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SUMMARY

Permanent neonatal diabetes mellitus (PNDM) can be caused by insulin mutations. We generated induced pluripotent stem cells from
fibroblasts of a patient with PNDM and undetectable insulin at birth due to a homozygous mutation in the translation start site of
the insulin gene. Differentiation of mutant cells resulted in insulin-negative endocrine stem cells expressing MAFA, NKX6.1, and chro-
mogranin A. Correction of the mutation in stem cells and differentiation to pancreatic endocrine cells restored insulin production and
insulin secretion to levels comparable to those of wild-type cells. Grafting of corrected cells into mice, followed by ablating mouse B cells
using streptozotocin, resulted in normal glucose homeostasis, including at night, and the stem cell-derived grafts adapted insulin secre-
tion to metabolic changes. Our study provides proof of principle for the generation of genetically corrected cells autologous to a patient
with non-autoimmune insulin-dependent diabetes. These cases should be readily amenable to autologous cell therapy.

INTRODUCTION

Stem cell-derived pancreatic endocrine cells may be useful
for replacing B cells lost due to the progression of insulin-
dependent diabetes, in particular, in type 1 diabetes (T1D).
A major challenge in developing cell replacement for T1D
is the likely recurrence of autoimmunity and immune rejec-
tion of a heterologous cell product. The risks associated with
immune suppression to avoid rejection outweigh the risks of
continued disease management for most patients. Therefore,
efforts have focused on the development of encapsulation
methods to protect the graft from the immune system (Agul-
nick et al., 2015; Vegas et al., 2016). However, it is unclear if
encapsulation can establish lasting independence from insu-
lin therapy or will require repeated replacement of the cell
device. All tissues require a connection to the vasculature
for tissue turnover and clearance of cell debris, and B cells
require high oxygen tension (Sato et al., 2011) and are in
extensive contact with the vasculature (Bonner-Weir and
Orci, 1982). Therefore, there is a rationale to evaluate the
feasibility of B cell replacement without encapsulation.
Because antigen-specific therapies to prevent recurrence of
autoimmunity in T1D are not yet established, non-im-
mune-mediated forms of diabetes might provide a suitable
initial target for cell replacement. Monogenetic forms of dia-
betes are not caused by immune rejection, and can present
with a phenotype identical to T1D, including dependence
on exogenous insulin injections. Because monogenetic dia-
betes is caused by a defined genetic lesion, a combination
of gene and cell therapy should be effective in restoring
glucose homeostasis upon transplantation.
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Here we report the identification of a point mutation in
the start codon of the insulin locus (INSA7°>A™) in an indi-
vidual patient with permanent neonatal diabetes mellitus
(PNDM), and the correction of the mutation in induced
pluripotent stem cells (iPSCs). Pancreatic endocrine cells
differentiated from the stem cells with the mutation ex-
pressed markers of B cells and insulin mRNA, but did not
contain or secrete insulin protein. Upon genetic correction
of the mutation using CRISPR/Cas9 in iPSCs, corrected cells
differentiated to pancreatic endocrine cells that produced
insulin at levels indistinguishable from embryonic stem
cell (ESC)-derived cells (wild-type controls). Grafting of
gene-corrected endocrine cells into mice resulted in the
secretion of detectable levels of human C-peptide in mouse
serum. This was not observed when transplanting the un-
corrected patient cells. Once endogenous mouse B cells
were ablated using streptozotocin (STZ), corrected endo-
crine cells were able to maintain normoglycemia, while
mice with mutant cells became diabetic. This demonstrates
the potential to combine gene with cell therapy for dia-
betes, and provides a path toward restoring glucose homeo-
stasis in patients with PNDM due to insulin gene mutations
and, in general, in monogenetic forms of diabetes.

RESULTS

Clinical Features of Diabetes due to a Homozygous
Mutation in the Start Codon of the Insulin Gene

The propositus, the son of consanguineous parents (first
cousins), was delivered at the 37th week of gestation with
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a weight of 1800 g. He initially presented with non-syn-
dromic diabetes (fasting plasma glucose: 15.9 mmol/L) on
the fifth day of life, without any detectible serum levels
of C-peptide. The patient was placed on intravenous insu-
lin therapy (0.05 Ul/kg/hr), with substantial improvement
of glucose levels within 9 days from treatment start. The
subject was negative for autoantibodies in serum (i.e.,
ICA, GADG6S, 1A-2A, TAA) typical of T1D at diagnosis of
diabetes. Autoantibody assays were repeated throughout
the first 3 years of life to confirm the patient did not have
an immune-mediated form of diabetes. In addition, anti-
body testing for additional autoimmunity, including celiac
disease (anti-tissue transglutaminase 2 antibodies, anti-
gliadin antibodies, both immunoglobulin G [IgG] and
IgA) and autoimmune thyroiditis (anti-thyroperoxidase
antibodies, anti-thyroid-stimulating hormone receptor an-
tibodies), was consistently negative.

Since NDM is a rare condition that almost invariably
recognizes a monogenic cause, with recessive forms more
frequently found in consanguineous families (Barbetti
et al., 2017), direct DNA sequencing of the most common
PNDM genes (i.e., KCNJ11, INS, and ABCCS8) was per-
formed by the standard Sanger method, revealing a
homozygous c.3G > A (p.Metllle; INS"T¢>AT4) mutation.
This mutation is predicted to abrogate insulin translation
initiation and cause a permanent form of NDM (Garin
et al., 2010).

At the time of this study, the patient was 11 years old. He
was reported to be overweight (height, 126.8 cm; weight,
41.5 kg; BMI, 25.8) and free from any diabetic-related
complications. His treatment regimen consisted of insulin
therapy at medium dose (0.66 Ul/kg/day). His HbAlc level
from age 3 to 11 was reported to range between 7.1% and
9.1% (54-76 mmol/mol).

INSATG>ATA Mutation Can Be Corrected by CRISPR/
Cas9 in Human Induced Pluripotent Stem Cells

We obtained a skin biopsy from the patient after parental
informed consent and derived fibroblast cultures and re-
programmed the somatic skin cells to iPSCs using mRNA-
mediated reprogramming. Two iPSC lines were derived,
and one of the two was differentiation competent. This is
consistent with the variable differentiation competence
of iPSC lines (Sui et al., 2017). Stem cells contained the
INSATG>ATA mutation as determined by Sanger sequencing
(Figure 1A). A guide RNA was designed against the INS locus
close to the mutation site, along with a correction template
with both the normal ATG and a neutral SNP. This neutral
SNP prevented Cas9 activity on the corrected alleles and
allowed us to distinguish the corrected allele from a wild-
type allele (Figure 1C). Two days post transfection,
Cas9-GFP-positive cells were sorted and clonally expanded.
Genomic DNA was isolated to amplify and sequence
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the insulin ATG region. Sixty-one of 72 colonies were
sequenced, with three showing the desired gene correction.
Since the homozygous mutation originates from a consan-
guineous marriage, we were unable to test for heterozygos-
ity in the vicinity of the insulin gene, which would have
confirmed the correction of both alleles. Such testing can
exclude the presence of a wild-type copy on one allele
and a large deletion removing the primer-binding site on
another allele (Egli et al, 2018). The possibility of
introducing larger deletions has been addressed by others
(Kosicki et al., 2018). Three top off-target sites were exam-
ined by PCR and Sanger sequencing. One cell line showed
an off-target effect 1.7 kb upstream of the PAX2 locus (Fig-
ure S1), a gene involved in nervous system development.
To control for possible inadvertent changes to the genome
through CRISPR/Cas9, three gene-corrected lines were
utilized for in vitro experimentation in subsequent experi-
ments. No differences were seen with regard to insulin
expression. Last, to confirm the pluripotency of the gene-
corrected stem cells, both mutant and corrected patient
iPSCs were used for karyotyping and immune staining.
All cell lines expressed pluripotent marker genes, OCT4
and SOX2, and had normal karyotypes (46/XY), including
two copies of chromosome 11 (Figures 1B and 1D), where
the INS gene resides, which excluded the possibility of
chromosome loss or large chromosome abnormalities
that might result in detection of only corrected alleles.

INSATE>ATA Mutant Stem Cells Efficiently Differentiate
to Insulin-Negative Endocrine Cells

To determine whether the mutant and the gene-corrected
cells could differentiate to p-like cells, we used a stepwise
differentiation protocol (Figure 2A) (Pagliuca et al., 2014;
Rezania et al., 2014; Sui et al., 2017). There was no detect-
able difference in differentiation efficiency among mutant
and corrected iPSCs. Both the insulin mutant and the
corrected cells differentiated efficiently to the definitive
endoderm (DE) stage, with 96% of cells positive for both
SOX17 and FOXA2 (Figures 2B, S2A, and S2B). At the
pancreatic progenitor (PP) stage, more than 40% of cells
in both populations were double positive for PDX1 and
NKX6.1 (Figures 2C, S2C, and S2D).

Upon further differentiation, INS mutant cells showed a
lack of C-peptide-positive cells, while cells genetically cor-
rected from mutated INS ATA to wild-type ATG showed
53.7% = 9.8% insulin-positive cells (Figures 2D and 2E).
To exclude the possibility that the loss of C-peptide-posi-
tive cells in mutant cells was due to differentiation failure,
the quantification of the expression of markers of B cell
differentiation, including CHGA, marking pancreatic
endocrine cells, as well as NKX6.1, PDX1, and MAFA,
marking pancreatic B cells, was conducted using im-
munostaining. These pancreatic endocrine and § cell
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(D) Karyotypes of patient and gene-edited iPSCs (46/XY).
See also Figure S1.

markers were expressed in both mutant and corrected cells
at comparable frequencies (Figure 2F-2I). Both mutant and
corrected cell clusters contained 50%-60% pancreatic
endocrine cells marked by expression of CHGA, with
none of the cells with the INS*"*>4™ mutation showing in-
sulin expression. Glucagon-positive cells were found at a
frequency of 20.15% =+ 3.2% and 21.2% + 4.8% in mutant
and corrected pancreatic clusters, respectively (Figure 2J).
Therefore, most cells with CHGA expression did not ex-
press insulin, but expressed MAFA and NKX6.1, suggesting
they are insulin-negative B-like cells. Approximately half
the cells were NKX6.1 negative (Figures S2D and S2E), sug-
gesting that not all insulin-positive cells showed the char-
acteristics of stem cell-derived B (sc-B) cells.

Although insulin protein was not detected, quantitative
RT-PCR for insulin mRNA confirmed the expression of
the insulin locus. Expression levels of mutant insulin
mRNA were reduced 800-fold compared with wild-type
cells, possibly due to the reduced stability of a non-trans-
lated transcript (Figure 3A). Using gel electrophoresis after

gRT-PCR, low levels of INS mRNA in the mutant cells
were confirmed (Figure 3B), suggesting that the G > A mu-
tation not only blocked INS translation but also affected
mRNA stability. Interestingly, insulin-negative cells con-
tained a lower amount of spliced XBP1 than gene-corrected
cells expressing insulin, suggesting that insulin production
is directly responsible for the activation of the inositol-
requiring enzyme lo pathway of the unfolded protein
response (Figures 3C and 3D).

To functionally characterize mutant and corrected stem
cell-derived endocrine cells, we determined insulin content,
pro-insulin content, and insulin secretion in vitro (Figures
3E-3G). Through an ultra-sensitive ELISA, we analyzed
the insulin content, which we found to be restored
from O pmol/cell in the mutant to 0.6 pmol/cell in corrected
cells, comparable to wild-type human ESC-derived B-like
cells (Figure 3E). Furthermore, no pro-insulin was detected
in mutant B-like cells, while about 0.14 + 0.03 pmol/L pro-
insulin was detected after correction of the INS*"“>*™ muta-
tion, which excludes the possibility that insulin loss was due
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Figure 2. INS*">™ Stem Cells Differentiate to Endocrine Cells without Insulin

(A) Schematic of in vitro B cell differentiation. Markers for specific stages of differentiation are indicated. DE, definitive endoderm;
PP, pancreatic progenitors.

(B) Quantification results of cells immune-positive for both SOX17 and FOXA2 on day 4. n = 3 independent experiments. hiPSC, human iPSC.
(C) Quantification results of cells immune-positive for both PDX1 and NKX6.1 on day 12. n = 3 independent experiments.

(legend continued on next page)
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Figure 3. Gene Correction Restores Insulin
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(F) Analysis of pro-insulin content using ELISA for INS mutant, corrected, and WT B-like cells. n = 3 independent experiments.
(G) Analysis of insulin secretion in INS mutant and corrected B-like cells using ELISA. Insulin secretion was analyzed under 3.3 mM glucose
and 30.5 mM KCL conditions. n = 3 independent experiments. Significance was tested by Student’s t test.

to the failure of pro-insulin processing in mutant cells (Fig-
ures 3F and S2F). To test insulin secretion in response to
stimulation, the levels of secreted insulin in both mutant
and corrected B cells subjected to KCI treatment were
quantified. Whereas mutant cells failed to secrete any
detectable levels of insulin, corrected cells secreted 0.006 +
0.0002 pmol under basal conditions of 3.3 mM glucose
and 0.027 + 0.002 pmol insulin after stimulation by
30.5 mM KCl (Figure 3G). Glucose-stimulated insulin secre-
tion was not evaluated in vitro, as these in vitro cells show
only amodest increase, and are not equivalent to pancreatic
B cells in vivo for several other parameters, including the ratio
of pro-insulin toinsulin (Suietal., 2017). Taken together, we
can conclude that insulin is not required for B cell differen-
tiation, but mutant cells fail to produce insulin.

Gene-Corrected Endocrine Cells Maintain Normal
Blood Glucose Homeostasis in Mice

To determine whether gene correction resulted in
functional endocrine cells, stem cell-derived clusters were

grafted into the leg muscle of immune-compromised
mice (Figure 4A). Both mutant cells and gene-corrected
cells were grafted into a total of eight mice (four for mutant
and four for corrected cells). We analyzed the amount of
human C-peptide in transplanted mouse blood at 2-week
intervals over the course of 6 months in daytime measure-
ments of ad lib fed mice on standard diet. None of the four
mice grafted with mutant cells showed detectable serum
C-peptide. In mice grafted with corrected cells, human
C-peptide became detectable starting from 3 weeks in two
of the four mice (Figure 4B). One mouse from the group
grafted with corrected cells was lost after 7 weeks post trans-
plantation due to unknown cause. Of the remaining three
mice, two were C-peptide positive, with C-peptide levels
gradually increasing until 19 weeks post transplantation
(Figure 4B). To determine whether corrected cells were
able to adapt insulin secretion to changes in blood glucose,
we fasted mice and analyzed human insulin levels before
and after re-feeding at 11 weeks post transplantation. We
were able to see a decrease in human C-peptide during

(D) Immunostaining results for C-peptide (C-PEP) and chromogranin (CHGA) on day 27 after differentiation. Scale bar, 50 um.
(E) Quantification results of cells immune-positive for both C-peptide and CHGA on day 27 after differentiation. n = 3 independent

experiments. Data represent mean = SD (***p < 0.001).

(F-I) Immunostaining results for glucagon (GLUC) (F), PDX1 (G), NKX6.1 (H), and MAFA (I), co-stained with C-peptide in INS mutant

and corrected cells. Scale bar, 50 pm.

(J) Quantification results of cells immune-positive for CHGA, MAFA, NKX6.1, PDX1, and GLUC in INS mutant and corrected cells.
n = 3 independent experiments. Significance was tested by Student’s t test.

See also Figure S2.
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(B and C) In vivo functional analysis of endocrine cells. (B) Human C-peptide in mouse blood after transplantation. STZ treatment was
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(legend continued on next page)
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fasting, followed by a substantial increase post re-feeding
(Figure 4C).

Last, to determine whether corrected B-like cells were
able to protect mice from diabetes, we treated mice with
150 mg/kg STZ after human C-peptide reached a threshold
of >400 pM or at 19 weeks post transplantation (Figure 4B).
By measuring levels of C-peptide, we were able to confirm
that STZ treatment had effectively eliminated insulin secre-
tion from mouse B cells (Figure 4D). Both mice grafted with
mutant cells and non-grafted mice (n = 3) became diabetic
7 days post STZ treatment (Figure 4E). In contrast, mice
grafted with corrected human cells maintained normal
blood glucose levels (Figure 4E). These mice had contin-
uous access to food.

Upon fasting and intraperitoneal injection of glucose
(intraperitoneal glucose tolerance test), human C-peptide
increased in the serum (Figure 4F), and blood glucose levels
normalized in mice grafted with gene-corrected cells, but
not with mutant ones (Figure 4G). One mouse was kept
for more than 8 weeks after STZ treatment, and tested dur-
ing a 24 hr time course for glucose homeostasis. As mouse
C-peptide remained undetectable at 8 weeks after STZ treat-
ment (Figure 4D), glucose regulation was due to the graft,
rather than attributable to mouse B cell regeneration after
STZ treatment. Prior studies have shown that blood glucose
levels vary by circadian rhythm, with daytime measures
showing a trend toward normoglycemia, and nighttime
measures showing hyperglycemia (King et al., 2017). We
found that in mice with continuous access to food, glucose
levels averaged 64 mg/dL, and did not exceed 100 mg/dL
regardless of the time of day (Figure 4H). Therefore, the
graft normalized blood glucose levels throughout the day.

To determine whether the graft contained endocrine
cells, grafted human tissue was removed and stained for
both NKX6.1 and insulin. NKX6.1-positive cells were
found in both mutant and corrected cell grafts (Figure 41).
Only gene-corrected cells showed insulin expression
in islet-like clusters, while non-corrected cells showed
Nkx6.1-positive insulin-negative cells (Figure 4I). Impor-
tantly, insulin-positive cells were also positive for Nkx6.1,
indicative of mature sc-p cells (Pagliuca et al., 2014; Rezania
etal., 2014). However, six of the eight grafted mice formed
large growths within 20 weeks of transplantation and had
to be sacrificed thereafter. The grafts also contained cell

types other than endocrine cells, as shown by H&E staining
(Figure S3).

DISCUSSION

Here we report a proof-of principle study for the use of cell
replacement therapy as a treatment for diabetes caused by a
single gene mutation. After the identification in a patient
with PNDM of a homozygous ATG > ATA mutation at
codon 1 of the insulin gene, leading to the deletion of
methionine 1, the mutation was reverted to wild-type
ATG using CRISPR/Cas9, and both mutant and corrected
cells were differentiated to pancreatic endocrine cells.
Although insulin is the defining protein of a B cell, we
found that it was dispensable for differentiation, as we
were able to obtain insulin-negative cells expressing key
B cell markers, including PDX1, MAFA, and NKX6.1. Such
insulin-negative B-like cells may be useful in future studies
for investigating the role of insulin in endoplasmic reticu-
lum stress-mediated B cell failure, and for the investigation
of insulin epitopes in autoimmune diabetes.

Transplanted endocrine cells derived from the corrected
patient stem cells were shown to produce detectable
levels of insulin that allowed for the sustenance of normo-
glycemia in the respective mouse models. It should be
noted, however, that in six of eight grafted mice, teratomas
formed within 20 weeks post transplantation. We also
noted that the iPSCs from the patient with or without
correction generally resulted in small cell clusters because
of cell death during differentiation. This points to persis-
tent inefficiencies and variability in the differentiation of
iPSCs to different lineages (Nishizawa et al.,, 2016; Sui
et al., 2017). Furthermore, the CRISPR tools used here
confirm the occurrence of off-target effects. Despite these
challenges, our data show that endocrine cells from
patients with monogenic forms of diabetes can potentially
be used for cell replacement upon gene correction, if
teratoma formation and off-target effects can reliably be
avoided.

For patients with mutations in the insulin locus (Co-
lombo et al., 2008; Stoy et al., 2007), as well as other forms
of monogenetic diabetes, a cell therapy using autologous
cells may not require immune protection. Short of grafting

(D) Mouse C-peptide 7 days and 8 weeks after STZ treatment. n = 4 independent experiments.

(E) Mouse blood glucose levels after STZ treatment, daytime measurements. n = 2 mice transplanted with INS*/*-corrected or INS™/~
patient endocrine cells; n = 3 mice without transplantation or without both transplantation and STZ treatment.

(F and G) Intraperitoneal glucose tolerance test (IPGTT) results after STZ treatment in mutant and corrected cells-transplanted mice.
(F) Human C-peptide ELISA results during IPGTT. (G) Mouse blood glucose measurement results during IPGTT.

(H) Results for 24 hr glucose monitoring. n = 3 independent experiments.

(I) Immunostaining for insulin and Nkx6.1 of in vivo graft tissue from transplanted mice. Scale bar, 20 pm.

See also Figure S3.
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them into a patient, tolerance to autologous cells may be
studied in mice with an autologous immune system (Kal-
scheuer et al., 2012), but ultimately, conclusive answers
to these questions will only be learned by grafting cells
into patients. In contrast to diabetes caused by single-
gene mutations, T1D likely requires two key interventions,
cell therapy as well as immune protection, each associated
with its own challenges. Diabetes caused by single-gene
mutations are not rare, accounting for an estimated 1%-—
5% of all diabetes cases (Fajans and Bell, 2011; Shields
et al., 2010), and are particularly common in pediatric
diabetes (Delvecchio et al., 2017). Therefore, monogenic
diabetes may provide a suitable initial clinical target for
autologous stem cell-based therapies for diabetes.

EXPERIMENTAL PROCEDURES

All experiments with human cells were reviewed and approved by
the Columbia Institutional Review Board. Human fibroblasts were
obtained after informed consent of the legal guardians of the pa-
tient at Salesi Hospital. Genetic analysis was done with IRB
approval at University of Rome Tor Vergata where FB is Associate
Professor of Clinical Biochemistry and Molecular Biology. Animal
experiments were performed according to a protocol approved
by the Columbia University Institutional Animal Care and Use
Committee. Animal assignments to the treatment and control
groups were not blinded.

In Vitro Differentiation and Analysis Methods

For in vitro pancreatic endocrine cell differentiation, we used a pre-
viously described protocol (Sui et al., 2017). Briefly, mutant and
corrected human iPSCs routinely cultured in KOSR-based human
ESC culture medium to 90% confluence were passaged with
TrypLE (12605036, Life Technologies) and 1 million dissociated
cells were seeded onto Matrigel-coated plates in mTeSR1 medium
(05,850, STEMCELL Technologies) containing 5 pM Y26732. After
24 hr, B cell differentiation was started by replacing mTeSR1
medium with STEMDiff Endoderm Differentiation Kit (05,110,
STEMCELL Technologies). DE differentiation took 4 days followed
by PP differentiation. After 8 days, DE cells progressed to the PP
stage by treatment with fibroblast growth factor 7-containing me-
dium for 2 days, All-trans-retinoic acid (04-0021, Stemgent)- and
LDN193189 (04-0074, Stemgent)-containing medium for 3 days,
and epidermal growth factor (236-EG, R&D Systems)-containing
medium for another 3 days. Upon reaching the PP stage, cells
were dissociated into single cells, aggregated to clusters (4 X
10* cells per cluster), and cultured on low-attachment 96-well
plates (7007, Corning) for 2 more weeks with medium containing
mainly activin receptor-like kinase 5 inhibitor (04-0015, Stemgent)
and zinc sulfate (Z0251-100G, Sigma-Aldrich). In addition to
patient mutant and corrected iPSCs, the human ESCs Mell that
contained a knockin of GFP in the insulin locus and a wild-type
allele were used in this study as a control for some experiments
(Micallef et al., 2012). Wild-type control cells therefore contain
one functional insulin allele.
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At day 27, five clusters were fixed with 4% paraformaldehyde
(PFA) solution in PBS (sc-281692, Santa Cruz Biotechnology) for
immune staining. We used 30 clusters to assay insulin content
and insulin secretion for analysis by Mercodia Insulin ELISA
(10-1113-01, Mercodia, 1 pIU/mL = 6 pmol/L). Sixty clusters
were used for RNA extraction. The detailed differentiation proto-
col, including medium formulations and chemical/growth factor
components information is provided in Tables S3 and S4.

Immunostaining and Image Processing Procedure
For cluster/tissue immune staining, clusters were first fixed with
4% PFA for 1 hr and incubated with 30% sucrose overnight. After
sucrose treatment, clusters were embedded in Tissue-Tek O.C.T.
Compound (4583, Amazon), snap-frozen on dry ice, and kept
at —80°C before sectioning. Afterward, O.C.T. embedded clusters
were sectioned, and sectioned slides were blocked with donkey
serum (D9663-10ML, Sigma-Aldrich) and permeabilized with
0.1% Triton (9002-93-1, Sigma-Aldrich) in PBS. Following blocking
and permeabilization, cluster sections on the slides were incubated
with primary antibody overnight at 4°C and stained with second-
ary antibody for 1 hr at room temperature. After counterstaining
with DAPI (D3571, Thermo Fisher Scientific), slides were used for
taking pictures under a fluorescence microscope (Olympus 1X73).
For each differentiation experiment, we randomly picked five
clusters for sectioning and staining. On average, 15 pictures per
primary antibody were taken for the five randomly picked clusters
and processed by Image] with the same parameters to calculate per-
centage of cells staining positive. First, the DAPI channel was used
to pre-determine average total cell number from those 15 pictures
after channel splitting. Next, single- or double-positive cell
numbers for the primary antibodies were calculated from other
channels and averaged for the 15 pictures. Finally, the percentage
of single- or double-positive cells was obtained by dividing the
average total cell number by the average single- or double-positive
cell number. The investigator was not blinded in this analysis.
Information on primary and secondary antibodies used in the
study is provided in Table S2.

For H&E staining for grafted tissues, a previously published pro-
tocol was followed (Fischer et al., 2008).

Statistical Analysis

Student’s t tests for detecting significance of biological difference
were used for all statistical measures. All experiments in the paper
were conducted with at least three independent experiments
unless otherwise stated. “n” in the paper indicates the indepen-
dent experimental number.
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