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Abstract 21 

For cellular or tissue transplantation using iPS cells (iPSCs), from the viewpoint of time and 22 

economic cost, an use of allogeneic ones is being considered. Immune regulation is one of the 23 

key issues in successful allogeneic transplantation. To reduce the risk of rejection, several 24 

attempts have been reported to eliminate effects of major histocompatibility complex (MHC) 25 

on the iPSCs-derived grafts. On the other hand, we have shown that minor antigen-induced 26 

rejection is not negligible even when the MHC’s impact is mitigated. In organ transplantation, 27 

it is known that donor-specific blood transfusion (DST) can specifically control immune 28 

responses to the donor. However, whether DST could control the immune response in iPSC-29 

based transplantation was not clarified. In this study, using a mouse skin transplantation model, 30 

we demonstrate that infusion of donor splenocytes can promote allograft tolerance in the MHC-31 

matched but minor antigen-mismatched condition. When narrowing down the cell types, we 32 

found that infusion of isolated splenic B cells was sufficient to control rejection. As a 33 

mechanism, the administration of donor B cells induced unresponsiveness but not deletion in 34 

recipient T cells, suggesting that the tolerance was induced in the periphery. The donor B cell 35 

transfusion induced allogeneic iPSCs engraftment. These results suggest for the first time a 36 

possibility that DST using donor B cells could induce tolerance against allogeneic iPSC-37 

derived grafts. 38 

 39 
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Introduction 42 

Pluripotent stem cells (PSCs) are thought to be a source of therapeutic cells for transplantation 43 

because of the ability to differentiate into any cell types in the bod(1) Since induced pluripotent 44 

stem cells (iPSCs), a type of PSCs, can be produced by gene introduction into somatic cells(2, 45 

3), it is possible to generate autologous therapeutic cells from each individual who needs 46 

transplantation. Although there have been reports that various cell types, such as retinal 47 

pigment epithelial cells, were successfully differentiated from autologous iPSCs and 48 

transplanted to patients, the time required for the production and quality evaluation of those 49 

therapeutic cells may hinder its general application(4–6). On the other hand, when qualified 50 

off-the-shelf allogeneic iPSCs are stocked in advance, the duration of the product examination 51 

would be shortened(7–9). Because of the advantage, allogeneic iPSCs have been considered as 52 

a major source of therapeutic cells. However, allogeneic iPSCs could be a target of 53 

immunological rejection by the recipient's immune system. 54 

It has been well established that major histocompatibility complex (MHC) molecular 55 

mismatch between the donor and recipient increases the risk of rejection(10). Indeed, studies 56 

of kidney transplant recipients have shown that higher number of mismatched MHC caused 57 

shorter survival of the transplanted grafts(11). Therefore, in transplantation using iPSCs, it is 58 

planned to prepare allogeneic iPSC lines with a matched MHC type for recipients to reduce the 59 

risk of rejection(7, 8). Based on this, MHC-type homologous iPSCs that are compatible with 60 
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multiple MHC types have been stocked(7, 8). Furthermore, several gene-modified iPSCs which 61 

lack MHC molecules to reduce the risk of rejection (so-called universal iPSCs) have been 62 

reported(12–15). However, in addition to MHC molecules, minor antigen mismatches also 63 

increase the risk of rejection(16, 17). Minor antigens are protein molecules expressed by donor 64 

cells whose amino acid sequence differs from that of the recipient and to which recipient T 65 

cells react as non-self(18). Minor antigens activate T cells through an indirect pathway 66 

presented by recipient antigen-presenting cells, and it is known that a single minor antigen 67 

mismatch alone can result in graft rejection(19, 20). In transplantation experiments of iPSC-68 

derived therapeutic cells using non-human primates, it has been reported that the use of MHC-69 

type matched iPSCs attenuated the immune response, but the use of immunosuppressive agents 70 

was necessary to maintain graft viability(21–24). These findings suggest that immune control 71 

is still essential in allogeneic iPSC-based transplantation even when the impact of MHC is 72 

minimized as long as the minor antigen mismatch remains. However, appropriate immune 73 

control regimens for iPSC-based transplantation have not been investigated sufficiently. 74 

We have previously developed an experimental mouse skin transplantation model to 75 

examine immune responses and develop appropriate immunoregulation protocols for MHC-76 

matched but minor antigen-mismatched transplants(25, 26). This model has shown that it was 77 

challenging to control rejection for the long term even with the combination of tacrolimus, 78 

mycophenolate mofetil, and steroids, which are commonly used in organ transplantation(26). 79 
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Although the effect of the MHC matching was identified in the model, it seemed necessary to 80 

develop safe and efficient immunoregulatory protocols, including immune tolerance induction 81 

for transplantation using MHC-matched (or universal) iPSCs. 82 

In organ or tissue transplantation, it has been reported that donor-specific transfusion 83 

(DST) using spleen or peripheral blood can induce immune tolerance to the donor and control 84 

rejection without the use of immunosuppressive agents(27). In clinical practice, DST has been 85 

shown to prolong graft survival in human kidney transplantation(28, 29). On the other hand, it 86 

has not been clarified whether DST is also effective for iPSCs-based transplantation. To apply 87 

DST to iPSCs-based transplantation, it is necessary to prepare hematopoietic cells from iPSCs, 88 

but the generation of all blood cell types contained in peripheral blood or spleen is of great 89 

technical difficulty and exceeds an affordable cost. For these reasons, it is necessary to identify 90 

effective blood cell types to induce immune tolerance and to clarify whether they can be applied 91 

to iPSC-based transplantation. 92 

 In this study, we have attempted to identify blood cell type which can induce immune 93 

tolerance to MHC-matched transplanted grafts by DST. We used the above-mentioned mouse 94 

skin transplantation model and also MHC-matched iPSCs transplantation. The results indicated 95 

that B cells in the spleen were the cell type that efficiently induced immune tolerance. We 96 

analyzed the mechanism of T cell reactivity reduction after donor B cell administration.This 97 

information is beneficial when DST is applied for iPSCs-based transplantation.  98 
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Methods 99 

 100 

Mice 101 

Five to eight-week-old male BALB/c (MHC haplotype: H-2d/d), C57BL/6J (B6) (H-2b/b), 102 

B6gld/gld (H-2b/b)(30), CBA/N (H-2k/k), and 129X1/Sv (H-2b/b) and female C3H/He (H-2k/k) were 103 

purchased from Japan SLC, Inc. C3129F1 (H-2k/b) mice were obtained by breeding female 104 

C3H/He and male 129X1/Sv mice in our institute's animal experimental facility. All animal 105 

experiments were approved by the Hokkaido University Animal Care Committee (Approval 106 

number: 22-0080) and conducted in accordance with the "Regulations Concerning Animal 107 

Experiments at Hokkaido University National University Corporation." 108 

 109 

Cell Preparation 110 

Splenocytes were obtained by lysing red blood cells from the spleen. B or T cells were isolated 111 

from splenocytes using CD19 or CD90.2 MicroBead kits (Miltenyi Biotec), respectively, 112 

according to the manufacturer's procedure. The isolated cells were analyzed by flow cytometry 113 

to confirm that the purity was >95%. Bone marrow cells were collected from the tibias and 114 

femurs and used for induction of bone marrow-derived dendritic cells (BM-DCs) and 115 

macrophages (BM-Ms). BM-DC or BM-M were induced by culturing bone marrow cells in 116 

RPMI 1640 (Wako) supplemented with 10% fetal bovine serum (Nichirei), 55 µM 2-117 
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mercaptoethanol (Nacalai Tesque), 1% nonessential amino acids (Nacalai Tesque), 1% sodium 118 

pyruvate (Nacalai Tesque), and 1% penicillin and streptomycin (Nacalai Tesque) containing 10 119 

ng/ml granulocyte-macrophage colony-stimulating factor (Biolegend) or 10 ng/ml macrophage 120 

colony-stimulating factor (Biolegend), respectively, for 6 days. During induction of BM-DC 121 

and BM-M, the medium was changed on days 2 and 4. For BM-DCs, CD11c cells were isolated 122 

using the CD11c MicroBead kit (Miltenyi Biotec) according to the manufacturer's instructions. 123 

BM-M was collected using a cell scraper in phosphate-buffered saline containing 10 mM 124 

ethylenediaminetetraacetic acid (Dojindo). 125 

 126 

Donor cell infusion and skin transplantation 127 

As pretreatment for recipient mice, anti-CD4 (clone; GK1.5) and anti-CD8 (53-6.7) antibodies 128 

were administered 13 and 8 days before skin transplantation to deplete peripheral T cells. 129 

Donor blood cells were administered intravenously in the tail vein (only BM-M was 130 

administered intraperitoneally) after 3-Gy total body irradiation of X-rays 7 days before skin 131 

transplantation. Dorsal ear skin tissues of donor mice were used as grafts. Recipient mice were 132 

anesthetized by intraperitoneal administration of a mixture of Domitor (Nippon Zenyaku 133 

Kogyo), Midazolam (Takeda), and Vetorphale (Meiji Seika Pharma), and the skin graft was 134 

replaced by excision of the dorsal chest wall skin (approximately 10 mm in diameter)(31). Skin 135 

grafts were observed regularly, and we defined the period of graft survival as the time from the 136 



9 
 

date of grafting to the date when the diameter of the healthy skin graft was less than 30% of its 137 

initial size. 138 

 139 

Mixed lymphocyte reaction (MLR) 140 

Splenocytes were harvested from recipients 8 weeks after skin transplantation, and B cells were 141 

removed using a CD19 MicroBead kit; B cell-depleted splenocytes were labeled with 0.25 nM 142 

carboxyfluorescein succinimidyl ester (CFSE) (Dojindo) and used as responder cells. 143 

Splenocytes irradiated with 30 Gy of X-rays were used as stimulator cells. Responder cells 144 

(2x105) and stimulator cells (1x105) were co-cultured in RPMI 1640 medium supplemented 145 

with 10% fetal bovine serum, 55 μM 2-mercaptoethanol, 1% non-essential amino acids, 1% 146 

sodium pyruvate, 1% penicillin and streptomycin in 96-well round-bottom plates. Four days 147 

after co-culture, cells were analyzed by flow cytometry, and T cells with decreased CFSE 148 

fluorescence intensity were evaluated as reacted cells. 149 

 150 

Flow cytometry and antibodies 151 

Flow cytometry analysis was performed using FACSCanto II (BD Biosciences), FACSAria II 152 

(BD Biosciences), or FACSCelesta (BD Biosciences), and data were analyzed with FlowJo 153 

software V7.6.5 (Tree Star). For fluorescence-activated cell sorting (FACS) analysis, the cell 154 

surface was stained with the fluorescent-labeled antibodies listed in supplementary table 1. For 155 
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Treg detection, intracellular staining was performed with anti-Foxp3 antibody using 156 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience). For data analysis, leukocytes 157 

were gated based on forward and side scatters, and cells that incorporated propidium iodide 158 

(PI) or 4',6-diamidino-2-phenylindole (DAPI) (Cayman) were excluded from the analysis as 159 

dead cells. 160 

 161 

RNA extraction for T-cell receptor (TCR) repertoire analysis 162 

CD4+ and CD8+ T cells were sorted from recipients splenocytes using FACSAria II at least 100 163 

days after saline or B cell administration. MLR was performed to detect and isolate recipient 164 

CD4+ and CD8+ T cells that reacted against donor splenocytes. In this MLR experiment, CFSE-165 

labeled naive C3129F1-derived splenocytes (2x105) were used as responder cells, and X-ray 166 

(30 Gy) irradiated donor splenocytes (8x105) were used as stimulator cells. RNA was extracted 167 

from each experimental group using PureLink RNA Mini Kit (ThermoFisher SCIENTIFIC) 168 

according to the manufacturer's procedure.  169 

 170 

NGS analysis 171 

RNA Integrity number (RIN) value was analyzed using the Agilent RNA6000 Nano kit and the 172 

Agilent 2100 Bioanalyzer (Agilent Technologies). The RIN values of all samples were 173 

confirmed to be 7.8 or higher. Libraries were prepared from RNA (1300 ng) using the 174 



11 
 

SMARTTer Mouse TCRa/b Profiling Kit (TAKARA). Next generation sequencing was 175 

performed using MiSeq Reagent Kit v3 (600 Cycle) with MiSeq (Illumina). The collected data 176 

were analyzed after conversion to fastq files. 177 

 178 

Data analysis 179 

Sequence reads for each sample were mapped on the TCR gene using MiXCR 3.0.13, the 180 

complementary determining region 3 (CDR3) sequence of TCRβ was extracted, and the 181 

corresponding reads were counted. Read counts were normalized by the total number of reads 182 

mapped to CDR3 and converted to T cell clone frequency. Donor-reactive T cells were analyzed 183 

according to the method of Reference 31 with some modifications(32), defined as the T cells 184 

proliferating in the MLR that show a frequency of 10-4 or more and appear five times more 185 

frequently than in naïve mice. 186 

 187 

Luciferase-expressing iPSC (Luc-iPSC) transplantation 188 

Luc-iPSCs and transplantation using them were established in our previous study(26). Briefly, 189 

B6 fetal fibroblast-derived iPSCs were cultured in Advanced-DMEM/F-12 (Thermofisher) 190 

supplemented with Neuro Brew-21 (Miltenyi Biotec), N2 supplement (Wako), 1% penicillin-191 

streptomycin, 0.03% L-glutamine, 3 μM CHIR99021 (Adooq), 1 μM PD0325901 (Tocris), and 192 

in-house recombinant human leukemia inhibitory factor under 37°C, 5% CO2 conditions on 193 
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dishes coated with laminin (Nippi). Recipient mice were anesthetized as described above and 194 

inoculated subcutaneously with 1.5x106 Luc-expressing iPSCs with an equal number of cells 195 

to be administered between groups. Graft monitoring was performed using an IVIS Spectrum 196 

Imaging System (Caliper Life Sciences). To detect the luminescent signal, recipient mice were 197 

administered 6 mg D-luciferin (Cayman) intraperitoneally, and the signal was measured 20 198 

minutes after the administration by imaging with a 5-seconds exposure time. Data obtained 199 

using Living Image software were analyzed to calculate radiance (photons/sec/cm2/sr) and total 200 

flux (photons/sec) by region of interest centered on the site where the Luc-iPSC was 201 

transplanted. 202 

 203 

Statistical analysis 204 

JMP 16.0.0 software (SAS Institute Inc.) was used for statistical analysis. The Student's t-test 205 

(unpaired, two-tailed) or Tukey's honest significant difference (HSD) test was used to test for 206 

statistically significant differences. Graft survival was analyzed with Kaplan-Meier survival 207 

curves and bonferroni-corrected Log-rank tests. Analysis of the frequency of donor-reactive T-208 

cell clones between groups was performed with Fisher's exact test. The number of donor-209 

reactive clones detected in naïve mice was N, the number of donor-reactive clones detected in 210 

saline-treated recipients was DTsaline, and the number of donor-reactive clones detected in B-211 

cell-treated recipients was DTbcell as [DTsaline, N-DTsaline; DTbcell, N-DTbcell] 2x2 contingency 212 
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table was created and statistically analyzed. P values were considered statistically significant 213 

when less than 0.05. 214 

  215 
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Results 216 

 217 

Administration of donor splenocytes or splenic B cells selectively prolonged the survival 218 

of skin grafts 219 

First, we tested whether DST is effective in regulating rejection in an MHC-matched but minor 220 

antigen-mismatched transplantation model in order to investigate its applicability to allogeneic 221 

iPSC-based transplantation. B6-derived splenocytes were administered intravenously to 222 

pretreated recipient mice, and skin transplantation was performed (Fig. 1A). In the control 223 

group, which received only saline without donor blood cells, all third-party BALB/c and B6 224 

skin grafts were rejected (Fig. 1B). In contrast, in recipients which had been administered with 225 

B6-derived splenocytes, BALB/c skin grafts were rejected by day 58 (median survival time: 226 

MST = 18 days), but B6 skin grafts survived for more than 100 days (MST > 100 days) (Fig. 227 

1B). These results indicate that DST is effective for the regulation of minor antigen-228 

mismatched transplantation. 229 

Splenocytes contain various types of blood cells. We next attempted to identify blood 230 

cell type that is sufficient for successful DST. In recipient mice administered with B6-derived 231 

B cells, BALB/c skin grafts were rejected at early time points, whereas B6 skin grafts survived 232 

for more than 100 days (Fig. 1C). The macroscopic observation of the B6 skin grafts was 233 

similar to that of syngeneic grafts (Fig. 1D). In recipient mice receiving B6-derived T cells, 234 
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BALB/c-derived grafts were all rejected by day 57 (Fig. 1C). In contrast, one out of six B6 skin 235 

grafts was rejected on day 13. In addition, two recipients weakened and died on days 20 and 236 

24 after skin grafting (Fig. 1C). It was considered due to transfer-associated GvHD(33, 34) as 237 

a result of administering allogeneic T cells to the recipients in an immunocompromised state 238 

after pretreatment. 239 

Splenocytes contain a large number of T and B cells but few myeloid cells. Therefore, 240 

to evaluate the ability of myeloid cells to regulate rejection, bone marrow-derived dendritic 241 

cells (BM-DCs) and macrophages (BM-Ms) were used in the following experiments. Survival 242 

of B6 skin grafts was significantly prolonged compared to BALB/c skin grafts when BM-DCs 243 

were administered, but half of the grafts underwent rejection (Fig. 1E). When BM-Ms were 244 

administered, all BALB/c and B6-derived skin grafts were rejected, with no significant 245 

difference in their survival (Fig. 1F). To determine whether the recipients received B cells are 246 

tolerant to the donor, second skin transplantation was performed on recipients who had already 247 

accepted the B6 skin grafts. Although two out of six B6 skins were rejected, the B6 skin grafts 248 

survived significantly longer than the BALB/c skin grafts in the second transplant (Fig. 1G). 249 

These results indicate that donor B cell transfer has the ability to control rejection and induce 250 

immune tolerance to allografts. 251 

Next, we tested whether the number of B cells needed to regulate rejection could be 252 

reduced. When the number of B cells administered was reduced to half (1.5×107), B6-derived 253 
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grafts were successfully engrafted in 80% of recipients (Fig. S1A). On the other hand, when 254 

the B cell number was reduced to 1/10 (3×106), less than 20% of B6 grafts survived longer than 255 

100 days (Fig. S1B). In addition, to verify the necessity of pretreatment, transplantation 256 

experiments were performed with B cells administered to non-pretreated recipients. All skin 257 

grafts derived from BALB/c and B6 were rejected, with no significant difference in survival 258 

between the two groups (Fig. S1C). These results suggest that in allogenic MHC-matched 259 

iPSC-based transplantation, B-cell administration prolongs graft survival in a donor-specific 260 

manner without serious side effects. In addition, pretreatment is essential to regulate rejection 261 

by the B-cell administration. 262 

 263 

In vitro T-cell reactivity was selectively reduced with the donor splenic B cell 264 

administration  265 

To detect T cell responses to minor antigens, it is necessary to stimulate T cells by the indirect 266 

pathway. Therefore, we performed MLR, which can detect T cell activation by both direct and 267 

indirect pathways(25), and analyzed whether T cell responses are suppressed by B cell 268 

administration (Fig. S2).  269 

 The responsiveness of CD4-positive T cells to syngeneic stimulation cells was not 270 

increased by B cell administration, and there was no significant difference in the percentage of 271 

proliferated CD8+ T cells between the B cell-administrated and control groups (Fig. 2A, B). In 272 
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contrast, the percentage of the cells that responded to B6-stimulator cells was significantly 273 

lower in the recipients who received B6 B cells compared to the control group (Fig. 2B). These 274 

results suggest that the B cell administration has a potential to induce T cell unresponsiveness 275 

to the donor. The magnitude of T cell responses to BALB/c stimulator was much higher 276 

compared to other stimulators (Fig. 2B), because it includes direct recognition in addition to 277 

indirect one. Rather, the B6 B cell-treated group showed higher responses in the BALB/c 278 

stimulator settings (Fig. 2B). Since the efficiency of T cell differentiation into memory subsets 279 

is enhanced in the presence of B cells(35), it is possible that memory T cells for BALB/c were 280 

more frequently present in the B cell-administered recipients than in the saline-administered 281 

group.  282 

 283 

Donor-derived B-2 cells were mainly distributed in the recipient secondary lymphoid 284 

tissues 285 

To elucidate the mechanism of immune tolerance induction, we first analyzed the distribution 286 

of donor B cells in the recipient. In peripheral blood and secondary lymphoid tissues, i.e., 287 

spleen and lymph nodes, the percentage of donor cells (CD45.1+) in total B cell population was 288 

highest in the early phase (week 1) after cell administration and decreased by week 3 (Fig. 3A, 289 

B). CD45.1+ B6 B cells were still detected at week 7 after cell administration, indicating that 290 

donor B cells were persistently located in secondary lymphoid tissues at least until week 7 (Fig. 291 
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3A, B). Donor B cells were also detected in the primary lymphoid tissue, the thymus, but at a 292 

lower rate than in the secondary lymphoid tissue, and some individuals had no donor-derived 293 

B cells detected in the thymus at weeks 1, 5 and 7 after treatment (Fig. 3A, B).The central 294 

tolerance mechanism of T cells induced in the thymus requires the persistent presence of donor-295 

derived antigen-presenting cells in the thymus(36). Taken together, these findings suggested 296 

that the administration of donor B cells may have induced immune tolerance in recipient T cells 297 

by a peripheral mechanism. 298 

 We then analyzed a subset of B cells distributed in the recipients. The B cell subsets 299 

in the spleen, B-1 and B-2 cells are classified as CD19+CD43+ and CD19+CD43- cells, 300 

respectively(37) (Fig. 3C, left for WT spleen). Using these markers, we examined the subsets 301 

of infused B cells distributed in the recipients as shown in Fig. 3C. The results indicate that the 302 

distributed cells retained the preinfused B-1/B-2 cell proportion (Fig. 3D). Therefore, in this 303 

experimental setting, administration of donor B cells which mainly contained B-2 subset 304 

induced allograft tolerance. 305 

 306 

The expression of antigen presentation-related molecules was upregulated on donor B 307 

cells in recipient peripheral lymphoid tissues 308 

Next, we analyzed molecular expression changes before and after the B cell administration. 309 

Since B cells are known to regulate T cell responses through interactions mediated by 310 
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molecules such as Fas ligand (FasL)(38) and programmed death-ligand 1 (PD-L1)(39), we 311 

analyzed the expression of these molecules. Although FasL was upregulated in donor B cells 312 

in lymph nodes (Fig. S4A) and PD-L1 was upregulated in donor B cells in the spleen (Fig. 313 

S4B), results were not consistent between lymph nodes and spleen. In addition, administration 314 

of B cells derived from B6gld/gld mice, which are genetically deficient in functional FasL(30), 315 

to pretreated C3129F1 recipients maintained long-term survival of B6-derived skin grafts, 316 

indicating that the donor B cells induced allograft tolerance in a FasL-independent manner (Fig. 317 

S4C). 318 

On the other hand, the expression of MHC class I and II molecules was upregulated 319 

in donor-derived B cells distributed in lymph nodes and spleens compared to naïve B6 splenic 320 

B cells (Fig. 4A, B). Furthermore, the expression level of CD80/CD86, co-stimulatory 321 

molecules for antigen presentation, was similarly elevated in B6-derived B cells in both lymph 322 

node and spleen tissues compared to that before administration (Fig. 4C, D). These results 323 

suggest that donor B cells have increased antigen-presenting capacity after administration to 324 

the recipients. When irradiated (40 Gy) B cells were administered to C3129F1 mice, immune 325 

tolerance was not induced and B6 skin grafts were rejected (Fig. 4E). The data indicates that 326 

survival of donor B cells is necessary for the induction of immune tolerance. 327 

 328 

T cell unresponsiveness is induced by the administration of donor B cells 329 
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As a mechanism for the tolerance induction by DST, it has been reported that an increase in the 330 

frequency of regulatory T cells(40, 41), a deletion of alloreactive T cells(38, 42), or induction 331 

of T cell unresponsiveness(43) occurs in the recipients. Therefore, we tested whether regulatory 332 

T cells were changed by the donor B cell administration and found that the percentage of the 333 

regulatory T cells was not increased in the spleen, lymph node, and thymus of the recipient 334 

mice compared to naïve or saline-treated mice (Fig. 5A). Next, to test whether the deletion of 335 

alloreactive T cells contributes to the tolerance induction, we analyzed changes in TCR 336 

repertoire frequency before and after donor B cell administration according to the method by 337 

Morris et al. (32) (Fig. S3). The frequency of donor-reactive CD4+ T-cell clones was not 338 

reduced in recipient mice administered donor B cells compared to saline-administered mice. 339 

Donor-reactive CD8+ T cells were not decreased in the B cell administered recipients compared 340 

to the saline administered recipients, but rather significantly increased (Fig. 5B). Taken 341 

together with the results of the second transplantation (Fig. 2B), we hypothesized that 342 

alloreactive T cells remained after the administration of donor B cells. In summary, in this study, 343 

we could not detect any increase in regulatory T cells nor elimination of T cell clones by the 344 

administration of donor B cells. 345 

Next, we tested whether unresponsiveness was induced in alloreactive T cells after 346 

donor B cell administration using MLR. When CD4+ T cells from B cell- or saline-treated 347 

recipients were added to MLR in which naive C3129F1 splenocytes were stimulated with 348 
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BALB/c cells, the proliferation of C3129F1 CD8+ T cells was increased (Fig. 5C, S5). These 349 

results indicate that the added CD4+ T cell derived from saline- and B cell-administered 350 

recipients included BALB/c reactive clones and enhanced CD8+ T cell reactivity. The response 351 

of C3129F1 CD8+ T cells stimulated with B6-stimulator cells was enhanced when CD4+ T cells 352 

derived from saline-treated recipient mice were added to the MLR. On the other hand, the 353 

response was neither enhanced nor suppressed when B cell-treated recipient-derived CD4+ T 354 

cells were added (Fig. 5C, S5). Taken together, these results suggest that the administration of 355 

donor B cells induced alloreactive T cell unresponsiveness in the recipients. 356 

 357 

Donor B cell administration promoted engraftment of allogeneic iPSCs 358 

It is known that PSCs form teratomas when transplanted into immunodeficient mice(2). In 359 

addition, iPSCs are able to develop teratoma in allogenic settings when the recipients are 360 

immunosuppressed(26, 44, 45). Therefore, we tested whether B6-derived iPSC teratoma 361 

formation is promoted in recipients treated with B6-derived B cells. In saline-treated recipients, 362 

signals were detected in only one out of three recipients 15 days after Luc-iPSC transplantation 363 

(Fig. 6A). In contrast, in the B cell-treated recipients, signals were detected in all recipients 364 

from day 15 to 50 after transplantation (Fig. 6A). In addition, a significantly higher signal was 365 

detected in the B-cell-treated recipients than in the control group from day 15 to 50 post-366 

transplantation (Fig. 6B). On day 50 after the transplantation, teratoma formation was observed 367 
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in all transplanted recipients in the B cell-treated group, while only one recipient in the saline-368 

treated group had teratoma formation. The weight of the teratoma formed in the B cell 369 

transferred group was significantly higher than in the control group (Fig. 6D). These results 370 

indicate that donor B cell administration promotes teratoma formation in allogeneic recipients 371 

and suggest that B cell-based DST may be effective for immune regulation in iPSC-based 372 

transplantation. 373 

  374 
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Discussion 375 

In this study, we have successfully identified a blood cell type for DST sufficient to regulate 376 

rejection in MHC-matched allogeneic transplantation. Isolated donor B cells alone were 377 

sufficient to control rejection of allogenic skin grafts and iPS cell grafts and to induce immune 378 

tolerance to the donors. results provide an important perspective for developing new 379 

immunoregulatory methods in allogeneic iPSC-based transplantation. 380 

It has been reported that when MHC-type matched donor-derived iPS cells were used, 381 

graft survival was maintained with the use of immunosuppressive agents, but T-cell infiltration 382 

of the graft was observed even with the use of immunosuppressive agents(21, 24). Therefore, 383 

even if the risk of rejection is reduced by matching MHC types, immune regulation is still 384 

essential. In addition, a strategy to avoid direct T cell responses to allografts by MHC knockout 385 

of iPSCs is currently being developed and has succeeded in preventing rejection in 386 

experimental models(12–15). However, in organ and tissue transplantation, T cells can also be 387 

activated through indirect pathways, causing rejection independent of MHC expression in the 388 

graft(46–49). Therefore, even if MHC-matched or -knockout iPSCs are used, it is necessary to 389 

develop a method to suppress allo-reactive T cells. In the present study, we showed that the 390 

administration of isolated donor B cells, particularly living ones, selectively prolonged the 391 

survival of donor-type skin and iPSC grafts. Furthermore, T cell activation by the indirect 392 

pathway was reduced in recipients treated with the donor B cell administration, suggesting that 393 
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recipient T cells became tolerant to the donor. These results suggest that the combination of 394 

MHC gene-editing technology and the current B cell-based tolerance induction method can be 395 

applied to iPSC-using transplantation to control T cell activation through direct and indirect 396 

pathways and to prevent graft dysfunction. Previous reports have shown that DST was effective 397 

in immunomodulation of many types of grafts(27). In this study, skin tissue and iPSCs were 398 

used as grafts, but based on the previous DST reports, it is expected that the B cell-based 399 

immunoregulation method will be effective in controlling the rejection of various types of 400 

iPSC-derived therapeutic cells. 401 

Mechanisms including T cell unresponsiveness, induction of regulatory T cells, and T 402 

cell deletion have been reported to contribute to the tolerance induction by DST or B cell 403 

administration(38, 40–43). In the present study, the data showed that administration of donor 404 

B cells neither increased the percentage of regulatory T cells nor decreased the frequency of 405 

donor-reactive T cells. On the other hand, when second skin transplantation was performed on 406 

recipient mice treated with donor B cells, some individuals rejected the donor skin grafts. This 407 

result indicates that although there was a decrease in reactivity, donor-reactive T-cell clones 408 

still remained. It has been reported that apoptotic blood cells were used as a source of donor 409 

antigens to induce T-cell tolerance(50, 51). However, administration of X-irradiated B cells 410 

does not induce tolerance, indicating that survival of donor B cells is important for the tolerance 411 

induction. In fact, it is known that B cells with forced expression of ovalbumin (OVA) 412 
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peripherally induce clonal deletion by apoptosis and unresponsiveness of transferred OVA-413 

specific T cells in vivo(52). Although, in the present study, T cell clone deletions were not 414 

observed, it is possible that T cell unresponsiveness was induced by a similar mechanism. It 415 

has long been understood that antigen presentation in insufficient co-stimulatory signals 416 

induces T cell unresponsiveness(53). On the other hand, in the present study, donor B cells 417 

upregulated expression of CD80/CD86 molecules after transfer to the recipients. However, It 418 

has been reported that in vitro co-culture of antigen-pulsed B cells and the T cells with cognate 419 

TCR induced T cell unresponsiveness even when the expression of CD80/CD86 on the B cells 420 

was upregulated(54). Although it was not clear whether donor B cells and recipient T cells 421 

interacted directly in this study, it is consistent with this report that upregulation of co-422 

stimulatory molecule expression on the donor B cells would still induce T cell 423 

unresponsiveness. 424 

As a limitation of this study, there is a possibility that minor antigen-mismatched 425 

donor-reactive T cells could not be detected due to their small population, leading to the failure 426 

to detect the change in total Tregs and T cell clones. For the same reason, the low power of 427 

detection of minor antigen-mismatched donor-reactive T cells by MLR makes it difficult to 428 

analyze changes in reactivity to minor antigen-mismatched donors other than B6. Further 429 

analysis is needed to clarify these issues. 430 

When the donor B cell-based immunoregulation is applied to iPSC-using regenerative 431 
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medicine, it is necessary to prepare live B cells derived from the same iPSC from which the 432 

therapeutic cells are derived. Regarding the generation of B cells from PSCs, it has been 433 

reported that B-1 progenitor cell-like cells have been successfully generated(55). On the other 434 

hand, most of the splenic B cells used in this study were B-2 cells and most of the donor B cells 435 

distributed in the recipient's body were B-2 cells. So far, it has not been clarified which B cell 436 

subset is responsible for the tolerance induction. In this study, when the number of cell 437 

injections into the recipient was reduced to 1/10, the efficiency of tolerance induction was 438 

remarkably decreased (Fig. S1). Therefore, it seems important to establish an efficient 439 

differentiation method of B cell subsets from iPSCs which is important for the immune 440 

regulation to apply them for the tolerance induction protocol. 441 

In summary, this study demonstrates a basic concept that pretransplant administration 442 

of donor-derived live B cells can induce tolerance to MHC-matched allografts, that may be 443 

applicable as an immunomodulatory method in iPSC-using regenerative medicine.  444 
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Figure legends 613 

Figure 1  Donor splenocyte or splenic B cell transfusion promotes long-term survival of 614 

skin grafts 615 

(A) The procedures of transplantation experiment. CD4 and CD8-depleting monoclonal 616 

antibodies were administered to C3129F1 mice 13 and 8 days before skin transplantation, and 617 

total body irradiation was performed seven days before skin transplantation. B6-derived blood 618 

cells were transferred intravenously, and skin transplantation was performed one week later. 619 

(B) C3129F1 (syngeneic), B6, and BALB/c (third party) derived skin grafts were transplanted 620 

into recipients (n=5-9 per group) infused with saline or donor-derived splenocytes (3×107 cells), 621 

and the graft survival is shown as Kaplan-Meier plots. (C) The skin graft survival in recipient 622 

mice administered with isolated B cells or T cells (3×107 cells, each). (D) Macroscopic view of 623 

skin grafts of B6 B cell-transferred C3129F1 recipients 60 days after skin grafting. (E) The 624 

skin graft survival in recipient mice administered with BM-DC (1.5×107 cells) or BM-M 625 

(2.0×107 cells). (F) The survival of second skin grafts to B cell-treated recipient mice. 626 

Significance was assessed using the log-rank test (*p<0.05, **p<0.01). 627 

 628 

Figure 2  Anti-donor T cell reactivity is reduced in donor B cell-transfused C3129F1 629 

recipient mice 630 

(A, B) Results of mixed lymphocyte reaction. C3129F1 recipient mice were pretreated with 631 
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the same protocol as in Figure 1A and B6-derived B cells (3×107) were administered. Eight 632 

weeks later, recipient-derived CD19- splenocytes were stained with CFSE and used as 633 

responders. The responder cells were co-cultured with irradiated C3129F1, B6, or BALB/c-634 

derived splenocytes for four days and the cells were analyzed using a flow cytometer. (A) 635 

Representative FACS plots are shown. (B) The percentage of cells with decreased CFSE 636 

fluorescence intensity is shown in the graph. The experiment was performed under the same 637 

conditions for three wells, and the graphs represent the mean ± SD. Statistical analysis was 638 

performed by Student's t-test. *p<0.05, **p<0.01.  639 

 640 

Figure 3  Donor B cells were distributed in the C3129F1 recipients' peripheral blood, 641 

spleen, and lymph nodes 642 

(A-D) CD45.1+ B6 splenic B cells (3×107 cells) were administrated to C3129F1 (CD45.2+) 643 

using the same protocol as above, and the percentages of CD45.1+ cells in B cells in peripheral 644 

blood, spleen, lymph nodes, and thymus at 1, 3, 5, and 7 weeks after cell transfer were shown. 645 

Five recipients at each time point were analyzed, and flow cytometry dot plots (A) and 646 

mean±SE (B) were shown. (C) FACS plots of B cell subsets in WT B6 spleen or recipient's 647 

spleen one week after transfusion of donor B cells (CD45.1+) are shown. (D) Comparison of B 648 

cell subsets 1 week after donor B cell administration (n=5 each group). Statistical analysis was 649 

performed using student's t-test. 650 
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 651 

Figure 4  Transfused B cells upregulate expression of MHC and co-stimulatory 652 

molecules in lymph nodes and spleen 653 

(A-D) The MFI of H-2Kb (A), I-Ab (B), CD80 (C), and CD86 (D) were analyzed by flow 654 

cytometry in lymph nodes and spleen of C3129F1 after one week of CD45.1+ B6 splenic B cell 655 

administration. Three individual mice were analyzed, and Mean ± SE is shown. Statistical 656 

analysis was conducted by Students' t-test, *p<0.05, **p<0.01. (E) X-ray irradiated (40 Gy) 657 

B6 B cells were transfused to C3129F1 by the protocol described above. One week later, the 658 

recipients were transplanted with C3129F1, BALB/c, and B6 skin grafts. Statistical analysis 659 

was performed by log-rank test, showing *p<0.05, **p<0.01. 660 

 661 

Figure 5  CD8+ T cell help capacity by CD4+ T cells is decreased in donor B cell 662 

transfused recipients 663 

(A) Percentage of Tregs in recipients' thymus, spleen, and lymph nodes 2-3 weeks after B-cell 664 

administration. Statistical analysis was performed by Tukey's HSD test. *p<0.05. (B) T-cell 665 

repertoires in the spleen of Naïve, saline, and B-cell administrated recipients were analyzed, 666 

and the number of donor-reactive clones detected was compared. Statistical analysis was 667 

performed by Fisher's exact test (*p<0.05). (C) The percentage of proliferated CD8+ T cells 668 

was shown when the CD4+ cells from saline or B cell administrated recipients were added into 669 
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the MLR cultures of CFSE-labeled naïve mouse CD19- splenocytes (2x105) and irradiated 670 

donor splenocytes (1x105). Student's t-test was performed to compare the two groups in each 671 

ratio. Graphs represent Mean+SD or Mean-SD, meaning **p<0.01, *p<0.05.  672 

 673 

Figure 6  Donor splenic B cell transfusion promotes long-term survival of iPSC grafts  674 

C3129F1 recipient mice were treated with B6 splenic B cells (3×107) as in Fig. 1A. Luc-iPSCs 675 

were injected subcutaneously into the recipient mice using Matrigel 3 weeks after B6 B cell 676 

transfusion. Recipient mice were intraperitoneally injected with D-luciferin, and luminescence 677 

intensity by IVIS was observed at 5, 10, 15, 20, 30, and 50 days after transplantation of Luc-678 

iPSCs. (A-B) The luminescence intensity in each group (n=3 per group) over time (Mean±SE). 679 

(C) Photograph of teratoma at 50 days after transplantation of Luc-iPS cells. (D) teratoma 680 

weight at 50 days after transplantation of Luc-iPS cells. Statistical analysis was performed 681 

using student's t-test at each analysis time point, **p<0.01, *p<0.05. 682 

 683 
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