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Human hypoimmune primary pancreatic islets avoid
rejection and autoimmunity and alleviate diabetes in
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Transplantation of allogeneic pancreatic donor islets has successfully been performed in selected patients with
difficult-to-control insulin-dependent diabetes and impaired awareness of hypoglycemia (IAH). However, the
required systemic immunosuppression associated with this procedure prevents this cell replacement therapy
from more widespread adoption in larger patient populations. We report the editing of primary human islet
cells to the hypoimmune HLA class I– and class II–negative and CD47-overexpressing phenotype and their re-
aggregation into human HIP pseudoislets (p-islets). Human HIP p-islets were shown to survive, engraft, and
ameliorate diabetes in immunocompetent, allogeneic, diabetic humanized mice. HIP p-islet cells were further
shown to avoid autoimmune killing in autologous, diabetic humanized autoimmune mice. The survival and en-
docrine function of HIP p-islet cells were not impaired by contamination of unedited or partially edited cells
within the p-islets. HIP p-islet cells were eliminated quickly and reliably in this model using a CD47-targeting
antibody, thus providing a safety strategy in case HIP cells exert toxicity in a future clinical setting. Transplan-
tation of human HIP p-islets for which no immunosuppression is required has the potential to lead to wider
adoption of this therapy and help more diabetes patients with IAH and history of severe hypoglycemic
events to achieve insulin independence.
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INTRODUCTION
Insulin has been used to treat patients with type 1 diabetes mellitus
(T1DM) for 100 years and has transformed the once-fatal diagnosis
into a chronic, medically manageable condition (1). However, mor-
bidity, mortality, and quality of life remain a problem (2, 3), specif-
ically for 25% of patients with impaired awareness of hypoglycemia
(IAH) who are at high risk of severe hypoglycemic events and asso-
ciated morbidities (4, 5). In addition, half of all patients with long-
standing T1DM require assistance for severe hypoglycemic events,
which increases their risk to that of patients with IAH (6). The risk
for severe hypoglycemic events increases with the duration of
T1DM (7). Continuous glucose monitoring has shown the ability
to catch peaks or drops in glucose concentrations better than con-
ventional fingerstick blood glucose meter checks and has improved
glycemic control in adults (8, 9) as well as adolescents and young
adults with T1DM (10). Such wearable bioartificial devices
provide glucose readings, trends, and alerts to the user in real
time to inform diabetes treatment decisions (11), but compared
with the physiological, immediate β cell response, integrated
closed-loop systems still face delays in subcutaneous glucose
sensing and insulin delivery, and patients experience an average
of at least 30 min each day with glucose less than 3.9 mM (12).
These systems are appreciated by most patients but do not

provide curative therapy of T1DM or completely remove the
burden of glucose uncertainty and unremitting daily self-manage-
ment. The key negative themes include technical difficulties, intru-
siveness of alarms, and equipment size (13).
Allogeneic islet transplantation replenishes the vanished β cell

population (14), and clinical trials in patients with IAH and
history of severe hypoglycemic events showed that it provides gly-
cemic control, restoration of hypoglycemia awareness, and protec-
tion from severe hypoglycemic events (15, 16). Twenty-year follow-
up data of allogeneic islet transplantation reported a mean duration
of islet graft function of 4.4 to 5.9 years on immunosuppression (17,
18). However, critical challenges to allogeneic islet transplantation
include an unsolved regulatory framework (19), early loss of trans-
planted islets from instant blood-mediated inflammatory reaction
(20, 21), and the need for life-long immunosuppression to protect
the islet grafts from allo- and autoimmunity. Immunosuppression
causes most side effects, including β cell toxicity (22), kidney toxic-
ity (23, 24), infections (25), and cancer (26), and limits the more
widespread use of this strategy. We here report the concept of
human allogeneic, gene-engineered hypoimmune (HIP) islets for
transplantation without the need for immunosuppression. Alloge-
neic HIP islets circumvent allogeneic and autoimmune responses
and provide glycemic control in preclinical models.

RESULTS
Engineering of HIP-edited primary human pseudoislets
Primary human islets isolated from organ donors are sensitive to
hypoxia and stress and had already undergone the isolation
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process, culturing, and shipping to our facility before we could start
the editing process. We adopted the strategy to dissociate islets into
single cells for each step of engineering or cell sorting and immedi-
ately allowed the cells to reaggregate thereafter into pseudoislets (p-
islets). Primary human islets were dissociated for the inactivation of
the B2M and CIITA genes using CRISPR guide RNAs (gRNAs) and
Cas9. Cells negative for human leukocyte antigen (HLA) class I and
class II expression in flow cytometry were then sorted, and these
islet cells were transduced with lentiviral particles carrying trans-
genes for CD47 and firefly luciferase. Cells overexpressing CD47
(measured by flow cytometry) were subsequently sorted to generate
hypoimmune HLA class I– and class II–deficient CD47-overex-
pressing (HIP) p-islets (fig. S1A). Wild-type (WT) p-islets were
generated in parallel, and the cells underwent the same dissociation
and reaggregation steps without the engineering and sorting. The
HIP phenotype was stable and was not affected by interferon-γ
(IFN-γ) and tumor necrosis factor–α stimulation (fig. S1B). The
generated WT and HIP p-islets showed similar size, cell type com-
position, and in vitro insulin secretion, showing that the editing
itself did not affect the morphology or endocrine function of the
organoids (Fig. 1, A and B). HIP and WT p-islets demonstrated
the expected immune phenotype (Fig. 1, A and C). Next, we
aimed to assess the survival of p-islets and their cell composition
in immunocompetent, diabetic allogeneic humanized NSG-SGM3
mice (27). The triple transgenic NSG-SGM3 mice were engineered

from NSG mice and express human interleukin-3 (IL-3), granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), and stem
cell factor, which provide cytokine support for the improved en-
graftment of human immune cells. A total of 300 WT or HIP p-
islet clusters were injected into the hindlimbmuscle and were recov-
ered on the same day or 7 or 28 days later (Fig. 1D). WT p-islets
could only be recovered on the same day but were fully rejected
and dissolved at later time points (Fig. 1, E and F). In contrast,
the total cell count and cell composition of HIP islets did not
change over time (Fig. 1, G and H).

Human HIP p-islets are resilient and effective endocrine
organoids
The survival, engraftment, and the ability to control diabetes were
assessed in immunodeficient NSG mice to avoid immune rejection.
Diabetes was induced using streptozotocin (STZ), and all mice had
fasting glucose concentrations >400 mg/dl on the day of p-islet graft
transplantation. Three hundred humanWTor HIP p-islets were in-
tramuscularly injected, and their survival was monitored by biolu-
minescence imaging (BLI). Both WT (fig. S2, A to D) and HIP p-
islets (fig. S2, E to H) showed cell survival and similarly robust en-
graftment with improvement of their metabolic activity over time.
WT and HIP p-islets achieved glycemic control within about 2
weeks and generated similar c-peptide concentrations 1 month
after transplantation. These functional data confirmed that HIP-

Fig. 1. Stable WT and HIP p-islets are engineered from primary human donor islets. (A) In vitro immunofluorescence stainings of human WT and HIP p-islets for
somatostatin, insulin, and glucagon (representative pictures of two independent experiments). Additional immunofluorescence stainings for CD47, HLA class I, and DAPI
(representative pictures of two independent experiments). (B) Insulin release of in vitro humanWTand HIP p-islets was assessed by ELISA (means ± SD, three independent
replicates per group, two-tailed Student’s t test). (C) HLA class I and II and CD47 expression was assessed by flow cytometry (representative histograms of two indepen-
dent experiments). (D) A total of 300 green fluorescent protein (GFP)–expressing human WT or HIP islets were transplanted into the hindlimb muscles of immunocom-
petent, diabetic allogeneic humanized NSG-SGM3 mice (three mice per group). (E to H) In each group, the hindlimb muscle was recovered after 0, 7, and 28 days in n = 3
animals, and transplanted islet cells were recovered. The total amount of GFP+ cells was assessed by flow cytometry [(E and G), n = 3 mice per time point, Kruskal-Wallis
test with Dunn’s multiple comparisons test]. The composition of cell types was assessed by flow cytometry [(F and H), mean of n = 3 mice per time point].
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edited p-islet cells maintained their endocrine function and showed
unimpaired resilience toward the transplantation procedure.
The HIP p-islet cells’ pharmacodynamics were studied by trans-

planting different amounts of p-islet clusters. In addition to the
above study with 300 clusters, NSG groups with only 50, 100, or
150 clusters were used (fig. S2, I to R). All HIP p-islets survived
without any dose-dependent differences. However, we observed a
delay in glycemic control when injecting fewer transplanted p-
islet clusters, although all mice eventually achieved euglycemia
with similar c-peptide concentrations and physiologic responses
to glucose challenge. Overall, these data emphasize the effective en-
docrine function of human HIP p-islets, which have greater
glucose-sensitive insulin secretion as compared with reported
human induced pluripotent stem cells (iPSC)–derived islet-like or-
ganoids (28). Three hundred p-islets were used for all subsequent
studies to allow for swift diabetic control in the HIP groups.

Human HIP p-islets survive, engraft, and ameliorate
diabetes in immunocompetent, allogeneic, diabetic
humanized mice
Islet grafts will have to overcome both alloimmunity and autoim-
munity. Allorejection was assessed first using immunocompetent
humanized recipients that were exposed to p-islet grafts. All alloge-
neic WT p-islet grafts were fully rejected over 7 to 10 days and
showed no effect on blood glucose, not even temporarily, and
animals had no detectable c-peptide after 1 month (Fig. 2, A to
C). As shown previously, humanized allogeneic NSG-SGM3 mice
consistently reject allogeneic cell transplants (29). In contrast, all
HIP p-islet allografts survived (Fig. 2, D and E) and showed BLI
signals similar to those in immunocompromised NSG mice. Glyce-
mic control was achieved in all recipients of HIP p-islets, and the
kinetics of glucose control were again similar to those in immuno-
compromised NSG mice (Fig. 2F), suggesting that the allogeneic
immune system had no impact on HIP p-islet efficacy. To assess
the effect of CD47 overexpression on the survival of HIP p-islets
in allogeneic, diabetic humanized mice, human HLA-I/II double-
knockout (DKO) p-islets were used as controls (Fig. 2G). DKO
islet cells were deficient in HLA class I and II but did not have
CD47 overexpression. All DKO p-islets were rejected in a similar
time frame as the WT p-islets and similarly had no impact on
blood glucose or c-peptide (Fig. 2, H and I). Together, these data
confirmed the sufficient reconstitution of the immune system in
these humanized mice, which can effectively reject WT grafts via
adaptive cytotoxicity and DKO grafts via innate cytotoxicity. The
hindlimb muscles of all animals were recovered after 1 month. No
traces of WT p-islet grafts were found in any animals. In contrast,
HIP p-islets showed the samemorphology as before transplantation
and contained α, β, and δ cells (Fig. 2, J to M). There was no
immune cell infiltrate in or around the HIP p-islet cells (Fig. 2N
and fig. S3). For immune assays, splenocytes and serum were also
recovered from all animals 6 days after cell transplantation and
showed markedly elevated IFN-γ spot frequencies and immuno-
globulin M (IgM) donor-specific antibodies against the grafts in
the WT group, supporting the notion of a strong adaptive allores-
ponse (Fig. 2, O and P). No adaptive immune response was seen in
humanized mice that received DKO or HIP p-islets. Assays for
innate immune responses showed natural killer (NK) cell and mac-
rophage cytotoxicity only against DKO p-islets, not WT or HIP p-
islets (Fig. 2, Q and R). Confirmatory killing assays showed T cell

and complement-dependent antibody killing of WT p-islets and
NK cells, macrophage killing of DKO p-islets, and no killing of
HIP p-islets (Fig. 2S). Overall, these results support the sufficiency
of our three-edit HIP concept to avoid all allogeneic immune
cell attacks.

Murine HIP p-islets escape autoimmunity and alloimmunity
in nonobese diabetic mice
To assess autoimmune killing, we initially switched to the murine
system. Autoimmune diabetes has extensively been studied using
nonobese diabetic (NOD) mice (30), which develop spontaneous
T1DM with induction of autoantibodies (31) and autoreactive T
cells (32). For our study, all NOD mice had established T1DM at
the time that they were included in study groups. The engineering
of pancreatic islets was done accordingly; B2m and Ciita were inac-
tivated, and mouse CD47 was overexpressed. We found that the au-
toimmune response of NOD mice was directed specifically against
islet cells because transplanted syngeneic NOD p-islets were reject-
ed within about 2 weeks and had no impact on blood glucose con-
centrations (Fig. 3, A to C), whereas transplanted syngeneic NOD
fibroblasts survived (Fig. 3, D and E). HIP-engineered syngeneic
NOD p-islets (HIP NOD p-islets) effectively circumvented autoim-
munity and survived in NODmice and achieved glycemic control in
less than 2 weeks (Fig. 3, F to H). Next, primary NOD islets were
transplanted into NOD mice, and splenocytes and serum were re-
covered after 5 days. NOD splenocytes and serum expeditiously
killed syngeneic NOD p-islets but spared HIP NOD p-islets in
vitro, confirming the ability of HIP NOD p-islets to avoid NOD au-
toimmunity (Fig. 3, I and J). To test whether the NOD autoimmu-
nity was strong enough to kill already engrafted p-islets, NOD or
NOD HIP p-islets were transplanted into diabetic NSG mice with
adoptive transfer of NOD splenocytes on day 11. NOD splenocytes
quickly rejected already engrafted syngeneic NOD p-islets and rees-
tablished diabetic blood glucose concentrations (Fig. 3, K to M). In
contrast, NOD splenocytes did not affect the survival or endocrine
activity of HIP NOD p-islets (Fig. 3, N to P). Next, we assessed
whether NOD mice could reject allogeneic grafts and thereby
serve as a model for both autoimmunity and alloimmunity. Alloge-
neic mouse C57BL/6 iPSC–derived endothelial cell (miEC) grafts
were rejected in NOD mice, and splenocytes and serum recovered
after 5 days killed C57BL/6 miECs in vitro (fig. S4, A to C). C57BL/6
miEC grafts survived in immunodeficient NOD severe combined
immunodeficient (SCID) mice (fig. S4, D and E). Allogeneic
C57BL/6 p-islets transplanted into NOD mice were rejected
quickly and had no effect on blood glucose (Fig. 4, A to C),
whereas allogeneic C57BL/6 HIP p-islets survived and normalized
blood glucose (Fig. 4, D to F). Splenocytes and serum recovered
after 5 days killed allogeneic C57BL/6 p-islet cells but not C57BL/
6 HIP p-islet cells in vitro (Fig. 4, G and H). We next assessed
whether the autoimmune response against syngeneic islets from
NOD mice would also target already engrafted p-islet allografts.
NOD splenocytes adoptively transferred to NSG mice with engraft-
ed allogeneic C57BL/6 p-islets, and decreasing glucose concentra-
tions caused graft failure and quickly reestablished diabetic
hyperglycemia (Fig. 4, I to K). In contrast, adoptively transferred
NOD splenocytes did not attack allogeneic C57BL/6 HIP p-islets
and did not impede establishment of glycemic control (Fig. 4, L
to N). C57BL/6 p-islets (Fig. 4, O to Q) and C57BL/6 HIP p-islets
(Fig. 4, R to T) transplanted into NOD SCID mice that could not
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mount an allo- or autoimmune response showed similar graft sur-
vival and glucose control. Together, the data generated in NOD
mice show that allogeneic mouse HIP p-islets effectively escape
both autoimmunity and alloimmunity.

Human iPSC–derived HIP p-islets escape autoimmunity in
autologous, diabetic humanized mice
We next aimed to recapitulate the above murine data in an autolo-
gous, humanized autoimmune diabetes model for human HIP p-
islets. Peripheral blood mononuclear cells (PBMCs) from a

patient with long-standing T1DM and measurable GAD65, ZT8,
and IA-2 antibodies were used to engraft NSG-SGM3 mice
(T1DM mice; Fig. 5A). Because β cells are destroyed in patients
with T1DM, we generated iPSCs from the same PBMC pool; one
fraction underwent HIP engineering (B2M and CIITA inactivation
and CD47 and Luc overexpression), whereas the other fraction was
transduced to overexpress Luc only, without HIP engineering. Both
autologous (auto) and HIP auto p-islets (HIP) were then differen-
tiated into autologous islet cells for subsequent transplantation into
T1DMmice (Fig. 5A). Auto and HIP iPSC–derived p-islets showed

Fig. 2. Human HIP p-islets survive in immuno-
competent, allogeneic, diabetic humanizedmice
and alleviate diabetes. (A and B) Human WT p-
islets were transplanted into allogeneic, diabetic
humanized mice. BLI (A) and signals (B) for all nine
animals are shown. (C) Fasting blood glucose and
30-min glucose challenge are shown (means ± SD).
Blood c-peptide was measured after 29 days
(means ± SD, nine animals). (D and E) Human HIP p-
islets were transplanted into allogeneic, diabetic
humanized mice. BLI (D) and signals (E) for all 10
animals are shown. (F) Fasting blood glucose and
30-min glucose challenge are shown (means ± SD).
Blood c-peptide was measured after 29 days
(means ± SD, 10 animals). (G and H) Human DKO p-
islets were transplanted into allogeneic, diabetic
humanized mice. BLI (G) and signals (H) for all six
animals are shown. (I) Fasting blood glucose and 30-
min glucose challenge are shown (means ± SD).
Blood c-peptide was measured after 29 days
(means ± SD, six animals). (J to M) On day 29, hin-
dlimb muscles were recovered and sectioned. Im-
munofluorescence staining [(J and L), merged in
(M)] revealed morphologically normal HIP p-islets
containing α, β, and δ cells. (N) Histology with he-
matoxylin and eosin staining showed the injected
HIP p-islets without any adjacent immune cell infil-
trates. (O and P) Human WT, DKO, or HIP p-islets
were transplanted into additional allogeneic, dia-
betic humanized mice, and splenocytes and serum
were recovered after 6 days. Enzyme-linked immu-
nosorbent spot (ELISpot) assays with splenocytes
against the transplanted islet cells were performed
[(O), five animals per group, ANOVA with Bonferro-
ni’s post hoc test]. ELISpots with splenocytes from
mice that received no transplants are shown as
background. Donor-specific antibodies (DSAs)
against the transplanted islet cells were assessed in
flow cytometry [(P), five animals per group, ANOVA
with Bonferroni’s post hoc test]. Islet cells incubated
with sera from mice that received no transplants are
shown as background. (Q) Human WT, DKO, or HIP
islet cells were incubated with allogeneic NK cells
for 90 hours, and then granzyme B and perforin in
the supernatant were quantified by ELISA
(means ± SD, three independent replicates per
group, ANOVA with Bonferroni’s post hoc test). (R)
Human WT, DKO, or HIP islet cells were incubated
with allogeneic macrophages for 90 hours, and then
ROS in the supernatant was quantified by ELISA (means ± SD, three independent replicates per group, ANOVA with Bonferroni’s post hoc test). (S) In vitro impedance
killing assays were performed with human WT, DKO, or HIP islet cells as targets and allogeneic T cells, serum [complement-dependent cytotoxicity (CDC)], NK cells, or
macrophages (Mac) as effector system (means ± SD, three independent replicates per group and time point).
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Fig. 3. Syngeneic murine HIP p-islets escape autoimmunity in NODmice. (A and B) NOD p-islets were transplanted into syngeneic, NOD mice. BLI (A) and signals (B)
for all five animals are shown. (C) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, five animals). (D and E) NOD fibroblasts were transplanted
into syngeneic, NODmice. BLI (D) and signals (E) for all five animals are shown. (F and G) NOD HIP p-islets were transplanted into syngeneic, NODmice. BLI (F) and signals
(G) for all five animals are shown. (H) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, five animals). (I and J) Primary NOD islets were
transplanted into NOD mice, and splenocytes and serum were recovered after 5 days and used as effector system in impedance killing assays. NOD p-islet cells (I) or
NOD HIP p-islet cells (J) were used as targets (means ± SD, five animals each). (K and L) NOD p-islets were transplanted into immunodeficient, diabetic NSG mice. BLI (K)
and signals (L) for all five animals are shown. On day 11, splenocytes fromNODmicewere adoptively transferred to these NSGmice. (M) Fasting blood glucose and 30-min
glucose challenge are shown (means ± SD, five animals). (N andO) NODHIP p-islets were transplanted into immunodeficient, diabetic NSGmice. BLI (N) and signals (O) for
all five animals are shown. On day 11, splenocytes fromNODmicewere adoptively transferred to these NSGmice. (P) Fasting blood glucose and 30-min glucose challenge
are shown (means ± SD, five animals).
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similar size, morphology, endocrine hormone content, and cell
composition, but only HIP p-islets showed abundant CD47 and
lack of HLA class I expression (Fig. 5, B to E). Both auto and HIP
iPSC–derived p-islets released similar amounts of insulin in vitro
(Fig. 5F). Auto and HIP iPSC–derived p-islets were then transplant-
ed into the autologous T1DM mice. The first injection was made
into the right thigh muscle, and a second injection of auto p-islets

was made into recipients of HIP p-islets on day 15 (Fig. 6A). The
experiment was performed three times. The auto p-islets vanished
quickly over just 5 to 10 days, confirming the establishment of trans-
ferred human autoimmune disease in these T1DM mice (Fig. 6, B
and C). Transplantation of auto p-islets had no effect on blood
glucose (Fig. 6D). Impedance-based killing assays with splenocytes
and sera from T1DMmice that rejected auto p-islets also killed auto

Fig. 4. Allogeneic murine HIP p-
islets escape autoimmunity and
alloimmunity in NOD mice. (A and
B) Allogeneic C57BL/6 p-islets were
transplanted into NOD mice. BLI (A)
and signals (B) for all five animals are
shown. (C) Fasting blood glucose
and 30-min glucose challenge are
shown (means ± SD, five animals).
(D and E) Allogeneic C57BL/6 HIP p-
islets were transplanted into NOD
mice. BLI (D) and signals (E) for all
five animals are shown. (F) Fasting
blood glucose and 30-min glucose
challenge are shown (means ± SD,
five animals). (G and H) Splenocytes
and serum were recovered from
NOD mice that received C57BL/6 p-
islets (G) or C57BL/6 HIP p-islets (H)
5 days after transplantation. Imped-
ance killing assays were run against
C57BL/6 p-islet cells (G) or C57BL/6
HIP p-islet cells (H) (mean ± SD, 5
animals). (I and J) C57BL/6 p-islets
were transplanted into immuno-
deficient, diabetic NSG mice. BLI (I)
and signals (J) for all five animals are
shown. On day 11, splenocytes from
NOD mice were adoptively trans-
ferred to these NSGmice. (K) Fasting
blood glucose and 30-min glucose
challenge are shown (means ± SD,
five animals). (L andM) C57BL/6 HIP
p-islets were transplanted into im-
munodeficient, diabetic NSG mice.
BLI (L) and signals (M) for all five
animals are shown. On day 11,
splenocytes from NOD mice were
adoptively transferred to these NSG
mice. (N) Fasting blood glucose and
30-min glucose challenge are
shown (means ± SD, five animals).
(O and P) C57BL/6 p-islets were
transplanted into immunodeficient,
NOD SCID mice. BLI (O) and signals
(P) for all five animals are shown. (Q)
Fasting blood glucose is shown
(means ± SD, five animals). (R and S)
C57BL/6 HIP p-islets were trans-
planted into immunodeficient, NOD
SCID mice. BLI (R) and signals (S) for
all five animals are shown. (T)
Fasting blood glucose is shown
(means ± SD, five animals).
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p-islet cells in vitro (Fig. 6E). Auto p-islet cells were not killed by NK
cells or macrophages (Fig. 6F). HIP iPSC–derived p-islets survived
in T1DM mice, and their survival was not affected by the fact that
subsequently transplanted auto p-islets were rejected in the same
mice (Fig. 6, G and H). HIP iPSC–derived p-islets reliably achieved
glycemic control in the animals within 2 weeks (Fig. 6I). In vitro
killing assays with splenocytes and sera from T1DM mice that re-
ceived HIP iPSC–derived p-islets and subsequently auto iPSC–
derived p-islets confirmed that there was no immune response
against HIP iPSC–derived p-islet cells (Fig. 6J). In addition, there
was no NK cell or macrophage killing of HIP iPSC–derived p-
islet cells (Fig. 6K). On day 29, only T1DM mice that received
HIP iPSC–derived p-islets had relevant c-peptide concentrations
(Fig. 6L). Together, these experiments showed that HIP iPSC–
derived p-islets efficiently avoid autoimmune killing in a human-
ized model.

Human HIP p-islets are potentially well suited to overcome
key immunological and pharmacologic stressors associated
with clinical transplantation
Our stringent multistep protocol of gene engineering, flow cytom-
etry sorting, and reaggregation into HIP p-islets would need to be
modified to allow good manufacturing practice before human HIP
p-islets can be tested in clinical trials. The efficiency of generating
fully engineered cells will most likely be lower, and the clinical cell

product could contain fractions of unengineered or DKO-edited
cells. To test how contamination with WT or DKO cells within
the HIP p-islets affects overall organoid survival and function, we
performed experiments with 1:1 mixtures of cells. First, WT and
HIP islet cells were reaggregated into p-islets and transplanted
into allogeneic, diabetic humanized mice. BLI showed that the
Luc+ WT p-islet fraction vanished over 10 days (Fig. 7, A and B).
Luc+ HIP p-islet cells, on the other hand, successfully engrafted
and survived for the duration of the experiment (Fig. 7, D and E).
Glucose monitoring in both experiments showed normalization of
blood glucose by the prevailingHIP p-islet fraction (Fig. 7, C and F).
Similarly, mixed DKO and HIP islets were reaggregated and trans-
planted into allogeneic, diabetic humanized mice. When the DKO
fraction was labeled with Luc+, we observed rapid disappearance of
Luc+ cells (Fig. 7, G and H), whereas in the Luc+ HIP mixtures, the
signal persisted for the duration of the experiment (Fig. 7, J and K).
Again, glucose monitoring showed that the DKO/HIP p-islet mix-
tures were also effective at restoring glycemic control in these mice
(Fig. 7, I and L). Together, these results demonstrate that as long as
there are enough HIP p-islet cells, contamination with unengi-
neered or partially engineered cells does not jeopardize the engraft-
ment and function of the HIP p-islet grafts. The immune response
against cotransplanted WT and DKO p-islet cells seems targeted
and does not appear to affect the survival or endocrine function
of HIP p-islet cells. A potential clinical trial with HIP p-islets

Fig. 5. A humanizedmousemodel for autoimmune diabetes. (A) PBMCs from a patient with T1DMwere used to engraft NSG-SGM3mice (T1DMmice) and to generate
autologous (auto) p-islets through reprogramming to iPSCs and differentiation into islet cells. Some auto iPSCs underwent HIP editing, and these HIP iPSCs were differ-
entiated into autologous HIP p-islets. (B) In vitro immunofluorescence staining of auto and HIP iPSC–derived p-islets for somatostatin, insulin, and glucagon (represen-
tative pictures of two independent experiments). (C) Additional immunofluorescence stainings for CD47, HLA class I, and DAPI (representative pictures of two
independent experiments). (D) HLA class I and II and CD47 expression was assessed by flow cytometry (representative histograms of two independent experiments).
(E) The composition of cell types in auto and HIP iPSC–derived p-islets was assessed by flow cytometry (mean of three experiments). (F) Insulin release of in vitro human
auto and HIP iPSC–derived p-islets is assessed by ELISA (means ± SD, three independent replicates per group, two-tailed Student’s t test).
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Fig. 6. HumanHIP iPSC–derived p-islets survive in an autologous autoimmune diabetesmodel and alleviate diabetes. (A) In one group, auto iPSC–derived p-islets
were transplanted in autologous T1DM mice, and survival and glucose were monitored. In another group, HIP iPSC–derived p-islets were transplanted in autologous
T1DM mice, followed by subsequent transplantation of auto p-islets on day 15. (B and C) Three different batches of auto iPSC–derived p-islets were transplanted in
autologous T1DM mice. BLI (B) and signals (C) for all 15 animals are shown. (D) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, 15
animals). (E) Impedance killing assays with splenocytes and sera from T1DM mice that received auto p-islets were performed against auto p-islet cells (means ± SD,
five animals). (F) Impedance killing assays were further performed using NK cells or macrophages as effector cells (means ± SD, three independent experiments). (G
and H) Three different batches of HIP iPSC–derived p-islets were transplanted into the right thigh muscles of autologous T1DM mice. BLI (G) and signals (H) for all 15
animals are shown. On day 15, auto iPSC–derived p-islets were transplanted into the left thigh muscle. The BLI scale in (G) on the left side is from the HIP p-islet imaging;
the scale on the right is from the auto p-islet imaging. (I) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, 15 animals). (J) Impedance killing
assays with splenocytes and sera from T1DM mice that received HIP p-islets were performed against HIP p-islet cells (means ± SD, five animals). (K) Impedance killing
assays were further performed using NK cells or macrophages as effector cells (means ± SD, three independent experiments). (L) C-peptide in mice that received auto p-
islets or HIP p-islets was measured after 29 days (means ± SD, 15 animals each, two-tailed Student’s t test).
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could include initial immunosuppression of the recipients because
it is standard for allogeneic islet transplants, with subsequent
weaning and discontinuation. To test the susceptibility of our
HIP p-islets to immunosuppression-associated β cell toxicity (33),
we treated allogeneic, diabetic humanized mice with a cocktail of
immunosuppressive drugs including tacrolimus, mycophenolate
mofetil, and basiliximab. WT (fig. S5, A to C) and HIP (fig. S5, D
to F) p-islets showed similar survival, and both alleviated diabetes
and showed similar c-peptide concentrations in these immunosup-
pressed recipients (fig. S5G). Animals in both groups had sufficient

tacrolimus trough concentrations of >10 ng/ml (fig. S5H). In the
model tested, human HIP p-islets did not appear to require high
engineering efficiencies and were not more susceptible to immuno-
suppression-related toxicity than WT p-islets, both of which fea-
tures support their advancement toward clinical trials.

Human HIP p-islets can reliably be eliminated by
blocking CD47
HIP cells are designed to evade the immune system and thus could
also escape immune clearance after undergoing a malignant

Fig. 7. HumanHIP islet cells inmixed p-islets withWTor DKO cells survive in immunocompetent, allogeneic, diabetic humanizedmice. (A to F) Mixed humanWT
and HIP p-islets were transplanted into allogeneic, diabetic humanized mice. When the WT cells were labeled Luc+, BLI (A) and signals (B) showed a vanishing of this cell
population over time (all five animals are shown). In contrast, when the HIP cells were labeled Luc+, BLI (D) and signals (E) showed cell survival (all five animals are shown).
In both cases, the transplanted mixed p-islets achieved glycemic control [fasting blood glucose and 30-min glucose challenge are shown; (C and F), five animals per
group]. (G to L) Mixed humanDKO and HIP p-islets were transplanted into allogeneic, diabetic humanizedmice. When the DKO cells were labeled Luc+, BLI (G) and signals
(H) showed a vanishing of this cell population over time (all six animals are shown). In contrast, when the HIP cells were labeled Luc+, BLI (J) and signals (K) showed cell
survival (all five animals are shown). In both cases, the transplanted mixed p-islets achieved glycemic control [fasting blood glucose and 30-min glucose challenge are
shown; (I), six animals and (L), five animals].
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Fig. 8. Human HIP p-islets can reliably be eliminated using a CD47-targeting antibody. (A and B) Human HIP p-islets were transplanted into allogeneic, diabetic
humanized mice. BLI (A) and signals (B) for all five animals are shown. (C) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, five animals). An
IgG4 isotype antibodywas injected intramuscularly on day 8. (D and E) HumanHIP p-islets were transplanted into allogeneic, diabetic humanizedmice. BLI (D) and signals
(E) for all five animals are shown. (F) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, five animals). An anti-CD47 IgG4 antibody was injected
intramuscularly on day 8. (G and H) Human HIP p-islets were transplanted into allogeneic, diabetic humanized mice. BLI (G) and signals (H) for all five animals are shown.
(I) Fasting blood glucose and 30-min glucose challenge are shown (means ± SD, five animals). An IgG4 isotype antibody was injected intraperitoneally on day 8. (J and K)
Human HIP p-islets were transplanted into allogeneic, diabetic humanizedmice. BLI (J) and signals (K) for all five animals are shown. (L) Fasting blood glucose and 30-min
glucose challenge are shown (means ± SD, five animals). An anti-CD47 IgG4 antibody was injected intraperitoneally on day 8. (M) Human HIP islet cells were challenged
with allogeneic NK cells or macrophages (Mac) in impedance killing assays with or without an anti-CD47 IgG4 antibody (means ± SD, three independent replicates per
group and time point). (N) Human HIP islet cells were incubated with NK cells and granzyme B and perforin or were incubated withmacrophages, and ROS was quantified
in supernatant (means ± SD, three independent replicates per group and time point, two-tailed Student’s t test). (O) Human HIP islet cells were incubated with macro-
phages with or without an anti-CD47 IgG4 antibody, and phagocytosis was measured (one representative image of two independent experiments).
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transformation. Although, at this point, this is a theoretical safety
risk, we aimed to test a reliable safety strategy to remove all HIP
cells when necessary. HIP cells distinguish themselves by their
high CD47 surface expression, which we have shown earlier is nec-
essary to avoid innate immune killing. We thus used an anti-CD47
IgG4 antibody currently cleared for clinical trial use. HumanHIP p-
islets were transplanted into allogeneic, diabetic humanized mice,
and, after 8 days, an IgG4 isotope control antibody or the clinical
anti-CD47 antibody was administered by intramuscular injection.
The isotype antibody had no effect on HIP p-islet survival or endo-
crine function (Fig. 8, A to C). A few days after the anti-CD47 an-
tibody was given, however, we observed a sharp drop of the BLI
signal to below the detection level (Fig. 8, D and E). Fasting blood
glucose concentrations, which were downtrending and had almost
reached the threshold of 200 mg/dl started to rebound, and all
animals became diabetic again (Fig. 8F). When the same experi-
ment was repeated, but with the antibodies given intraperitoneally,
we observed the same result, with an effective elimination of the
HIP cells by BLI signal and their vanishing endocrine function
(Fig. 8, G and L). We also performed additional in vitro testing of
the anti-CD47 antibody. Impedance-based killing assays with HIP
islet target cells showed that the anti-CD47 IgG4 was capable of me-
diating cytotoxicity through NK cells and macrophages (Fig. 8M).
The anti-CD47 IgG4 triggered granzyme and perforin release by
NK cells and reactive oxygen species (ROS) by macrophages,
which were additionally triggered to phagocytose the HIP targets
(Fig. 8, N and O). These results point to the ability of the anti-
CD47 IgG4 antibody to lead to the clearance of HIP cells, its appro-
priate tissue distribution allowing different administration routes,
and its multiple effector mechanisms.

DISCUSSION
We have developed a gene engineering protocol for primary human
donor islets that achieves high yield, including high gene editing ef-
ficiencies, with minimal cell loss during the engineering process.
This enabled us to reliably generate human HIP p-islets with the
HLA class I– and class II–deficient and high CD47+ phenotype
from several different organ donors. β cells are sensitive to
hypoxia and stress during pancreas retrieval and preservation,
islet isolation, and culture (34). Despite comprising only 1 to 2%
of the total pancreatic mass, islets physiologically receive 10 to
20% of the pancreatic blood flow (35). Gene editing of primary
human islets has been viewed as challenging, and a method with
sufficient efficiency has only recently been developed (36). Their
stepwise protocol included islet dispersion, single gRNA (sgRNA)
and Cas9 delivery, and reaggregation of islet cell clusters into p-
islets. Dispersed islet cells naturally gravitate toward reaggregation.
It has recently been shown that the morphology, size, insulin and
glucagon content, and endocrine cell composition of such p-islets
remained unchanged compared to that in cultured native islets from
the same donor (37). We have refined this protocol and have suc-
cessfully generated HIP p-islets from multiple different human
islet donors.
Difficulties with gene editing of primary human islet cells had

prompted cotransplantation strategies where an easier-to-edit ac-
companying cell type was hoped to provide local immune protec-
tion. The survival of allogeneic mouse islets could be prolonged, but
rejection could not be prevented by cotransplantation of

programmed death–ligand 1/cytotoxic T-lymphocyte–associated
protein 4 (PD-L1/CTLA4)–Ig–overexpressing mesenchymal
stromal cells (38) or regulatory T cells (39) to foster local immune
tolerance. Similarly, cotransplantation of FS-7–associated surface
antigen ligand (FasL)–overexpressing myoblasts (40) or indole-
amine 2,3 dioxygenase–overexpressing fibroblasts (41) achieved
some improved survival of allogeneic mouse islet grafts. In diabetic
nonhuman primates, cotransplantation of allogeneic islets and
streptavidin-FasL–presenting microgels under temporary, 3-
month high-dose rapamycin immunosuppression achieved a re-
duction of external insulin requirement and prolonged graft surviv-
al (42).
Our HIP p-islets completely evaded both allorejection and auto-

immunity in immunocompetent, diabetic humanized mouse
models and consistently achieved full glycemic control. HIP p-
islets not only showed prolonged survival in noninvasive monitor-
ing over allogeneic WT p-islets but also induced no measurable
immune response in the recipients. This HIP engineering strategy
thus provides immune protection without the need for encapsula-
tion strategies, which have not yet shown therapeutic efficiency (43).
Alginate microencapsulated islets implanted intraperitoneally in
non-immunosuppressed patients with T1DM demonstrated c-
peptide secretion for 1 to 2.5 years, but the amount of insulin re-
leased was too small to alter blood glucose in a meaningful way
(44, 45). Macroencapsulated islets within the bioartificial pancreas
βAir, a cell chamber connected to a refillable oxygen tank, survived
for 3 to 6 months, but insulin release was minuscule and had no
impact on metabolic control (46). In the models tested, our HIP
p-islets were protected from the immune system and could
engraft and be vascularized to best support β cell function.
Pancreatic islets have a dense physiological vascular network

with directed blood flow from the core of the islet outward (47)
and connecting every β cell with a capillary (48). We chose an in-
tramuscular implant site because preclinical data showed that the
striated muscle established a similar vascular network and showed
superiority over intraportally transplanted islets that had few intra-
islet vessels (49, 50). The comprehensive revascularization of trans-
planted islets in our study with gradual improvement of perfusion is
reflected by increasing BLI signals during the 28-day observation
periods. Clinical islet transplantation into the forearm allows easy
access to the grafts (51), permits magnetic resonance imaging (52)
or positron emission tomography (53) to follow graft survival, and
could be a preferred implant site for clinical use. A single-center,
open-label, nonrandomized safety and efficacy trial with patients
with T1DM is currently using this intramuscular implant site for
the transplantation of allogeneic pancreatic islets (NCT03977662).
We are awaiting results because they can inform the design of sub-
sequent studies with HIP p-islets.
Limitations of this study include the shortcomings of animal

models for human T1DM, which is a chronic disease with long-
term complications that are not reflected in short-duration animal
experiments. In addition, whether subtle immune activation can
occur in long-term surviving HIP p-islets through indirect presen-
tation remains to be seen. Long-duration studies of HIP p-islet
transplants in nonhuman primates may best assess chronic rejec-
tion. Furthermore, the longevity of p-islet vitality in the absence
of immune rejection remains unclear. Transplanted islets are sus-
ceptible to incur loss under conditions of hyperglycemia and
stress even in the absence of immune rejection in patients after
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autologous islet transplantation (54). Patients are advised to fre-
quently monitor their blood glucose three or four times per day
with illness, surgery, or severe physical stress. HIP p-islet grafts
might therefore still undergo chronic attrition despite complete
immune evasiveness.
The generation of pluripotent stem cell–derived islet cells has

been developed over the past decade (55–57), and the transplanta-
tion of in vitro-generated, allogeneic islet organoids could become
another strategy to treat T1DM not limited by donor scarcity (58).
The first evidence of meal-regulated insulin secretion by stem cell–
derived pancreatic endoderm cells has recently been reported (59).
Patients in these studies have received non-immunoprotective mac-
roencapsulation devices and were required to be on an immunosup-
pressive regimen. The main difficulty with this stem cell–based
approach has been the generation of functional islet cells releasing
insulin in a physiologically regulated fashion (60). Although differ-
entiation protocols have been optimized, such in vitro generated
islet organoids are currently still less effective than primary donor
islets (61). The stem cell–based approach, however, is suitable for
gene engineering of the starter cell line. Efforts are underway to
show proof of concept for HIP iPSC–derived islet cell grafts.
However, until the hurdles associated with these cells are fully over-
come, HIP-engineered p-islets could become a more near-term sol-
ution for many patients with IAH and severe hypoglycemic events
to achieve insulin independence.

MATERIALS AND METHODS
Study design
The overall objective of the study was to assess the feasibility of en-
gineered human HIP primary pancreatic islets to fully escape
immune rejection in allogeneic recipients and to alleviate diabetes.
We first aimed to establish amultistep gene engineering process that
allows the editing of human donor islets at high yield despite the fact
that islets are organoids known to be sensitive to ischemia and dif-
ficult to edit. Human donor islets were purchased from Prodo. To
assess allorejection of HIP p-islets using in vivo models, we mainly
used humanized mice. All humanized mice included here showed
>40% of human CD45+ cells in their peripheral blood and human
CD3+ cells >2% of human CD45+ cells. That was to ensure immune
competence. To induce diabetes in humanized mice, we injected
STZ intraperitoneally. To assess autoimmunity, we used the estab-
lished NOD mouse model with edited primary allogeneic and syn-
geneic HIP islet grafts. All NOD mice had established diabetes with
glucose >300 mg/dl at the time of inclusion in the study. We then
aimed to develop a humanized mouse model for autoimmunity to
test our human HIP p-islets. No established model was available at
the time. The sample size for the in vivo studies to achieve statistical
significance was not calculated before the studies because the sur-
vival of the HIP-edited cells in the different mice models was pre-
viously unknown. It was reasoned that 3 to 15 mice per group in
individual experiments would indicate valid efficacy. All samples
were number-coded until the readout was finalized. Animals were
number-coded and assigned to a group before cell transplantation.
Group allocation for cell transplantations was performed by blinded
investigators. For in vivo imaging, the investigators doing the read-
outs were not blinded but not familiar with the experimental setup
of this study. Data that passed the Shapiro-Wilk test for normal

distribution were analyzed with parametric tests; otherwise, non-
parametric tests were used.

Primary human islets
Gene editing of human primary islets
Human primary cadaveric islets were purchased from Prodo Labs
and cultured overnight in PIM media (Prodo). The CRIPSR-Cas9
technology was used for the disruption of the B2M and CIITA
genes. Islet clusters were dissociated in single cells using
ACCUMAX (STEMCELL Technologies) for 10 min at 37°C. The
gRNA sequences 5′-CGTGAGTAAACCTGAATCTT-3′ and 5′-G
ATATTGGCATAAGCCTCCC-3′ were used for the human B2M
gene and human CIITA gene, respectively. The Lonza P3 Primary
Cell 4D-Nucleofector X Kit (V4XP-3032, Lonza) was used for the
transfection of the islet cells. Briefly, cells were transduced with a
final concentration of 50 million per ml in P3 buffer. Twenty micro-
liters of the cell suspension were pipetted in one well of the 8-strip
containing 13 μg of Cas9 enzyme and 6.5 μg of sgRNA, respectively.
Lonza’s 4D-Nucleofector was used for the electroporation with the
preset program CA-137. Islet cells were transferred into U-bottom
96-well plates containing 50,000 cells per well in PIM(S) media
(Prodo) and rested for 1 hour at 37°C and 5% CO2 before moving
the plate on the Belly Dancer orbital shaker (IBI Scientific) for islet
reclustering. Complete medium change was performed after 48
hours, and islet clusters were incubated on the Belly Dancer for
another 24 hours.
Islet clusters were dissociated again in single cells using

ACCUMAX for cell sorting using the anti–HLA-A,B,C antibody
(clone G46_2.6, BD Biosciences) or IgG1 isotype–matched
control antibody (clone MOPC-21, BD Biosciences) and
anti–HLA-DR,DP,DQ antibody (clone Tu3a, BD Biosciences) or
IgG2a isotype–matched control antibody (clone G155-178, BD Bio-
sciences). Double-negative cells were sorted in the BD FACSAria II
and replated in U-bottom 96-well plates as described above for islet
reclustering on the Belly Dancer orbital shaker. After 24 hours, islets
were dissociated in single cells for CD47 and luciferase transduction
with a CAG-CD47 LVV (custom order, Thermo Fisher Scientific) at
a multiplicity of infection (MOI) of 5 and a CAG-luciferase LVV
(custom order, GenTarget) at an MOI of 20. Spinfection was per-
formed with the presence of protamine sulfate (10 μg/ml; Fresenius
Kabi) at 300g for 15 min. Cells were replated in U-bottom 96-well
plates as described above for islet reclustering on the Belly Dancer
orbital shaker. After 48 hours, cells were dissociated in single cells
using ACCUMAX and underwent cell sorting for human CD47
with anti-CD47 antibody (clone B6H12, BD Biosciences) or IgG1
isotype–matched control antibody (clone MOPC-21, BD Bioscien-
ces) on a BD FACSAria II. Luciferase expression was confirmed by
adding D-luciferin (Promega). Signals were quantified with Ami HT
(Spectral Imaging) in maximum photons s−1 cm−2 sr−1. Islet cells
were replated in U-bottom 96-well plates as described above for islet
reclustering on the Belly Dancer orbital shaker until
transplantation.
Mouse models
Male and female NSGmice (005557; 6 to 12 weeks), female human-
ized NSG-SGM3mice (013062; 12 to 18 weeks), female NODShilt/J
mice (001976; 6 to 18 weeks), and female C57BL/6J mice (000664)
were purchased from the Jackson Laboratory. Male NOD SCID
mice (394; 6 to 12 weeks) were purchased from Charles River Lab-
oratories. Humanized mice had to show >40% of human CD45+
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cells in their peripheral blood and >2% human CD3+ cells of
hCD45+ cells to be included in this study. Female NODmice devel-
oped diabetes at about 12 weeks of age, and only diabetic animals
with glucose >300 mg/dl were included. Animals were randomly as-
signed to experimental groups. Animal experiments were approved
by the Explora BioLabs Institutional Animal Care andUse Commit-
tee. Animals received humane care, and all experiments followed
local guidelines. Mice were housed in 12-hour light/12-hour dark
cycles with humidity between 30 and 70% at ambient temperatures
of 20° to 26°C. The animal facility is a specific pathogen–free facility.
To induce diabetes, mice were injected with STZ intraperitoneally
(60 mg/kg; Sigma-Aldrich) for five consecutive days. Islet clusters
were injected intramuscularly into the hindlimb muscle with a
27-gauge needle on day 0. Some groups received the anti-CD47
IgG4 antibody magrolimab or the isotype control antibody (both
customized; Creative Biolabs) at a dose of 250 μg starting on day
8. The antibody was injected intramuscularly or intraperitoneally.
Mice in some groups received immunosuppression. These mice
had daily injections of mycophenolate mofetil (MilliporeSigma) at
64 mg/kg and tacrolimus (FK-506, MilliporeSigma) at 5 mg/kg, re-
spectively. On days 0 and 4, all mice additionally received basilixi-
mab (Simulect; anti-Human IL-2RA/CD25 antibody; LSBio) at 0.25
mg/kg. The number of animals per experimental group is presented
in each figure.
Cell generation for autologous T1DM model
PBMCs and sera from a volunteer with T1DM were provided by
Sanguine BioSciences, and iPSCs were generated by R&D
Systems. HIP editing of iPSCs was performed as described above.
The islet differentiation was performed as previously described
(61, 62).
Imaging of WT and HIP iPSC–derived islet cells
About 20 μl of aggregates were collected into a 1.5-ml Eppendorf
tube and washed with stain buffer (Dulbecco’s phosphate-buffered
saline with 0.1% bovine serum albumin and 5 mM EDTA). Aggre-
gates were stained with 5 μl of phycoerythrin (PE) anti-human
CD47 (clone CC2C6, BioLegend) and allophycocyanin (APC)
anti-human HLA-ABC (clone G46-2.6, BD Bioscience) for 45
min on ice and washed with stain buffer. Cells were fixed with
BD Cytofix on ice for 30 min (Fisher Scientific), washed with
stain buffer, mounted on slides with ProLong Gold with 4′,6-diami-
dino-2-phenylindole (DAPI; Fisher Scientific), and allowed to dry
overnight. Slides were then imaged on the Leica THUNDER
Imaging System.
Generation of humanized diabetic T1DM mice and
transplantation of T1DM iPSC–derived islet cells
NSG mice received daily intraperitoneal injections of STZ for five
consecutive days at 60 mg/kg of body weight in 0.1 M citrate buffer
to induce diabetes. Blood glucose was determined by glucometer
(Accu-Chek Advantage, Roche) in 10-μl blood samples collected
by tail vein venipuncture after 4 hours of fasting. Animals with a
glucose concentration of >400 mg/dl were served as recipients for
immune cell transfer and cell implant. For adoptive transfer of
T1DM immune cells, animals were injected intravenously with 10
million T1DM PBMCs 3 days before islet transplantation. One
thousand islet clusters were resuspended in 60 μl of sterile saline
and injected intramuscularly into the hindlimb muscle with a 23-
gauge needle. Glucose tolerance testing was performed at study
end point (28 days after cell transplantation). Mice were fasted for
4 hours, and a baseline blood glucose concentration was obtained. A

glucose bolus of 2 g/kg was injected intraperitoneally, and blood
glucose was measured at 30 min after injection. Blood was collected
from study animals, and plasma was stored at −80°C for enzyme-
linked immunosorbent assay (ELISA) c-peptide (Mercodia) accord-
ing to the manufacturer ’s protocol. In vivo BLI of transplanted
iPSC–derived WT and HIP islet cells was performed as described
in Supplementary Materials and Methods.
Mouse islets
Mouse primary islets were isolated as previously described (63) and
cultured in RPMI 1640 phenol red–free, 10% FCS hi, 1% penicillin-
streptomycin, and 1% GlutaMAX (mouse islet media; all Gibco).
The CRIPSR-Cas9 technology was used for the disruption of the
B2m and Ciita genes. Islet clusters were dissociated in single cells
using ACCUMAX (STEMCELL Technologies) for 10 min at
37°C. The gRNA sequences 5′-TTCGGCTTCCCATTCTCCGG-3′
and 5′-GGTCCATCTGGTCATAGAGG-3′ were used for the
mouse B2m gene and the mouse Ciita gene, respectively. The
Lonza P3 Primary Cell 4D-Nucleofector X Kit (V4XP-3032,
Lonza) was used for the transfection of the islet cells. Briefly, cells
were transduced with a final concentration of 50 million per ml in
P3 buffer. Twenty microliters of the cell suspension were pipetted in
one well of the 8-strip containing 13 μg of Cas9 enzyme and 6.5 μg
of sgRNA, respectively. Lonza’s 4D-Nucleofector was used for the
electroporation with the preset program CA-137. Islet cells were
transferred in U-bottom 96-well plates containing 50,000 cells per
well in mouse islet media and rested for 1 hour at 37°C and 5% CO2
before moving the plate on the Belly Dancer orbital shaker (IBI Sci-
entific) for islet reclustering. Complete medium change was per-
formed after 48 hours, and islet clusters were incubated on the
Belly Dancer for another 24 hours.
Islet clusters were dissociated again in single cells using

ACCUMAX for cell sorting using the anti–major histocompatibility
complex (MHC) I antibody (clone 28-14-8, Thermo Fisher Scien-
tific) or IgG2a isotype–matched control antibody and anti–MHC-II
antibody (clone M5/114.15.2, Thermo Fisher Scientific) or IgG2b
isotype–matched control antibody. Double-negative cells were
sorted on the BD FACSAria II and replated in U-bottom 96-well
plates as described above for islet reclustering on the Belly Dancer
orbital shaker. After 24 hours, islets were dissociated in single cells
for Cd47 and luciferase transduction with an EF1a-Cd47 LVV
(custom order, Thermo Fisher Scientific) at an MOI of 20 and a
CAG-luciferase LVV (custom order, GenTarget) at an MOI of 20.
Spinfection was performed with the presence of protamine sulfate
(10 μg/ml) at 300g for 15 min. Cells were replated in U-bottom 96-
well plates as described above for islet reclustering on the Belly
Dancer orbital shaker. After 48 hours, cells were dissociated in
single cells using ACCUMAX and underwent cell sorting for
mouse Cd47 with anti-Cd47 antibody (clone miap301, BD Biosci-
ences) or rat IgG2a isotype–matched control antibody on a BD
FACSAria II. Luciferase expression was confirmed by adding D-lu-
ciferin (Promega). Signals were quantified with Ami HT (Spectral
Imaging) in maximum photons s−1 cm−2 sr−1. Islet cells were re-
plated in U-bottom 96-well plates as described above for islet reclus-
tering on the Belly Dancer orbital shaker until transplantation.
In vivo experiments
NSG mice or NOD mice were transplanted with islet clusters intra-
muscularly on day 0. Mice were monitored on day 0, day 3, every
other day until day 13, and, subsequently, every 4 days until day
29. Some NSG mice received 10 million splenocytes from NOD
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mice on day 11 intraperitoneally as adoptive transfer. The number
of animals and different study groups are presented in each figure.
BLI and glucose monitoring were performed as described in Sup-
plementary Materials and Methods.
Statistical analysis
Statistical analyses were performed using GraphPad Prism 9 soft-
ware. Data that passed the Shapiro-Wilk test for normal distribution
were analyzed with parametric tests. Analyses of differences
between two groups were performed using an unpaired two-tailed
Student’s t test. Statistical analyses of three groups were performed
using a one-way analysis of variance (ANOVA) followed by Bonfer-
roni post hoc test. Data that did not show normal distribution were
analyzed using the Kruskal-Wallis test with Dunn’s multiple com-
parisons test for three groups. P values are provided for significant
differences. Not significant is abbreviated to N.S.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Data files S1 and S2
MDAR Reproducibility Checklist
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