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Type 1 diabetes is characterized by autoimmune destruction of β
cells located in pancreatic islets. However, tractable in vivo models
of human pancreatic β cells have been limited. Here, we generated
xenogeneic human pancreatic β-like cells in the mouse pancreas by
orthotopic transplantation of stem cell-derived β (SC-β) cells into
the pancreas of neonatal mice. The engrafted β-like cells expressed
β cell transcription factors and markers associated with functional
maturity. Engrafted human cells recruited mouse endothelial cells,
suggesting functional integration. Human insulin was detected in
the blood circulation of transplanted mice for months after trans-
plantation and increased upon glucose stimulation. In addition to
β-like cells, human cells expressing markers for other endocrine
pancreas cell types, acinar cells, and pancreatic ductal cells were
identified in the pancreata of transplanted mice, indicating that
this approach allows studying other human pancreatic cell types in
the mouse pancreas. Our results demonstrate that orthotopic
transplantation of human SC-β cells into neonatal mice is an ex-
perimental platform that allows the generation of mice with hu-
man pancreatic β-like cells in the endogenous niche.
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Type 1 diabetes (T1D) is a chronic disease that requires insulin
therapies to control blood glucose levels in patients (1). T1D

is considered to be an autoimmune disease resulting from de-
struction of insulin-producing pancreatic β cells by self-reacting
immune cells and autoantibodies (1, 2). Extensive studies on
nonobese diabetic (NOD) mice, a murine model of T1D, support
the role of cytotoxic T cells in T1D progression (3). Furthermore,
analysis of T1D susceptibility loci in human genetics studies localized
T1D-associated SNPs in human leukocyte antigen (HLA) loci (4)
and in enhancer regions active in immune cells (5). Moreover, an-
tibodies against various autoantigens, including glutamic acid decar-
boxylase and insulin, have been identified in patients with T1D (6–8).
Understanding interactions between immune cells and β cells in the
native niche could be critical for characterizing disease mechanisms
and for developing better treatment and preventative strategies (9).
Pluripotent stem cells, with their unlimited replicative capability

and remarkable potential to differentiate into diverse cell types,
provide a platform for the studying the pathogenesis of human
diseases (10). Human pluripotent stem cells have been differen-
tiated into β-like cells with some functional similarities to mature β
cells through stepwise differentiation mimicking normal develop-
ment (11–14). Combined with induced pluripotent stem cell
(iPSC) technology (15), this opens the possibility of generating
patient-specific β-like cells for autologous β cell replacement
therapy. Although allograft rejection can be avoided with this
approach, T1D patient-derived β-like cells, upon transplantation,
will still be exposed to the preexisting disease-causing autoim-
munity. In addition to developing immune protective encapsula-
tion approaches (16), a major challenge is to understand the
underlying mechanisms of immune destruction, which requires the
generation of suitable in vivo experimental model systems.
Rodent models have been used to demonstrate that human

pluripotent stem cell-derived β-like cells transplanted to ectopic

sites, such as the kidney capsule (13), are able to control blood
glucose levels. These studies are relevant for clinical application
as most clinical pancreatic islet transplantations are at an ectopic
site through portal vein infusion and subsequent liver emboli-
zation (17). Although the pancreas is not considered a clinical
transplantation site for pancreatic islets, it could be used as a
functionally more relevant site for the study of islet biology and
pathogenesis. Compared with ectopic sites, the pancreas micro-
environment may provide more physiological blood supply and
oxygen levels needed for metabolism and long-term survival of
transplanted β-like cells. In addition, the endogenous tissue mi-
croenvironment is critical for regulating the interaction of β cells
with the immune system, and thus the pancreas may provide a
more relevant physiological site for characterizing the immune
response to β-like cells in T1D (9).
To mimic the native niche for engrafted human pancreatic

β-like cells in mice, we generated mice with human pancreatic
tissues in the mouse pancreas by orthotopic transplantation of
β-like cells at the neonatal stage. Engrafted β-like cells expressed
critical transcription factors and maturation markers for β cells
and formed quiescent tissues without hyperplasia for months
after transplantation. Endothelial cells in transplants were of host
origin and close to the engrafted human cells. Glucose-
stimulated release of human insulin was observed for months af-
ter transplantation. This approach may provide a platform to ex-
amine human β-like cell function and pathology in vivo, a critical
step that allows dissecting mechanisms of T1D in mouse models.

Significance

Autoimmune impairment of insulin-producing β cells in the
pancreatic islet underlies pathogenesis of type 1 diabetes
(T1D). The β-like cells differentiated from human pluripotent
stem cells provide possible autologous cell replacement ther-
apies for patients with T1D, and have been transplanted to
various ectopic sites in rodents as therapeutic models. Here, we
generated xenogeneic human pancreatic β-like cells in the
mouse pancreas by orthotopic transplantation of stem cell-
derived β-like cells into the pancreas of neonatal mice. This
mouse model may provide an experimental system to study
human pancreatic β cell biology and pathogenesis in vivo.
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In addition, multiple other human pancreatic cell types were
identified in pancreata of transplanted mice, suggesting that neo-
natal orthotopic transplantation could be used to study human
pancreatic cell types other than β cells.

Results
Injection of Human Pancreatic β-Like Cells into Developing Mouse
Embryos. Our attempts to generate mouse-human chimeras by
injection of naive human pluripotent cells into mouse blastocysts
were unsuccessful (18). Similarly, injection of naive human plu-
ripotent stem cells into pig blastocysts yielded only low contribu-
tions to the pig embryo (19). In contrast, in utero transplantation
of human neural crest cells into embryonic day (E) 8.5 mouse
embryos showed functional integration of the donor cells into
the embryo and resulted in postnatal mice with pigment contri-
bution from the human neural crest cells (20). To test whether
introduction of pancreatic precursor cells into early embryos
could be used to generate mice with human β cells in the pan-
creas, we generated HUES8 cells that have a constitutive
CAGGS-GFP expression cassette knocked into the AAVS1 locus
(HUES8-GFP) (21) (Fig. S1 A and B). HUES8-GFP cells
expressed GFP uniformly and constitutively (Fig. S1C) and formed
teratomas composed of tissues from three germ layers that retained
GFP expression (Fig. S1D) upon injection into immunodeficient
NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice (22), indicating a
normal differentiation potential of the targeted cells. Further-
more, HUES8-GFP cells showed a normal karyotype (Fig. S1E).
We differentiated HUES8-GFP cells into definitive endoder-

mal (DE) cells (Fig. S1F), which were transplanted into mouse
embryos in utero at E8.5 following the protocol established
previously for generating human-mouse neural crest chimeras
(20) (Fig. S1G, Left). Consistent with the previous report (20),
we observed transplanted GFP-positive cells frequently at the
head or tail region of the embryos (Fig. S1G) but failed to detect
human insulin in the plasma of transplanted mice (Fig. S1H). We
conclude that injection of endodermal precursor cells into
E8.5 embryos does not result in efficient engraftment of human
β-like cells in transplanted mice.
To test whether transplantation at later developmental stages

could generate mice carrying engrafted human pancreatic β-like
cells in the mouse pancreas, we introduced cells at different stages
of in vitro pancreatic β-cell differentiation into mouse embryos at
different developmental stages from E12.5 to E16.5 (Fig. 1A).
This approach failed to generate viable pups because recipient
embryos were either absorbed or delivered as stillborn (Fig. 1B).

Generation of Mice with Human Pancreatic β-Like Cells Integrated
into the Pancreas by Neonatal Orthotopic Transplantation. As an
alternative approach, we tested the feasibility of orthotopic
transplantation by injecting fluorescent beads into the pancreas
of neonatal pups with the spleen as a reference anatomical
landmark (Fig. S2A). Pups transplanted with beads survived and
displayed beads in the pancreas at 2 mo after transplantation
(Fig. S2 B and C). When pancreatic cells derived from in vitro
differentiation of human pluripotent stem cells were trans-
planted at the neonatal stage, we observed an improved survival
rate of transplanted pups compared with in utero transplantation
(Fig. 1B), suggesting that transplantation of human pancreatic
cells into neonatal mice could be used to evaluate optimal dif-
ferentiation stages of the donor cells.
To systematically assess the optimal in vitro differentiation

stage of donor cells, we transplanted SOX17-expressing DE,
PDX1-expressing pancreatic precursor (PP1), PDX1- and NKX6.1-
expressing pancreatic precursor (PP2), and C-peptide– and NKX6.1-
expressing stem cell-derived β (SC-β) cells (13) into neonatal
pups. After 7 wk, human insulin levels in the plasma of mice were
measured using a human insulin-specific ELISA (Fig. 1C). Mice
transplanted with SC-β cells showed the highest level of human

insulin (Fig. 1C, green dots). Also, the fraction of mice with human
insulin in the plasma was highest in animals transplanted with
SC-β cells (Fig. 1C, gray bars). Therefore, transplantation of SC-β
cells into the pancreas of newborn mice was used in the following
experiments unless otherwise stated.
We characterized the viability and function of human β-like

cells integrated into the mouse pancreas. HUES8-GFP cells
were differentiated into SC-β cells based on published protocols
(13) and used as donor cells for transplantation. Expression of
GFP was retained in cells at stage 6 of differentiation (Fig. S3),
suggesting no obvious silencing of the CAGGS-GFP expression

Fig. 1. Transplantation of SC-β cells into neonatal mice leads to efficient
functional engraftment of human pancreatic β-like cells. (A) Cells at different
stages of pancreatic β-like cell differentiation were transplanted into the pan-
creatic regions of developing embryos in utero (Top) or in neonatal pups
(Bottom). (B) Survival of mice transplanted in utero and postnatally. Neonatal
denotes orthotopic transplantation into neonatal mice. Kidney capsule denotes
transplantation under the kidney capsule of adult mice. (C) Human insulin levels
from plasma samples of recipient mice were tested with human insulin-specific
ELISA at 7 wk posttransplantation. The percentage of mice showing positive
human insulin (>0.15 μIU/mL) was plotted as gray bars, and levels of human
insulin were plotted as green dots. Error bars show SEM. N (below the bars)
indicates the total number of mice analyzed. (D) Microscopic analysis (Left and
Center Left) and immunohistochemistry with anti-GFP (Center Right, IHC-GFP)
or anti-human C-peptide (Right, IHC-human C-peptide) antibodies of pancreata
of control mice (CTL; Top) and NSG mice transplanted with SC-β cells differen-
tiated fromHUES8-GFP cells at the neonatal stage (Bottom). (White scale bar: 2mm;
black scale bar: 20 μm.) (E) Percentage of mice showing fluorescent human
cells in mouse pancreata. All analyses in D and E were performed on 6-mo-old
mice. (F) Flow cytometry analysis of GFP-positive cells from dissociated pan-
creata of CTL (Left) or 6-mo-old mice transplanted with SC-β cells differenti-
ated from HUES8-GFP cells at the neonatal stage (Center). (Right) Percentage
of GFP-positive cells was quantified. Error bars show SEM. **P < 0.01 (two-
tailed t test). (G) Quantitative PCR analysis of human mitochondrial DNA in
total DNA samples extracted from different organs of mice engrafted with
human cells into the pancreas. Dashed green, blue, and red lines show relative
quantification (RQ) signal from one human cell in 103, 104, and 105 mouse cells,
respectively, from the standard curve. ***P < 0.001 (one-way ANOVA).
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cassette. Analyses for NKX6.1/PDX1, NKX6.1/chromogranin A,
and NKX6.1/C-peptide expression at stages 4, 5, and 6 of differ-
entiation of HUES8-GFP showed the expected marker double-
positive populations (Fig. S4, Bottom). The marker expression
profiles indicate that the HUES8-GFP cells differentiated into
SC-β similar to HUES8 cells.
We transplanted SC-β cells differentiated from HUES-GFP

cells into newborn mice and detected green fluorescence sig-
nals in the pancreas of transplanted mice, but not in the pancreas
of control mice, at 6 mo after transplantation (Fig. 1D, Left and
Center Left and Fig. 1E). Consistently, immunostaining demon-
strated the presence of GFP-expressing cells in the transplanted
pancreas (Fig. 1D, Center Right). Furthermore, human C-pep-
tide–expressing cells were detected in the transplanted pancreas
but not in control samples (Fig. 1D, Right), demonstrating the
presence of insulin-producing human β-like cells. To further
confirm the presence of human cells in the transplanted mouse
pancreas, we performed laser capture microdissection of the
human C-peptide–positive cells and control cells showing nega-
tive human C-peptide antibody staining (Fig. S5A), extracted
DNA samples from the microdissected regions, and performed
quantitative PCR with human mitochondrial DNA-specific pri-
mers and an ultraconserved region-specific primer as a loading
control (20). While no signal was detected in control samples,
DNA extracted from microdissected human C-peptide–positive
regions revealed the presence of human DNA at a level corre-
sponding to about one human cell in 10–100 mouse cells (Fig.
S5B). These results suggest that human β-like cells engraft into
the mouse pancreas upon neonatal orthotopic transplantation.
We estimated the fraction of GFP-expressing human cells

present in the mouse pancreas by dissociating pancreas tissue
into single cells, followed by flow cytometry analysis. On average,
about 0.6% of GFP-expressing cells was detected in transplanted
pancreas samples, but not in control pancreas samples (Fig. 1F).
To test whether another human pluripotent stem cell line could
generate cells suitable for transplantation, we differentiated H1-
OCT4-GFP cells (23) into pancreatic β-like cells (14), which
were NKX6.1/PDX1 double-positive at stage 4 (Fig. S6A) and
NKX6.1/C-peptide double-positive at stage 7 (Fig. S6B). A
CAGGS-tdTomato cassette was knocked into the AAVS1 locus
(Fig. S6 C–E) to produce cells that constitutively express tdTomato,
and thus would allow detection of the human donor cells. We
transplanted stage 7 cells differentiated from H1-OCT4-GFP/
tdTomato–positive cells into the neonatal mouse pancreas. Fig.
S7A shows the presence of human cells in mouse pancreata by
anti-tdTomato and anti-human C-peptide–immunostaining. Fur-
thermore, the presence of tdTomato-positive cells was confirmed
by flow cytometry analysis (Fig. S7B). These results demonstrate
that human β-like cells can be established in the mouse pancreas
following neonatal orthotropic transplantation.

Transplanted Human Cells Preferentially Localize to the Pancreas. To
quantify the tissue distribution of the human donor cells, we
extracted DNA from different visceral organs from transplanted
mice and performed quantitative PCR analysis of human mito-
chondrial DNA. Consistent with the fluorescent microscopy
analysis (Fig. 1D and Fig. S7A), we detected human mitochon-
drial DNA prominently in the pancreas (Fig. 1G) at a level
corresponding to one human cell per 1,000–10,000 mouse cells, a
range similar to the flow cytometry analysis shown in Fig. 1F. No
human DNA was detected in other organs [detection limit of one
human cell in 10,000 mouse cells (20)]. This significant enrichmentFig. 2. Characterization of engrafted human β-like cells in the mouse

pancreas. (A) Representative fluorescent micrographs of anti-human C-
peptide staining (red) and anti-GFP staining (green) in control (CTL) mouse
pancreas (Top) and in the pancreas of 6-mo-old transplanted mice (Bottom).
(B) Representative fluorescent micrographs of anti-human C-peptide (red)
and antiglucagon antibody (green) staining in pancreatic tissue from CTL
(Top) and a 6-mo-old mouse engrafted with human β-like cells into the
pancreas (Bottom). (C) Fluorescent micrographs showing coexpression of C-

peptide and insulin in human β-like cells engrafted in the mouse pancreas
(Bottom), but not in β cells in the CTL mouse (Top). (D) Expression of β cell
transcription factors PDX1, NKX2.2, NKX6.1, and ISL1 in β-like cells engrafted
into the mouse pancreas. (Scale bars: 10 μm.)
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of human mitochondrial DNA in the pancreas suggests that
orthotopic transplantation generates mice with transplanted
human cells enriched in the pancreas.

Expression of β Cell Markers in Engrafted Human β-Like Cells. We
analyzed the engrafted human β-like cells by immunofluores-
cence. Consistent with immunohistochemistry, GFP and human
C-peptide signals were detected in the transplanted pancreas,
but not in controls (Fig. 2A). Furthermore, the engrafted human
β-like cells did not produce glucagon (Fig. 2B), suggesting for-
mation of monohormonal β-like cells. Murine pancreatic islets
were positive for insulin but negative for anti-human C-peptide
antibody staining (Fig. 2C, Top) in contrast to cells from trans-
planted mice, where all human C-peptide–positive cells also
expressed insulin (Fig. 2C, Bottom).
Pancreatic β cells express key transcription factors critical for

maintaining β cell identity, glucose sensing, and controlled release
of insulin (24), with factors such as Pdx1 (25), Nkx2.2 (26), Nkx6.1
(27), and Isl1 (28) playing critical roles for β cell development and
for maintaining β cell function. To examine the expression of these
factors in engrafted human β-like cells, we performed immunoflu-
orescence with an anti-human C-peptide antibody and antibodies
against the different transcription factors (Fig. 2D). As expected, we
observed expression of PDX1, NKX2.2, NKX6.1, and ISL1 in
engrafted human β-like cells (Fig. 2D).

Ucn3 is a marker associated with β cell maturation (29). To
test whether the engrafted β-like cells expressed UCN3, we
performed immunofluorescence and found that it was expressed
in a subset of engrafted β-like cells (Fig. S8A, Left). Furthermore,
islet amyloid polypeptide (IAPP), another marker for β cell
maturity (30), was detected in engrafted human β-like cells (Fig.
S8A, Right). The engrafted human β-like cells were postmitotic,
as indicated by the absence of the cell proliferation marker Ki-67
(31) in human C-peptide–positive cells (Fig. S9A). These data
suggest that the transplanted mice harbor postmitotic human
β-like cells with characteristics of functional maturity in the
pancreas.

Engrafted Human Tissues Recruit Mouse Endothelial Cells. We ex-
amined vascularization of engrafted human β-like cells with anti-
CD31 antibody staining (Fig. 3A). Quantification of CD31 foci
numbers over insulin-producing cells revealed similar levels of
vascularization around human pancreatic β-like cells as around
mouse islets (Fig. 3B). Anti-GFP antibody staining localized
GFP-negative, CD31-positive endothelial cells close to engrafted
GFP-positive human cells (Fig. 3C), suggesting that the engraf-
ted human cells recruited mouse endothelial cells.

Engraftment of Other Pancreatic Cell Types. A subset of GFP-pos-
itive cells did not express C-peptide (Fig. 2A), suggesting that cell
types other than β-like cells may have also been present in the
mouse pancreas. To test this, we costained tissue slides with an
anti-GFP antibody and antibodies for markers of other pancre-
atic cell types, and identified a significant number of GFP-
expressing cells that were also glucagon-positive (Fig. S10A).
Furthermore, somatostatin and pancreatic polypeptide expres-
sion was detected in GFP-positive cells (Fig. S10 B and C). Fi-
nally, exocrine amylase and the ductal cell marker CK19 were
expressed in a subset of GFP-positive human cells (Fig. S10 D
and E). In summary, these data suggest that in addition to β-like
cells, other pancreatic cell types were present and survived after
neonatal orthotopic transplantation.

Comparison of Orthotopic and Heterotopic Transplantation. Trans-
plantation of islet or β-like cells under the kidney capsule of mice
is widely used to assess in vivo function of transplanted cells (17).
We compared neonatal orthotopic with heterotopic transplan-
tation of human SC-β cells under the kidney capsule using the
same number of SC-β cells from the same batch of differentiated
HUES8-GFP cells. Fig. 4A (Left and Center Left) shows the
presence of GFP-expressing human cells in transplanted kidney,
but not in control samples. Histological analysis with an anti-
GFP antibody and anti-human C-peptide antibody staining
revealed the presence of human β-like cells under the kidney
capsule of transplanted mice (Fig. 4A, Center Right and Right).
Similar to the engrafted cells in the pancreas, the β-like cells
expressed GFP (Fig. 4B), but not glucagon (Fig. 4C), indicating
monohormonal β-like cells. Furthermore, immunohistochemical
analyses revealed the expression of transcription factors PDX1,
NKX2.2, NKX6.1, and ISL1 in C-peptide–expressing cells (Fig.
4D) similar to the β-like cells transplanted into the pancreas.
Immunofluorescence with anti-UCN3 and anti-IAPP detected
the expression of maturation markers (Fig. S8B). Similar to cells
engrafted in the pancreas, β-like cells under the kidney capsule
did not express the proliferation marker Ki-67 (Fig. S9B).
Moreover, glucagon, somatostatin, pancreatic polypeptide, am-
ylase, and CK19-expressing cells were detected in the GFP-
positive human cells (Fig. S11). Quantification revealed a similar
ratio of C-peptide–expressing cells and glucagon-expressing cells
in GFP-positive human cells engrafted in the pancreas and under
the kidney capsule (Fig. S12 A and B). In addition, the ratio of
NKX6.1-positive cells was similar in C-peptide–expressing cells
engrafted in the pancreas or under the kidney capsule (Fig. S12C).

Fig. 3. Vascularization of engrafted human cells. (A) Representative fluores-
cent micrographs of anti-CD31 (green), antiinsulin (red), and anti-human C-
peptide (magenta) staining in pancreatic islets of a control (CTL) mouse (Left)
and of a transplantedmouse (Right). (B) Quantification of CD31 foci per mouse
β cells (gray bar) or per human β-like cells (black bar) was plotted (n = 3 mice),
and the total numbers of analyzed mouse β cells and human β-like cells are
labeled. (C) Endothelial cells in the engrafted regions are of mouse origin, as
indicated by the lack of expression of GFP in CD31-expressing cells. All analyses
were performed on samples from 6-mo-old mice. n.s., not significant (t test).
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We compared human insulin levels in NSG mice heterotopi-
cally transplanted with human SC-β cells under the kidney cap-
sule or orthotopically transplanted into the pancreas (Fig. 5A).
Production of human insulin was detected in the serum of mice
for months after transplantation, although the fraction of insulin-
positive mice was higher in heterotopic than in orthotopic
transplantation, suggesting a higher variability in mice trans-
planted with SC-β cells into the pancreas (Fig. 5B).

Long-Term Function of Engrafted Human β-Like Cells. To assess long-
term survival and function of the human β-like cells, we performed an
in vivo glucose-stimulated insulin secretion (GSIS) assay using
ELISA-based measurements of human insulin levels in plasma
samples collected from another cohort of mice orthotopically trans-
planted with SC-β cells as neonates. At 2 mo posttransplantation, we
observed a modest increase of human insulin secretion upon glucose
stimulation. The difference between fasting and postglucose stimu-
lation levels was, however, significant at 4 mo posttransplantation
(Fig. 5C). These data are consistent with the expression of key β cell
transcription factors and maturation markers. In summary, these data
suggest that the human β cells engrafted into the mouse pancreas
remain functional over multiple months after transplantation.

Discussion
In this study, we used orthotopic transplantation of SC-β cells
into the pancreas of neonatal mice to generate mice harboring
human pancreatic β-like cells in the pancreas. Engrafted human
cells recruited mouse endothelial cells and comprised β-like cells
(expressing β cell transcription and maturation factors) and mul-
tiple other human pancreatic cell types (based on marker expres-
sion). Orthotopically transplanted mice showed glucose-regulated
release of human insulin for months after transplantation.
Transplantation of aggregates of human pluripotent stem cell-

derived pancreatic precursor cells embedded in type I collagen
into the splenic lobe of adult NSG mice was used previously to
evaluate maturation of pancreatic precursor cells (32). Similar to
that study, we obtained monohormonal β-like cells by orthotopic
transplantation of single-cell suspensions of SC-β cells into the
neonatal pancreas (Fig. 2B). Importantly, our present study
provides evidence that transplantation of in vitro-differentiated
SC-β cells into the neonatal pancreas resulted in establishment of
postmitotic human β-like cells that showed glucose-responsive
release of human insulin into mouse blood (Fig. 5C).
We found that the same number of dissociated SC-β cells injected

under the kidney capsule yielded higher levels of human insulin in
the serum compared with neonatal orthotopic transplantation. This
is similar to previous results, where injection of more mouse islets
was needed after intrapancreatic transplantation as compared with
transplantation under the kidney capsule to restore blood sugar
levels in diabetic NRG-Akita mice (33). Enriching β-like cells before
transplantation may increase engraftment efficiency.
Our attempts to establish human pancreatic cells in chimeric

mice by in utero injection of DE cells into gastrulation-stage
embryos at E8.5 failed to produce functional engraftment of the
human donor cells. Our results suggest that human β-like cells
may be the most appropriate donor cells in orthotopic trans-
plantation to establish human β-like cells in mouse models.

Fig. 4. Human SC-β cells transplanted under the mouse kidney capsule. (A,
Left and Center Left) Microscopy analysis of green fluorescence signal in
control (CTL) kidney (Top) or kidney transplanted with SC-β differentiated
from HUES8-GFP cells from 7.5-mo-old mice (6 mo after transplantation to
1.5-mo-old mice) (Bottom). (A, Center Right and Right) Immunohistochemistry

analysis with an anti-GFP antibody (IHC-GFP) or an anti-human C-peptide
antibody (IHC-human C-peptide) of samples from the CTL mouse (Top) and
the transplanted mouse (Bottom). (B) Representative fluorescent micro-
graphs showing the presence of GFP- and C-peptide–expressing human cells
in transplanted kidney (Bottom), but not in CTL (Top). (C) Representative
fluorescent micrographs showing C-peptide–expressing cells engrafted
under the kidney capsule did not express glucagon. (D) Expression of tran-
scription factors PDX1, NKX2.2, NKX6.1, and ISL1 in engrafted C-peptide–
expressing β-like cells under the kidney capsule. (Scale bars: 10 μm.)
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Mechanistic understanding of human β-cells under normal phys-
iological conditions and in disease is critical for more effective
therapy and preventative strategies of conditions such as T1D.
Recent progress in generating patient-specific iPSCs (34) and in
differentiation of pluripotent stem cells to functional pancreatic
β-like cells (13, 35) not only establishes autologous β cell replace-
ment as a potential therapy but also provides opportunities to study

human β cell biology. Generation of human-mouse chimeras is of
interest for the investigation of human diseases as it provides a
platform for studying both normal physiology and disease pathology
under in vivo conditions. Although cell transplantation into the
pancreas is considered to be clinically impractical due to possible
complications, such as pancreatitis, the mouse model described
here represents a tractable in vivo system of human pancreatic cells
in the endogenous niche and will be useful to address critical
questions of human β cell biology. This may contribute to eluci-
dating the mechanisms of how T1D-associated genetic variants (4,
5) contribute to T1D pathology and may facilitate the development
and assessment of novel therapies and preventative approaches.

Materials and Methods
A detailed description of experimental procedures and analyses is provided in
SI Materials and Methods. Briefly, we transplanted human pluripotent stem
cell-derived β-like cells into immunodeficient NSG mice (22). Functions of
engrafted cells were investigated using an in vivo GSIS assay (13) and im-
munohistochemistry analyses (36).

Animals were used in accordance with the protocols approved by the
Animal Research Regulation Committee at the Whitehead Institute and guide-
lines from the Department of Comparative Medicine at Massachusetts Institute
of Technology.
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Fig. 5. Functional characterization of human β-like cells engrafted into the
mouse pancreas. (A, Left) Experimental design to compare the same number
of pancreatic β-like cells transplanted under the kidney capsule or into the
neonatal pancreas. (A, Right) Comparison of human insulin in mouse blood
from the two transplantation methods. N (below the bars) indicates the total
number of mice analyzed. (B) Ratio of mice showing detectable human in-
sulin in the blood circulation 1 mo after kidney capsular transplantation or
neonatal orthotopic transplantation. N (below the bars) indicates the total
number of mice analyzed. (C) GSIS measurements at different time post-
transplantation in mice orthotopically transplanted with human pancreatic
β-like cells at the neonatal stage. After a 16-h fasting period, mouse plasma
samples were collected (fasting insulin levels shown by black dots), glucose
solution was injected i.p. (2 g per 1 kg of body weight), and plasma was
collected 30 min postglucose injection (postglucose stimulation, shown by
gray squares). n.s., not significant (t test). *P < 0.05 (paired t test).
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