donor B cells.

Next, we tested whether unresponsiveness was induced in alloreactive T cells after
donor B cell administration using MLR. When CD4" T cells from B cell- or saline-treated

recipients were added to MLR in which naive C3129F1 splenocytes were stimulated with
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BALB/c cells, the proliferation of C3129F1 CD8" T cells was increased (Fig. 5C, S5). These
results indicate that the added CD4" T cell derived from saline- and B cell-administered
recipients included BALB/c reactive clones and enhanced CD8" T cell reactivity. The response
of C3129F1 CDS8" T cells stimulated with B6-stimulator cells was enhanced when CD4" T cells
derived from saline-treated recipient mice were added to the MLR. On the other hand, the
response was neither enhanced nor suppressed when B cell-treated recipient-derived CD4" T
cells were added (Fig. 5C, S5). Taken together, these results suggest that the administration of

donor B cells induced alloreactive T cell unresponsiveness in the recipients.

Donor B cell administration promoted engraftment of allogeneic iPSCs

It is known that PSCs form teratomas when transplanted into immunodeficient mice(2). In
addition, iPSCs are able to develop teratoma in allogenic settings when the recipients are
immunosuppressed(26, 44, 45). Therefore, we tested whether B6-derived iPSC teratoma
formation is promoted in recipients treated with B6-derived B cells. In saline-treated recipients,
signals were detected in only one out of three recipients 15 days after Luc-iPSC transplantation
(Fig. 6A). In contrast, in the B cell-treated recipients, signals were detected in all recipients
from day 15 to 50 after transplantation (Fig. 6A). In addition, a significantly higher signal was
detected in the B-cell-treated recipients than in the control group from day 15 to 50 post-

transplantation (Fig. 6B). On day 50 after the transplantation, teratoma formation was observed
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in all transplanted recipients in the B cell-treated group, while only one recipient in the saline-

treated group had teratoma formation. The weight of the teratoma formed in the B cell

transferred group was significantly higher than in the control group (Fig. 6D). These results

indicate that donor B cell administration promotes teratoma formation in allogeneic recipients

and suggest that B cell-based DST may be effective for immune regulation in iPSC-based

transplantation.
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Discussion

In this study, we have successfully identified a blood cell type for DST sufficient to regulate

rejection in MHC-matched allogeneic transplantation. Isolated donor B cells alone were

sufficient to control rejection of allogenic skin grafts and iPS cell grafts and to induce immune

tolerance to the donors. results provide an important perspective for developing new

immunoregulatory methods in allogeneic iPSC-based transplantation.

It has been reported that when MHC-type matched donor-derived iPS cells were used,

graft survival was maintained with the use of immunosuppressive agents, but T-cell infiltration

of the graft was observed even with the use of immunosuppressive agents(21, 24). Therefore,

even if the risk of rejection is reduced by matching MHC types, immune regulation is still

essential. In addition, a strategy to avoid direct T cell responses to allografts by MHC knockout

of iPSCs is currently being developed and has succeeded in preventing rejection in

experimental models(12—15). However, in organ and tissue transplantation, T cells can also be

activated through indirect pathways, causing rejection independent of MHC expression in the

graft(46—49). Therefore, even if MHC-matched or -knockout iPSCs are used, it is necessary to

develop a method to suppress allo-reactive T cells. In the present study, we showed that the

administration of isolated donor B cells, particularly living ones, selectively prolonged the

survival of donor-type skin and iPSC grafts. Furthermore, T cell activation by the indirect

pathway was reduced in recipients treated with the donor B cell administration, suggesting that
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recipient T cells became tolerant to the donor. These results suggest that the combination of

MHC gene-editing technology and the current B cell-based tolerance induction method can be

applied to iPSC-using transplantation to control T cell activation through direct and indirect

pathways and to prevent graft dysfunction. Previous reports have shown that DST was effective

in immunomodulation of many types of grafts(27). In this study, skin tissue and iPSCs were

used as grafts, but based on the previous DST reports, it is expected that the B cell-based

immunoregulation method will be effective in controlling the rejection of various types of

iPSC-derived therapeutic cells.

Mechanisms including T cell unresponsiveness, induction of regulatory T cells, and T

cell deletion have been reported to contribute to the tolerance induction by DST or B cell

administration(38, 40—43). In the present study, the data showed that administration of donor

B cells neither increased the percentage of regulatory T cells nor decreased the frequency of

donor-reactive T cells. On the other hand, when second skin transplantation was performed on

recipient mice treated with donor B cells, some individuals rejected the donor skin grafts. This

result indicates that although there was a decrease in reactivity, donor-reactive T-cell clones

still remained. It has been reported that apoptotic blood cells were used as a source of donor

antigens to induce T-cell tolerance(50, 51). However, administration of X-irradiated B cells

does not induce tolerance, indicating that survival of donor B cells is important for the tolerance

induction. In fact, it is known that B cells with forced expression of ovalbumin (OVA)
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peripherally induce clonal deletion by apoptosis and unresponsiveness of transferred OVA-

specific T cells in vivo(52). Although, in the present study, T cell clone deletions were not

observed, it is possible that T cell unresponsiveness was induced by a similar mechanism. It

has long been understood that antigen presentation in insufficient co-stimulatory signals

induces T cell unresponsiveness(53). On the other hand, in the present study, donor B cells

upregulated expression of CD80/CD86 molecules after transfer to the recipients. However, It

has been reported that in vitro co-culture of antigen-pulsed B cells and the T cells with cognate

TCR induced T cell unresponsiveness even when the expression of CD80/CD86 on the B cells

was upregulated(54). Although it was not clear whether donor B cells and recipient T cells

interacted directly in this study, it is consistent with this report that upregulation of co-

stimulatory molecule expression on the donor B cells would still induce T cell

unre SpOl’lSiVGl’lGSS .

As a limitation of this study, there is a possibility that minor antigen-mismatched

donor-reactive T cells could not be detected due to their small population, leading to the failure

to detect the change in total Tregs and T cell clones. For the same reason, the low power of

detection of minor antigen-mismatched donor-reactive T cells by MLR makes it difficult to

analyze changes in reactivity to minor antigen-mismatched donors other than B6. Further

analysis is needed to clarify these issues.

When the donor B cell-based immunoregulation is applied to iPSC-using regenerative
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medicine, it is necessary to prepare live B cells derived from the same iPSC from which the

therapeutic cells are derived. Regarding the generation of B cells from PSCs, it has been

reported that B-1 progenitor cell-like cells have been successfully generated(55). On the other

hand, most of the splenic B cells used in this study were B-2 cells and most of the donor B cells

distributed in the recipient's body were B-2 cells. So far, it has not been clarified which B cell

subset is responsible for the tolerance induction. In this study, when the number of cell

injections into the recipient was reduced to 1/10, the efficiency of tolerance induction was

remarkably decreased (Fig. S1). Therefore, it seems important to establish an efficient

differentiation method of B cell subsets from iPSCs which is important for the immune

regulation to apply them for the tolerance induction protocol.

In summary, this study demonstrates a basic concept that pretransplant administration

of donor-derived live B cells can induce tolerance to MHC-matched allografts, that may be

applicable as an immunomodulatory method in iPSC-using regenerative medicine.
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Figure legends

Figure 1 Donor splenocyte or splenic B cell transfusion promotes long-term survival of
skin grafts

(A) The procedures of transplantation experiment. CD4 and CDS8-depleting monoclonal
antibodies were administered to C3129F1 mice 13 and 8 days before skin transplantation, and
total body irradiation was performed seven days before skin transplantation. B6-derived blood
cells were transferred intravenously, and skin transplantation was performed one week later.
(B) C3129F1 (syngeneic), B6, and BALB/c (third party) derived skin grafts were transplanted
into recipients (n=5-9 per group) infused with saline or donor-derived splenocytes (3x10 cells),
and the graft survival is shown as Kaplan-Meier plots. (C) The skin graft survival in recipient
mice administered with isolated B cells or T cells (3x107 cells, each). (D) Macroscopic view of
skin grafts of B6 B cell-transferred C3129F1 recipients 60 days after skin grafting. (E) The
skin graft survival in recipient mice administered with BM-DC (1.5x10 cells) or BM-M
(2.0x107 cells). (F) The survival of second skin grafts to B cell-treated recipient mice.

Significance was assessed using the log-rank test (*p<0.05, **p<0.01).

Figure 2 Anti-donor T cell reactivity is reduced in donor B cell-transfused C3129F1
recipient mice

(A, B) Results of mixed lymphocyte reaction. C3129F1 recipient mice were pretreated with
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the same protocol as in Figure 1A and B6-derived B cells (3x107) were administered. Eight
weeks later, recipient-derived CD19™ splenocytes were stained with CFSE and used as
responders. The responder cells were co-cultured with irradiated C3129F1, B6, or BALB/c-
derived splenocytes for four days and the cells were analyzed using a flow cytometer. (A)
Representative FACS plots are shown. (B) The percentage of cells with decreased CFSE
fluorescence intensity is shown in the graph. The experiment was performed under the same
conditions for three wells, and the graphs represent the mean + SD. Statistical analysis was

performed by Student's t-test. *p<0.05, **p<0.01.

Figure 3 Donor B cells were distributed in the C3129F1 recipients' peripheral blood,
spleen, and lymph nodes

(A-D) CD45.1" B6 splenic B cells (3x107 cells) were administrated to C3129F1 (CD45.2%)
using the same protocol as above, and the percentages of CD45.1" cells in B cells in peripheral
blood, spleen, lymph nodes, and thymus at 1, 3, 5, and 7 weeks after cell transfer were shown.
Five recipients at each time point were analyzed, and flow cytometry dot plots (A) and
meantSE (B) were shown. (C) FACS plots of B cell subsets in WT B6 spleen or recipient's
spleen one week after transfusion of donor B cells (CD45.1") are shown. (D) Comparison of B
cell subsets 1 week after donor B cell administration (n=5 each group). Statistical analysis was

performed using student's t-test.
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Figure 4 Transfused B cells upregulate expression of MHC and co-stimulatory
molecules in lymph nodes and spleen

(A-D) The MFI of H-2K® (A), I-A® (B), CD80 (C), and CD86 (D) were analyzed by flow
cytometry in lymph nodes and spleen of C3129F 1 after one week of CD45.1" B6 splenic B cell
administration. Three individual mice were analyzed, and Mean + SE is shown. Statistical
analysis was conducted by Students' t-test, *p<0.05, **p<0.01. (E) X-ray irradiated (40 Gy)
B6 B cells were transfused to C3129F1 by the protocol described above. One week later, the
recipients were transplanted with C3129F1, BALB/c, and B6 skin grafts. Statistical analysis

was performed by log-rank test, showing *p<0.05, **p<0.01.

Figure 5 CD8" T cell help capacity by CD4" T cells is decreased in donor B cell
transfused recipients

(A) Percentage of Tregs in recipients' thymus, spleen, and lymph nodes 2-3 weeks after B-cell
administration. Statistical analysis was performed by Tukey's HSD test. *p<0.05. (B) T-cell
repertoires in the spleen of Naive, saline, and B-cell administrated recipients were analyzed,
and the number of donor-reactive clones detected was compared. Statistical analysis was
performed by Fisher's exact test (*p<0.05). (C) The percentage of proliferated CD8" T cells

was shown when the CD4" cells from saline or B cell administrated recipients were added into
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the MLR cultures of CFSE-labeled naive mouse CD19" splenocytes (2x10°) and irradiated
donor splenocytes (1x10°). Student's t-test was performed to compare the two groups in each

ratio. Graphs represent Mean+SD or Mean-SD, meaning **p<0.01, *p<0.05.

Figure 6 Donor splenic B cell transfusion promotes long-term survival of iPSC grafts

C3129F1 recipient mice were treated with B6 splenic B cells (3x107) as in Fig. 1A. Luc-iPSCs
were injected subcutaneously into the recipient mice using Matrigel 3 weeks after B6 B cell
transfusion. Recipient mice were intraperitoneally injected with D-luciferin, and luminescence
intensity by IVIS was observed at 5, 10, 15, 20, 30, and 50 days after transplantation of Luc-
iPSCs. (A-B) The luminescence intensity in each group (n=3 per group) over time (Mean+SE).
(C) Photograph of teratoma at 50 days after transplantation of Luc-iPS cells. (D) teratoma
weight at 50 days after transplantation of Luc-iPS cells. Statistical analysis was performed

using student's t-test at each analysis time point, **p<0.01, *p<0.05.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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