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SUMMARY
Mixed hematopoietic chimerism can promote immune tolerance of donor-matched transplanted tissues, like
pancreatic islets. However, adoption of this strategy is limited by the toxicity of standard treatments that
enable donor hematopoietic cell engraftment. Here, we address these concerns with a non-myeloablative
conditioning regimen that enables hematopoietic chimerism and allograft tolerance across fully mismatched
major histocompatibility complex (MHC) barriers. Treatment with an aCD117 antibody, targeting c-Kit,
administered with T cell-depleting antibodies and low-dose radiation permits durable multi-lineage chime-
rism in immunocompetent mice following hematopoietic cell transplant. In diabetic mice, co-transplantation
of donor-matched islets and hematopoietic cells durably corrects diabetes without chronic immunosuppres-
sion and no appreciable evidence of graft-versus-host disease (GVHD). Donor-derived thymic antigen-pre-
senting cells and host-derived peripheral regulatory T cells are likely mediators of allotolerance. These find-
ings provide the foundation for safer bonemarrow conditioning and cell transplantation regimens to establish
hematopoietic chimerism and islet allograft tolerance.
INTRODUCTION

Transplantation of pancreatic islets from major histocompatibil-

ity complex (MHC)-mismatched (allogeneic) donors for diabetes

after pancreatic b-cell loss is effective but requires chronic

immunosuppression to prevent islet rejection (Bartlett et al.,

2016; Hering et al., 2016). Standard immunosuppression in-

cludes a combination of corticosteroids and T cell inhibitors,

but these have diabetogenic and nephrotoxic effects and also in-

crease the risk for opportunistic infections and cancer (Fishman,

2017). Thus, achieving islet transplantation tolerance without

systemic immunosuppression would be a landmark advance

(Leventhal and Mathew, 2020; Rickert and Markmann, 2019).

Mixed chimerism, where hematopoietic stem cells (HSCs) of

host and donor origin co-exist, is a promising method for

achieving durable allotolerance, as demonstrated in solid organ

transplantation trials (Busque et al., 2020; Kawai et al., 2008;

Leventhal et al., 2012;Messner et al., 2019). Current conditioning

regimens that prepare host bone marrow for engraftment by

donor HSCs rely on high-dose radiation and/or DNA-damaging

chemotherapeutic agents, such as busulfan and melphalan.

Such intensive regimens carry risks of severe chronicmorbidities
C
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(Haghiri et al., 2021; Lee et al., 2013) and are considered too risky

for broad application to islet transplantation. However, solely

reducing myeloablative agent dosages to mitigate conditioning

intensity can result in failure of HSC engraftment (Shaw et al.,

2019). Thus, safer non-myeloablative (NMA) conditioning regi-

mens that promote hematopoietic chimerism could advance

transplantation tolerance strategies (Bacigalupo et al., 2009).

Prior studies of mixed chimerism and islet transplantation have

contributed significantly to our understanding of chimerism-

based islet allograft tolerance (Pathak and Meyer, 2020). How-

ever, these pre-clinical studies incorporated features preventing

clinical adoption, including toxic chemotherapeutics for condi-

tioning, reliance on disrupting T cell co-stimulatory pathways

such as CD40/CD154, later deemed unsafe in clinical trials, or

use of hematopoietic cell preparations that increased graft-

versus-host disease (GVHD) risk (Law and Grewal, 2009; Luo

et al., 2005; Nikolic et al., 2004;Wang et al., 2014; Xu et al., 2012).

Here, we demonstrate an effective NMA conditioning regimen

that permitted mixed chimerism while avoiding these prior

limitations. This strategy builds on our previous work showing

effective HSC depletion by targeting CD117 (c-Kit), a receptor

tyrosine kinase essential for HSC maintenance (Chhabra et al.,
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:seungkim@stanford.edu
https://doi.org/10.1016/j.celrep.2022.111615
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111615&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Report
ll

OPEN ACCESS
2016). Moreover, because of challenges in culturing or preser-

ving primary islets, we developed a simultaneous islet transplan-

tation and hematopoietic cell transplantation (HCT) protocol that

approximates a clinically relevant transplantation schedule

(Miranda et al., 2013). With this approach, we achieved durable

multi-lineagemixed chimerism and islet allograft tolerance, over-

coming full MHC barriers, in normal and diabetic mice. These

findings provide critical proof of concept for islet tolerance

studies and eventual clinical translation for diabetes.

RESULTS

NMA conditioning enables durable multi-lineage mixed
donor chimerism
A successful HSC transplantation regimen for achieving islet

transplantation tolerance requires eliminating or minimizing gen-

otoxic agents and radiation while using components readily

sourced in the clinic. Our conditioning regimen consists of host

HSC depletion using an aCD117 monoclonal antibody (mAb)

and low-dose total body irradiation (TBI). Induction immunosup-

pression to prevent acute rejection was achieved through T cell

depletion (TCD) using aCD4 and aCD8 mAbs. We tested this

regimen in a fullyMHC-mismatched transplant setting (Figure 1A)

of BALB/c (H2d) donors into B6 CD45.1 (H2b) recipient mice.

Recipient B6 mice were given anti-mouse aCD117 mAb (clone

ACK2) on day �6 prior to HCT, followed by low-dose TBI on

day �3 and TCD on days �2, �1, and 0 (Figure 1B). On day 0,

recipients underwent HCT, then were followed for 15 (cohort 1)

or 18 weeks (cohort 2).

Four weeks after HCT, we observed robust donor chimerism in

all recipient mouse peripheral blood lineages (overall: 65.9% ±

5.7%, CD3+: 16.7% ± 5.6%, CD11b+: 79.2% ± 6.9%, CD19+:

51.4% ± 6.3%; n = 10; Figure 1C). Chimerism was maintained to

the experimental endpoint (15–18 weeks) in 9 of 10 recipients

(Figures 1D, 1E, S1A, and S1B). Endpoint analysis of the bone

marrow (Figure 1F) and spleen (Figure 1G) also revealed robust

chimerism, recapitulating observations in peripheral blood. We

also confirmed the engraftment of donor Lin–Sca1+cKit+ (LSK) he-

matopoietic progenitor cells in host bone marrow (Figure 1F).

Importantly, prior studies showed that aCD117 treatment or low-

dose TBI alone are unable to facilitate robust donor chimerism in

immunocompetent models (Czechowicz et al., 2007; Xue et al.,

2010). Thus, we established durable mixed chimerism with a

marked reduction of conditioning intensity using an NMA regimen

targeting CD117.

The general health of mice after conditioning and HCT was as-

sessed by longitudinal body weight measures. In cohort 1

(15 weeks; n = 5), average weight gain from the time of HCT to

the end of experiment was 18% ± 3.6% (Figure S2A). In cohort

2 (18 weeks; n = 5), average weight gain was 11.8% ± 9.4% in

all but onemouse (Figure S2B). In themouse that lostweight, nec-

ropsy revealed splenomegaly (Figure S2C), possibly reflecting ex-

tramedullary hematopoiesis due to cytopenia from delayed bone

marrow function. If so, this could be treated in the future with pro-

phylactic HSC growth factors, like in the clinic (Finke andMertels-

mann, 2015).We also observed transient loss of hair pigmentation

in a subset of mice (Figure S2D), possibly reflecting CD117 func-

tion in hair folliclemelanocytes or pigmentation loss fromTBI (Aoki
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et al., 2011, 2013; Czechowicz et al., 2007). Thus, by multiple

measures, mice remained healthy after NMA conditioning and

achieving mixed chimerism with benign side effects.

Mixed chimerism promotes allogeneic islet tolerance
We investigated if establishment of mixed chimerism between

fully MHC-mismatched strains following NMA conditioning pro-

moted donor-matched islet allograft tolerance. To examine

both acute immunity and long-term tolerance, islets from sex-

matched B6 and BALB/c or third-party FVB (H2q) donors

(STAR Methods) were transplanted into mice with mixed chime-

rism or into conditioned controls (Figures 2A and 2B).

Two weeks after transplantation, BALB/c islet grafts remained

intact in micewithmixed BALB/c chimerismwith little to noCD3+

T cell infiltration and sparse CD45+ immune cell infiltration (Fig-

ure 2C). By contrast, islet grafts from third-party FVB donors

were heavily infiltrated by CD3+ and CD45+ cells (Figure 2D).

BALB/c grafts were also fully rejected in conditioned non-

chimeric controls, as expected (Figure 2E). In islet grafts as-

sessed 14 weeks after transplantation, 100% of both syngeneic

B6 (n = 5/5) and donor-matched BALB/c grafts (n = 5/5) re-

mained intact in mice with mixed chimerism (Figure 2F). Thus,

mixed hematopoietic chimerism after aCD117 conditioning

resulted in acute and long-term donor-matched islet allograft

tolerance. Self-tolerance was preserved as demonstrated by

engraftment of all B6 islet transplants. Rejection of third-party

FVB islet allografts demonstrated preserved immunocompe-

tence, including non-self-immunity.

Matched islet transplantation andHCT rescues diabetes
in mice
To investigate if combined HCT and islet transplantation could

rescue overtly diabetic recipients across the barrier of full MHC

mismatch, we used B6 RIP-DTR mice (Bhagchandani et al.,

2022). These harbor the Ins2-HBEGF transgene and are homozy-

gous for Ptprca (CD45.1). Islet b-cell ablation after a single dose of

diphtheria toxin (DT; STAR Methods) renders the mouse insulin

deficient and severely diabetic. Male and female B6 RIP-DTR

mice were given DT on day �4.5 and made diabetic prior to

NMA conditioning. On day 0, conditioned mice received an islet

graft from B6, BALB/c, or FVB sex-matched donors and HCT

fromBALB/csex-matcheddonors (Figure3A).Micewere followed

for 20 (cohort 1) or 16 weeks (cohort 2) after transplantation.

By 4 weeks after transplantation, all B6 RIP-DTR mice had es-

tablished multi-lineage mixed chimerism with an overall donor

chimerism level of 81% ± 6.2% (n = 11; Figure S3A). This chime-

rism is slightly higher than in B6 mice (Figure 1C), likely reflecting

the increased radiation dose used in B6 RIP-DTRmice. This was

durable to the experimental endpoint (16–20 weeks post-trans-

plant) in peripheral blood (Figures 3B, 3C, S3B, and S3C) and

bone marrow (Figure 3D). These relatively high levels of donor

chimerism suggest that further reductions of conditioning inten-

sity or transplanted HSC dose are possible. Mice that received

congenic B6 islets or donor-matched BALB/c islets achieved eu-

glycemia and remained normoglycemic for at least 100 days,

and nephrectomy of islet graft-bearing kidneys resulted in a

rapid reversion to hyperglycemia in these mice (Figures 3E and

3F). The survival of transplanted B6 and BALB/c islets was



Figure 1. Non-myeloablative conditioning promotes durable donor chimerism across fully mismatched MHC barriers

(A) Transplantation model and strains used.

(B) Reduced intensity conditioning regimen. 500 ug aCD117 is administered on day�6, then 200 cGy XRT on day�3, then 300 ug of aCD4/CD8 each on days�2

through 0. On day 0, mice are transplanted with 1.5E6 Lin�cKit+ HSPCs after the final TCD treatment.

(C) Chimerism analysis of peripheral blood 4 weeks after conditioning and HCT including overall chimerism, CD3+ T cells, CD11b+ myeloid cells, and CD19+ B

cells.

(D and E) Longitudinal chimerism analysis of peripheral blood in 2 separate experimental cohorts. (D: cohort 1; E: cohort 2; n = 5 per cohort)

(F) Chimerism analysis of recipient bone marrow at 15 or 18 weeks post-HCT including CD49b+ NK cells and Lin–Sca1+cKit+ (LSK) cells.

(G) Chimerism analysis of recipient spleen at 15 or 18 weeks post-HCT (n = 10, sum of 2 independent experiments). HSPCs, hematopoietic stem and progenitor

cells; XRT, X-ray therapy; TCD, T cell depletion; HCT, hematopoietic cell transplant.

(C–G) Data show mean ± SEM.
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confirmed by histology in recovered grafts (Figures 3H and 3I).

Assessment of the pancreas in all DT-treated B6 RIP-DTR

mice showed few to no remaining islet b-cells (Figure S3D).

FVB islet recipients initially achieved euglycemia but sponta-

neously reverted to hyperglycemia in a mean of 78 ± 12.9 days

(n = 4; Figure 3G). Graft recovery and histological assessment

confirmed destruction of transplanted FVB islets (Figure 3J).

The duration of FVB graft function exceeded the time frame of

islet rejection in normal immunocompetent mice, which is typi-

cally 2 weeks (Figure 2). We speculate that this delay reflects a

combination of factors, including the transient immunosuppres-

sion in graft recipients, time needed for de novo effector T cells to

mature, and possible effects of resident immune cells in trans-

planted islets (Zirpel and Roep, 2021). Nevertheless, eventual

rejection of third-party islet allografts indicated preservation of

immunocompetence in mixed chimeras.
Rescued diabetic mice retain critical functions
enhancing life quality
After NMA conditioning, HCT, and islet transplantation in B6

RIP-DTR mice, we measured body weight to assess general

health (Figure S4A). By 2 weeks after transplantation, body

weight in all mice nadired at 75%–80% of starting weight. Re-

cipients of B6 or BALB/c islets recovered and then stabilized

body weight. Mice receiving FVB islets also recovered body

weight while euglycemic but rapidly lost weight after reverting

to diabetes. Not all mice returned to their starting weight,

possibly reflecting limitations of transplanted islet mass in

sustaining weight gain. At sacrifice, duodenal histology

showed an absence of GVHD. Intestinal mucosa and glands

appeared intact, without evidence of parenchymal inflamma-

tion or edema, despite high levels of donor chimerism

(Figure S4B).
Cell Reports 41, 111615, November 8, 2022 3



Figure 2. Histology of short- and long-term

islet transplants in mixed chimeras

(A) Experimental transplantation schematic. Mixed

chimeras received B6 islets in the left kidney and

BALB/c (n = 7) or FVB (n = 3) islets in the opposite

kidney. Conditioned non-chimeras received B6

islets in the left kidney and BALB/c islets in the

opposite kidney (n = 3).

(B) Experimental timeline for islet transplants.

Some islet grafts transplanted in mice 13 weeks

post-HCT were recovered after 2 weeks (short-

term). Other islet grafts (long-term) transplanted in

mice 5 weeks post-HCT were recovered after

14 weeks. Chimerism was verified at 4 weeks

post-HCT.

(C) Representative BALB/c and B6 islet grafts

2 weeks after islet transplantation in mixed chi-

meras stained for insulin and CD3 or CD45 (n = 2).

(D) Representative FVB and B6 islet grafts 2 weeks

after islet transplantation in mixed chimeras

stained for insulin and CD3 or CD45 (n = 3).

(E) Representative BALB/c and B6 islet grafts

2 weeks after islet transplantation in conditioned

non-chimeras stained for insulin and CD3 or CD45

(n = 3).

(F) Representative BALB/c and B6 islet grafts

13 weeks after islet transplantation in mixed chi-

meras stained for insulin (n = 5).

Scale bars: 100 mm for (C)–(E) and 200 mm for (F).
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Standard myeloablative conditioning results in severe morbid-

ities like infertility (Joshi et al., 2014). To test the impact of our

NMA regimen on breeding performance, we paired three male

B6 RIP-DTR mice, each with diabetes reversal after BALB/c

mixed chimerism and islet transplant, with wild-type B6 females.

Two of threemalemice produced at least two healthy litters each

(Figure S4C), while one did not sire any litters. That third male

was older (13 vs. 10 months) and heavier (�35 g) compared

with the other males (�27 and �30 g). Age and obesity are

known to negatively impact breeding performance (Lecker and

Froberg-Fejko, 2016). Thus, islet transplantation and HCT

following our NMA regimen reverses diabetes without chronic

immunosuppression while preserving fertility.

Regulatory cell subsets delineate mechanisms of
immune tolerance
Allotolerance resulting from mixed chimerism has been attrib-

uted to a combination of central tolerance, through donor anti-

gen presentation in the thymus leading to deletion of alloreactive

T cells, and peripheral tolerance, through the function of regula-

tory cell types (Beilhack et al., 2003; Zuber and Sykes, 2017). To

assess tolerance mechanisms in our model, we characterized

CD45.2 donor-derived and CD45.1 host-derived immune cells
4 Cell Reports 41, 111615, November 8, 2022
in the thymus and spleen of BALB/c-B6

RIP-DTR mixed chimeras compared

with conditioned controls.

In the thymus, CD45.2 donor-derived

dendritic cells (DCs) were present from

the three major subsets of CD11c+ DCs

including B220+PDCA1+ plasmacytoid
DCs (pDCs), CD8+SIRPa– thymus-resident DCs (tDCs), and

CD8–SIRPa+ migratory DCs (mDCs) (Figure 4A). These subsets

have been shown to augment negative selection of T cells in the

thymus (Audiger et al., 2017; Baba et al., 2009; Hadeiba et al.,

2012; Herbin et al., 2016). Negative selection of thymocytes is

often accompanied by an increase in thymic regulatory T cell

(tTreg) production, and pDCs can promote differentiation of

tTregs (Klein et al., 2014). Consistent with this, host CD4+ T cells

in mixed chimeras had an increased frequency of tTregs

(CD4+CD25hi) compared with conditioned non-chimera controls

(6.16% ± 0.85% vs. 3.36% ± 0.63%, respectively; Figure 4B),

with host-derived Tregs being the majority contributor (Fig-

ure S5A). These results support a mechanism of central tolerance

induction in B6RIP-DTRmixed chimeras, where donor HSCs give

rise to DCs capable of antigen presentation in the host thymus to

mediate negative selection and augment the generation of host-

derived tTregs

Peripheral tolerance in transplantation is associated with

Treg activity (Adeegbe et al., 2010). Consistent with our observa-

tions in the thymus, we observed increased frequency of

splenic Tregs among host CD4+ T cells in mice with mixed

chimerism compared with conditioned controls (14.95% ±

2.17% and 5.59% ± 0.79%, respectively; Figure 4C), again



Figure 3. Mixed chimerism in diabetic B6 RIPDTR mice results in long-term, donor-matched islet graft tolerance and diabetes reversal

(A) Experimental conditioning and transplantation outline. Conditioning was initiated on day �6 with aCD117, and diabetes was induced on day �4.5 by DT

injection. 300 cGy XRT was given on day�3. On day 0 after the final TCD, B6 RIP-DTR mice received islet grafts from B6, BALB/c, or FVB donors. Following islet

transplantation, mice receive 1.5E6 Lin–cKit+ HSPCs from BALB/c donors.

(B andC) Longitudinal chimerism analysis demonstrating robust multi-lineage chimerism up to 20weeks after HCT (B: n = 7males) or up to 16weeks after HCT (C:

n = 4 females).

(D) Chimerism of different cell subtypes in mixed chimera bone marrow at 16 or 20 weeks after HCT.

(E) Non-fasting blood glucose of mice that received B6 islets. One mouse transiently required insulin after islet transplantation but eventually became insulin

independent (black line). Vertical dotted line denotes islet transplant and HCT. Arrow indicates nephrectomy in 2 of 3 mice.

(F) Non-fasting blood glucose of mice that received BALB/c islets. Arrow indicates nephrectomy in 3 of 4 mice.

(G) Non-fasting blood glucose of mice that received FVB islets (n = 4). Data shown here do not include glycemia measurements after reversion to hyperglycemia.

(H) Representative B6 islet graft stained for insulin and CD45 at 20 weeks after transplantation in a mixed chimeric recipient (n = 3).

(I) Representative BALB/c islet graft 20 weeks after transplantation in a recipient that developed mixed chimerism (n = 4).

(J) Representative FVB islet graft 20 weeks after transplantation in a recipient that developed mixed chimerism (n = 4). Scale bars in (H–J): 200 mm. DT, diphtheria

toxin; XRT, X-ray therapy; TCD, T cell depletion; HCT, hematopoietic cell transplant.

(B–D) Data show mean ± SEM.
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Figure 4. Analysis of cell subsets that modulate central and pe-

ripheral tolerance

(A) Chimerism analysis of CD11c+ dendritic cell subsets in the thymus of B6

RIP-DTRmixed chimeras at 16 or 20weeks post-HCT. pDCs =B220+PDCA1+,

mDC = B220�SIRP⍺+CD8�, tDC = B220–SIRP⍺–CD8+.

(B) Frequency of thymic CD25hi tTregs among host CD4+ T cells in chimeras

versus non-chimeras.

(C) Frequency of splenic CD25hi Tregs among host CD4+ T cells in the spleen of

chimeras compared with non-chimeras.

(D) Frequency of splenic pDCs among CD11c+ cells in chimeras versus non-

chimeras (n = 11 for chimeras and n = 5 for conditioned non-chimeras, sumof 2

experiments).

Data show mean ± SEM. *p < 0.05, **p < 0.01.
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with host-derived Tregs being themajor contributor (Figure S5B).

pDCs were also reported to promote peripheral tolerance by

promoting the differentiation of Helios–NRP1+ peripheral

Tregs (pTregs) from conventional T cells (Rogers et al., 2013).

We found that mixed chimeras had an increased frequency of

splenic pDCs compared with non-chimeras (4.4% ± 0.8% and

1.4% ± 0.3%, respectively; Figure 4D). This effect, however,

did not correlate with a change in the frequency of splenic

pTregs, where no difference was observed (Figure S5C). Prior

establishment of an immunologically homeostatic state by cen-

tral tolerance could obviate the need for pTreg expansion. The

absence of increased pTregs could also indicate a lack of

ongoing inflammation (Chen et al., 2017; Yadav et al., 2013). In

summary, durable mixed chimerism and islet tolerance in our

models likely reflect both central and peripheral mechanisms

that establish and maintain tolerance to donor HSCs and islets.
DISCUSSION

Prior studies show that mixed hematopoietic chimerism can

induce donor-specific tolerance, but toxic conditioning regimens

and hematopoietic cell preparations previously used have pre-
6 Cell Reports 41, 111615, November 8, 2022
vented clinical translation (Beilhack et al., 2003; Nikolic et al.,

2010; Persaud et al., 2021;Wang et al., 2014). Here, we achieved

mixed donor chimerism and durable islet allotolerance after

NMA conditioning. Transplantation of donor-matched islets led

to diabetes remission without chronic immunosuppression, re-

sulting in excellent functional status. In mice with stable mixed

chimerism, we also observed evidence of central and peripheral

mechanisms underlying donor-specific tolerance. Advances

here chart a pathway toward safer clinical strategies for broader

use of islet transplantation in diabetes.

DNA alkylating drugs and high-dose radiation used for HCT

conditioning are associated with multiple morbidities, including

chronically impaired endocrine function and fertility (Couto-Silva

et al., 2001). These complications require extensive counseling

and treatment (Borgstrom et al., 2020; Wikander et al., 2021).

Here, we demonstrated that a small cohort of mice remained

fertile and retained good breeding performance following NMA

conditioning and diabetes reversal after islet allotransplant and

HCT. Further studies with larger male and female cohorts are

warranted to assess preservation of quality-of-life metrics after

aCD117-based conditioning.

GVHD is a potentially life-threatening complication of HCT and

a challenge to expanding HCT use (Flowers and Martin, 2015).

Major risk factors for GVHD include the intensity of bone marrow

conditioning and HSC source and composition (Czerw et al.,

2016; Lazaryan et al., 2016; Nakasone et al., 2015); here, we ad-

dressed both risk factors. First, our conditioning regimen is NMA

and comparatively mild while retaining high efficacy. Second, we

transplanted enriched hematopoietic stem and progenitor cells

(HSPCs), depleted of mature effector cells, rather than whole

bone marrow (WBM). Clinically, HSPC enrichment is achieved

by purifying CD34+ cells using established sorting methods.

While HSPC preparations can reduce GVHD risk, they do not

engraft as well asWBMdue to deficits of immune and other facil-

itating cells (Huang et al., 2016).We found that NMA conditioning

fostered HSPC transplantation to achieve donor chimerism

across full MHC barriers and without GVHD.

Allogeneic islet transplantation has been endorsed in the US

for type 1 diabetes, but immunosuppression needed to sustain

transplanted islets has prevented wider adoption (Pullen,

2021). Here, mixed chimerism and allograft tolerance in a fully

MHC-mismatched setting eliminated the need for chronic sys-

temic immunosuppression. All components in our protocol

have equivalent or analogous clinical counterparts, enhancing

the promise for clinical translation. For example, human

aCD117 Ab (JSP191) is in multi-center trials (ClinicalTrials.gov:

NCT02963064, NCT04429191, NCT04784052) and has shown

a good safety profile and promising results (Agarwal et al.,

2021). Transplant centers experiencedwith HCT routinely deliver

NMA radiation. Our regimen also included anti-T cell therapy to

overcome acute immune rejection by the recipients. We used

aCD4 and aCD8 Abs for transient TCD, which can also be

achieved with anti-thymocyte globulin or other agents with

good efficacy and safety profiles. Notably, our mice did not

have infectious complications while housed without antibiotic

support.

In summary, we have established a translatable NMA condi-

tioning regimen and transplantation protocol to establish mixed
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hematopoietic chimerism and donor-matched islet tolerance

across full MHC barriers, resulting in the reversal of diabetes.

These findingsmotivate investigations to determine if adaptation

of our strategy can be used to reverse established autoimmune

diabetes or to protect transplanted replacement islet cells

derived from renewable sources, including multi-potent stem

cell lines.

Study limitations
Our transplantation model was limited to a primary donor strain

and a single recipient genetic backgroundwith experimental dia-

betes rather than spontaneous diabetes. Conditioning efficacy

and transplantation outcomes could vary with different strain

combinations or with autoimmunity. Our findings with preserved

fertility are preliminary; the breeder cohort was small and limited

to male chimeras. We also did not perform any histology on go-

nads or other assays to quantify effects of conditioning and

fertility preservation. Our data on host and donor immune cell

populations that may be responsible for transplant tolerance

are based on prior studies that established roles for these cell

types, but we did not perform experiments to confirm the

samemechanisms in ourmodel. Interrogation of peripheral toler-

ance in our model remains a challenge given the establishment

of central tolerance mechanisms and no prior donor sensitiza-

tion. Moreover, we assessed peripheral regulatory cells in spleen

but not in lymph nodes draining the transplantation site.
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Antibodies

Goat a-Guinea Pig CF594 MilliporeSigma Cat#: SAB4600103

Goat a-Guinea Pig CF488A MilliporeSigma Cat#: SAB4600040

a-Insulin Dako RRID: AB_10013624

Cat#: A0564

a-CD3 Biolegend RRID: AB_312658

Cat#:100201

a-CD45 Biolegend RRID: AB_312966

Cat#: 103101

Mouse a-Rat AF488 Biolegend RRID: AB_2910464

Cat#: 407513

Mouse a-Rat AF594 Biolegend RRID: AB_2650845

Cat#: 407509

Mouse a-Rabbit AF594 Biolegend RRID: AB_2832788

Cat#: 410407

TruStain FcXTM Antibody Biolegend RRID: AB_1574973

Cat#: 101319

a-CD45.1 PerCp-Cy5.5 Biolegend RRID: AB_893348

Cat#: 110727

a-CD45.2 Pacific Blue Biolegend RRID: AB_492873

Cat#: 109819

a-CD3 AF488 Biolegend RRID: AB_493530

Cat#: 100212

a-CD4 PE Biolegend RRID: AB_313690

Cat#: 116005

a-CD11b BV605 Biolegend RRID: AB_11126744

Cat#: 101237

a-CD19 PE-Cy7 Biolegend RRID: AB_313654

Cat#: 115519

a-CD49b APC Biolegend RRID: AB_313416

Cat#: 108909

a-CD25 PE-Cy5 Biolegend RRID: AB_312859

Cat#: 102010

a-CD8a PE Biolegend RRID: AB_312746

Cat#; 100707

a-Ter-119 PE Biolegend RRID: AB_313708

Cat#: 116207

a-CD11b PE Biolegend RRID: AB_312790

Cat#: 101207

a-Gr-1 PE Biolegend RRID: AB_313372

Cat#: 108407

a-CD3 PE Biolegend RRID: AB_312662

Cat#: 100205

a-B220 PE Biolegend RRID: AB_312992

Cat#: 103207

a-CD317 PE Biolegend RRID: AB_1953284

Cat#: 127009
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a-CD172a APC Biolegend RRID: AB_2564060

Cat#: 144013

a-CD11c AF700 Biolegend RRID: AB_528735

Cat#: 117319

a-CD304 PE Biolegend RRID: AB_2561927

Cat#: 145203

a-FOXP3 AF647 Biolegend RRID: AB_439749

Cat#: 320013

a-Helios AF488 Biolegend RRID: AB_10645334

Cat#: 137213

a-B220 FITC Biolegend RRID: AB_312990

Cat#: 103205

a-CD8a BV510 Biolegend RRID: AB_2561389

Cat#: 100751

a-CD117 Biolegend RRID: AB_2571993

Cat#: 135132

a-CD117 APC eBioscience RRID: AB_469430

Cat#: 17-1171-82

a-Sca-1 PE-Cy7 eBioscience RRID: AB_469669

Cat#: 25-5981-82

a-CD117 BioXCell Cat#: BE0293

a-CD4 BioXCell Cat#: BE0003-1

a-CD8 BioXCell Cat#: BE0117

Chemicals, peptides, and recombinant proteins

LIVE/DEADTM Fixable Near-IR Dead Cell Stain Kit ThermoFisher Cat#: L34975

Bovine Serum Albumin Fisher Scientific Cat#: BP1600-100

RBC Lysis Buffer (10X) Biolegend Cat#: 420301

Cell Staining Buffer Biolegend Cat#: 420201

True-NuclearTM Transcription Factor Buffer Set Biolegend Cat#: 424401

Propidium Iodide MilliporeSigma Cat#: P4170

LiberaseTM TL Research Grade MilliporeSigma Cat#: 05401020001

Diphenhydramine HCl Cayman Chemical Company Cat#:11158

Lineage Cell Depletion Kit, mouse Miltenyi Biotec Cat#:130-090-858

HBS Caisson Labs Cat#: HBL06

HEPES Solution Caisson Labs Cat#: HOL06

RPMI 1640 Corning Cat#: 10-040-CV

LinBit LinShin Canada, Inc Cat#: Pr-1-B

LANTUS� sanofi-aventis U.S. LLC NDC 0088-2220-33

UltraCruz� Hard-set Mounting Medium Santa Cruz Biotechnology Cat#: sc-359850

Fetal Bovine Serum Cytiva Cat#: SH30070.03

Penicillin-Streptomycin Gibco Cat#: 15140122

Experimental models: Organisms/strains

B6 CD45.1 mice The Jackson Laboratory Stock #: 002014

BALB/c mice The Jackson Laboratory Stock #: 000651

FVB mice The Jackson Laboratory Stock #: 001800

B6 RIP-DTR mice Seung Kim Lab, Stanford University N/A

Software and algorithms

FlowJo 10.7 FlowJo, LLC N/A

GraphPad Prism 8 GraphPad Software N/A

Fiji Schindelin et al. (2012) N/A
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Other

IC-250 X-Ray Biological Irradiator System KIMTRON Inc N/A

CM3050 S Leica Biosystems N/A

FACS Aria II BD N/A

EVOS M5000 Cell Imaging System ThermoScientific N/A
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Seung Kim

(seungkim@stanford.edu).

Materials availability
This study did not generate new unique animals or reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Female and male B6 CD45.1 (Stock #: 002014), BALB/c (Stock #: 000651), and FVB (Stock #: 001800) mice 7–8 weeks old were pur-

chased fromThe Jackson Laboratory (BarHarbor,ME). B6RIP-DTRmicewere generated andmaintained by our group (Bhagchandani

et al., 2022). Males were used at 16–20 weeks old, and females were used at 8–10 weeks old. This strain expresses the Ins2-HBEGF

(RIP-DTR) transgene and the mutant Ptprca (CD45.1) allele on the B6 mouse background. The RIP-DTR transgene allows for rapid in-

duction of diabetes by b-cell-specific ablation with 100% penetrance by a single i.p. injection of diphtheria toxin in males and females.

Healthy euglycemic littermates of the same sex were randomly assigned to experimental groups and were not involved in any prior

procedures. All animalswere fed standard chowandwater ad libitum and housed in non-specific-pathogen-free conditions at the Stan-

ford School of Medicine. Animal experiments were approved by the Stanford Administrative Panel on Laboratory Animal Care.

METHOD DETAILS

Conditioning, reagents, and equipment
A graphical timeline of conditioning is shown in Figure 1B.Mice were given 500mg diphenhydramine HCl i.p. approximately 10-15min

prior to aCD117. 500mg aCD117 was injected retro-orbitally into mice under isoflurane anesthesia on day�6 prior to HCT. Mice were

irradiated on day �3 with 200 cGy (Figures 1 and 2) or 300 cGy (Figures 3 and 4) TBI. 300mg each of aCD4 and aCD8 was admin-

istered i.p. on days �2, �1, and 0. aCD117 mAb, ACK2 was purchased from Bio X Cell (Lebanon, NH) or BioLegend (San Diego,

CA). aCD4 (GK1.5) and aCD8 (YTS169.4) were purchased from Bio X Cell. Diphenhydramine HCl was purchased from MedChem

Express (Monmouth Junction, NJ).

Animal irradiation (XRT) was performed using a Kimtron Polaris IC-250 Biological Irradiator (Oxford, CT) with a 225 kV X-ray tube

filtered by 0.5mmCu source set at 225kV, 13.3mA.Mice were divided in irradiation pie cages fromBraintree Scientific (Braintree, MA)

when irradiated. Dosimetry calibration for our setup was performed using published methods on radiochromic film (Ma et al., 2001).

Bone marrow isolation
Sex-matched donor BALB/c mice (6–7 weeks old) were euthanized and femurs, tibias, and vertebral bodies were collected. Bones

were crushed via mortar and pestle in PBS with 2% FBS and 10mMHEPES to recover WBM.WBMwas filtered through a 70-mm cell

strainer and RBCs were lysed in RBC Lysis Buffer (BioLegend) then manually counted via staining by Trypan Blue (StemCell

Technologies).

HSPC enrichment and transplant
Lineage-negative (Lin�) bone marrow cells were prepared by magnetic column separation using a Lineage Cell Depletion cocktail

(Miltenyi Biotec) as per manufacturer’s instructions. To further purify the cells collected in the flow through frommagnetic separation,
e3 Cell Reports 41, 111615, November 8, 2022
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Lin-cKit+ (LK) cells were sorted as described in flow cytometry methods. Mice were anesthetized with isoflurane and given retro-

orbital injections of 1.5E6 LK cells suspended in 100 mL of PBS. Typical HSPC preparation composition can be seen in Figure S6.

Islet isolation and transplantation
Islet isolation and transplantation was performed as previously described with minor modifications (Chang et al., 2018a, 2018b).

Briefly, pancreases are perfused with 100-125mg/mL Liberase TL (Roche Diagnostics, Indianapolis, IN) and digested in a 37�Cwater

bath for 18–22min. After washing with Hank’s Buffered Saline (HBS; Caisson Labs, Smithfield, UT), the crude digest is purified over a

discontinuous density gradient, washed once more with HBS, and cultured overnight in RPMI 1640 (Corning; Corning NY) supple-

mented with 10% FBS, 10mM HEPES, and 1% penicillin-streptomycin solution. Recipient mice are anesthetized with ketamine and

xylazine and given subcutaneous analgesics. After overnight culture, 100–400 islets are loaded into polyethylene (PE)-50 tubing (BD,

Franklin Lakes, NJ) and injected under the kidney capsule of recipient mice. Diabetic mice may be temporarily treated with insulin

implants (Linshin, Toronto, Ontario) and/or insulin glargine (Sanofi, Bridgewater, NJ) as indicated in the text and Figure Legends.

Histology
Islet graft-bearing kidneys, pancreases, and intestines fixed in 4%paraformaldehyde were embedded in optimal cutting temperature

compound and frozen on dry ice. 6-10mm sections were made on a Leica CM3050 S (Leica Biosystems, Buffalo Grove, IL). Immu-

nofluorescent staining was performed using standardmethods. Briefly, sections were blocked in 5%BSA for 1hr then incubated with

primary antibodies overnight at 4�C. Sections are washed 33 5min before incubation with secondary antibodies for 2 hours at room

temperature and washed 3 3 5 min again. Slide covers were secured with Hard-set Mounting Medium with DAPI (Santa Cruz

Biotechnology, Dallas TX). Slides were imaged on an EVOS M5000 Cell Imaging System (ThermoFisher). Post-processing and color

channel merging was performed in Fiji (http://fiji.sc/) (Schindelin et al., 2012). Primary antibodies (1:100-200): aCD3 (17A2) and

aCD45 (30-F11) were purchased from BioLegend, insulin (a0564) from Dako (Carpinteria, CA). Secondary antibodies (1:200-500):

CF-594 and CF-488A a-Guinea Pig were purchased from MilliporeSigma (St. Louis, MO), Alexa Fluor-594 and Alexa Fluor-488

a-Rat, and Alexa Fluor-594 a-Rabbit were purchased from BioLegend.

Peripheral blood, spleen, thymus, and BM preparation for flow cytometry
100 mL of whole blood was collected via the tail vain into EDTA coated tubes. Spleens and thymuses were directly mashed through a

70mm cell strainer. BM cells were isolated as above. Samples underwent RBC lysis in RBC Lysis Buffer (BioLegend) before down-

stream staining for analysis.

Flow cytometry analysis
Gating strategies can be found in Supplemental Information (Figures S7 and S8). For analysis of mixed chimerism, cells were first

stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (ThermoFisher Scientific) and blocked with TruStain FcX anti-mouse

(Biolegend) for 10 min on ice in Cell Stain Buffer (Biolegend). Antibodies used for staining from Biolegend were as follows: CD45.1

PerCp-Cy5.5 (A20), CD45.2 Pacific Blue (104), CD3 AF488 (17A2), CD4 PE (RM4-4), CD11b BV605 (M1/70), CD19 PE-Cy7 (6D5),

CD49b APC (DX5), CD25 PE-Cy5 (PC61), CD8a PE (53–6.7), Ter-119 PE, CD11b PE (M1/70), Gr-1 PE (RB6-8C5), CD3 PE (17A2),

B220 PE (RA3-6B2), CD317 PE (927), CD172a APC (P84), CD11c AF700 (N418), CD304 PE (3E12), FOXP3 AF647 (150D), Helios

AF488 (22F6), B220 FITC (RA3-6B2), CD8a BV510 (53–6.7). eBioscience antibodies used were as follows: CD117 APC (2B8),

Sca-1 Pe-Cy7 (D7). Staining of intracellular markers was conducted with Biolegend True-Nuclear Transcription Factor Buffer Set

as per manufacturer’s instructions. For live cell sorting, propidium iodide (MilliporeSigma) was used to determine viability. Cells

were analyzed and/or sorted with a BD FACSAria II. Data were analyzed using FlowJo (10.7).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of all experiments can be found in the figure legends and results section, including value of n. All data are presented

as means ± SEM, where n represents number of animals. Animals were randomly assigned to experimental groups and all samples

represent biological replicates. Statistical analysis was performed using Prism 8 (GraphPad, San Diego, CA). Differences between

the means of two groups were tested using unpaired two-tailed Student’s t-test with Welch’s correction. Some data were excluded

by Prism 8’s outlier function. Sample size estimates were not used. A p value of 0.05 or less was considered statistically significant.

*p < 0.05, **p < 0.01.
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