ISSCR

OPEN ACCESS

&

Stem Cell Reports

Resource

GP2-enriched pancreatic progenitors give rise to functional beta cells in vivo
and eliminate the risk of teratoma formation

Yasaman Aghazadeh,'-?® Farida Sarangi,® Frankie Poon,!:? Blessing Nkennor,”* Emily C. McGaugh, -3

Sara S. Nunes,?>°7 and M. Cristina Nostro!-3.*

McEwen Stem Cell Institute, University Health Network, 101 College Street MaRS, PMCRT 3-916, Toronto, ON M5G 1L7, Canada
2Toronto General Hospital Research Institute, University Health Network, Toronto, ON M5G 1L7, Canada
3Deparment of Physiology, University of Toronto, Toronto, ON M5S 1A8, Canada

4Department of Biological Sciences, University of Toronto, Scarborough, ON M1C 1A4, Canada

SInstitute of Biomedical Engineering, University of Toronto, Toronto, ON MS5S 3G9, Canada

SHeart & Stroke/Richard Lewar Centre of Excellence, University of Toronto, Toronto, ON M5S 3H2, Canada
7Laboratory Medicine and Pathobiology, University of Toronto, Toronto, ON MS5S 1A8, Canada

8These authors contributed equally

*Correspondence: cnostro@uhnresearch.ca

https://doi.org/10.1016/j.stemcr.2022.03.004

SUMMARY

Human pluripotent stem cell (hPSC)-derived pancreatic progenitors (PPs) can be differentiated into beta-like cells in vitro and in vivo and
therefore have therapeutic potential for type 1 diabetes (T1D) treatment. However, the purity of PPs varies across different hPSC lines,
differentiation protocols, and laboratories. The uncommitted cells may give rise to non-pancreatic endodermal, mesodermal, or ecto-
dermal derivatives in vivo, hampering the safety of hPSC-derived PPs for clinical applications and their differentiation efficiency in
research settings. Recently, proteomics and transcriptomics analyses identified glycoprotein 2 (GP2) as a PP-specific cell surface marker.
The GP2-enriched PPs generate higher percentages of beta-like cells in vitro, but their potential in vivo remains to be elucidated. Here, we
demonstrate that the GP2-enriched-PPs give rise to all pancreatic cells in vivo, including functional beta-like cells. Remarkably, GP2
enrichment eliminates the risk of teratomas, which establishes GP2 sorting as an effective method for PP purification and safe pancreatic

differentiation.

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease character-
ized by the destruction of pancreatic beta cells. The stan-
dard treatment for people living with T1D is the adminis-
tration of exogenous insulin with frequent glucose
monitoring, which significantly increases life expectancy
but fails to fully protect from long-term vascular complica-
tions (Aye and Atkin, 2014; Beck and Cogen,2015). There-
fore, beta cell replacement strategies that are able to endog-
enously regulate blood glucose are highly sought after
(Odorico et al., 2018; Shapiro et al., 2000, 2016). Indeed,
islet transplantation using the Edmonton protocol has suc-
ceeded in controlling brittle diabetes, providing protection
from hypoglycemic episodes, and in several cases, has led
to insulin independence (McCall and Shapiro, 2012). In
addition to donor-derived islets, the recent progress in
the development of pancreatic cells from human pluripo-
tent stem cells (hPSCs) offers an unprecedented opportu-
nity to generate renewable, readily available, and quality-
controlled pancreatic cells for clinical applications (Mi-
gliorini et al., 2021; Odorico et al., 2018). hPSCs can be
differentiated into pancreatic progenitors (PPs) or pancre-
atic endodermal cells (PECs), which can give rise to func-
tional beta-like cells both in vitro and in vivo (Kroon et al.,
2008; Nostro et al., 2015; Rezania et al., 2012, 2014). How-
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ever, preclinical studies reported the formation of teratoma
in 15%-50% of mice transplanted with hPSC-derived PEC/
PP populations (Kelly et al., 2011; Kroon et al., 2008; Reza-
nia et al.,, 2012). Remarkably, PECs, delivered in vivo
via encapsulation devices, have entered clinical trials
(NCT02239354 and NCT03163511). Results from the first
clinical trials (VCO1, NCT02239354) demonstrated that
the device designed to prevent vessel penetration into the
graft is not a viable option for beta cell replacement ther-
apy, because it led to graft fibrosis and cell death (Henry
et al., 2018). In contrast, the results from the trial using
an open device (VC02, NCT03163511) showed that, in
the absence of a full physical barrier between the graft
and the host, PECs can give rise to beta cells that secrete
C-peptide in a majority of recipients (Ramzy et al., 2021;
Shapiro et al., 2021). These findings are consistent with
our studies demonstrating the importance of vasculariza-
tion for graft survival and beta cell function (Aghazadeh
et al., 2021). However, PEC-derived beta cells secreted a
10th of the C-peptide levels required to normalize blood
glucose (Ramzy et al.,, 2021), suggesting that improving
vascularization strategies, PEC-generating protocols, and/
or the transplantation of higher number of PECs in the
open devices will be necessary to treat T1D. Importantly,
while no teratomas were formed from PECs in these trials,
the need for a higher number of cells in open devices could
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increase this risk. Therefore, designing strategies to purify
the PP population is imperative to ensure the safety of
this therapeutic approach.

The pancreatic secretory granule membrane major glyco-
protein 2 (GP2) was previously identified as a specific cell
surface marker of hPSC-derived PPs and shown to be co-ex-
pressed with PTF1A and NKX6-1 in the putative multi-
potent PPs in the developing human pancreas (Ameri
et al., 2017; Cogger et al., 2017). Purification and in vitro
culture of GP2-enriched epithelial cells, obtained from hu-
man pancreas at 7 weeks of development, confirmed that
these cells give rise to acinar cells, in which GP2 is upregu-
lated, as well as ductal and endocrine cells, in which GP2 is
downregulated or silenced (Ramond et al., 2017). Similarly,
GP2-expressing hPSC-derived PPs downregulate GP2
expression as they differentiate to beta-like cells in vitro
(Ameri et al., 2017; Cogger et al., 2017). Collectively, these
studies demonstrate that the GP2-expressing PPs are
committed to the pancreatic fate. However, there is a lack
of data examining the in vivo commitment of GP2-enriched
PPs to pancreatic lineage and, ultimately, to beta cells. In
this study, we explore the developmental potential of
GP2-enriched PPs and demonstrate that sorted GP2-ex-
pressing PPs give rise to all endocrine and exocrine cells
in vivo, including functional beta cells. Furthermore, we
demonstrate that GP2 sorting does not impact the endo-
crine-to-acinar ratio within the graft and more importantly
prevents teratoma formation in vivo. These findings indi-
cate that GP2-enriched PPs represent a safe cell population
with the potential for clinical use.

RESULTS

GP2 enrichment of hESC-derived PPs

To assess the efficiency of GP2* PP purification using mag-
netic-activated cell sorting (MACS), H1 and H9 human em-
bryonic stem cell (hESC) lines were differentiated to PPs
using previously published protocols (Korytnikov and Nos-
tro, 2016) (Figure 1A). PP commitment was assessed by

flow cytometric analysis of NKX6-1, PDX1, and GP2 expres-
sion at the end of stage 4. Both H1 and HO cell lines generated
more than 80% PDX1"/NKX6-1* cells (Figures 1B-1D),
while H1 cells generated higher frequencies of GP2* cells
(~67%) compared with H9 cells (~31%) (Figures 1E-1G).
These results demonstrated that the percentage of PDX1/
NKX6-1-expressing cells may not correlate with that of
GP2 (Figures 1D and 1G). This is consistent with previous
studies showing that not all NKX6-1*/PDX1" cells express
GP2 atthe end of stage 4, in line with its transient expression
in the developing pancreas (Cogger et al., 2017; Ramond
et al., 2017). GP2 enrichment was performed at the end of
stage 4 for both cell lines using MACS (Figure 1H) (Cogger
etal., 2017). The purity of the H1-derived GP2-enriched pop-
ulation (henceforth referred to as GP2*) was 88% (n = 6),
while the flow-through (FT) and the not sorted (NS) cells re-
tained approximately 67% GP2-expressing cells (Figures 11
and 1]). The quantification of GP2 mean fluorescence inten-
sity (MFI) indicated significant enrichment of GP2Msh.
expressing cells in the GP2* compared with FT and NS cell
populations (Figure 1K). Approximately 76% of GP2" cells
(n=3) were obtained using H9-derived PPs, which was lower
than the H1-derived GP2" cells (Figures 1L and 1M). The MFI
of the GP2" cells was similar between the two lines (Figures
1K and 1N). The percentage of GP2™ cells was significantly
lower in the GP2* compared with NS and FT cell populations
in both H1- and H9-derived PPs (Figures 1A and 1B). Overall,
these data demonstrate that MACS can effectively enrich
GP2" cells with higher cell surface GP2 expression per cell
compared with NS and FT populations (Figures 1I-1]J). The
recovery yield from MACS column was 16% and 24% in
H1 and H9 line, respectively (Table 1).

GP2 sorting prevents teratoma formation in vivo

To assess if GP2 sorting at the end of stage 4 could reduce
the risk of teratoma formation in vivo, we transplanted
GP2%, NS, and FT populations into immunocompromised
male NOD.Cg-Prkdc™[12rg™™i'/Sz] (NSG) mice. We first
examined if the sorted fractions could survive long-term

Figure 1. Enrichment of GP2" cells in hESC-derived PPs

(A) Schematic of the hESC differentiation to pancreatic progenitors (PPs).
(B-D) Representative flow cytometry plots and quantification of NKX6-1/PDX1 co-expression in hESC-H1- (B) or H9- (C) derived PPs at the

end of stage 4 (D).

(E-G) Representative flow cytometry plots and quantification of GP2 expression in H1- (E) or H9- (F) derived PPs at the end of stage 4 (G).
(H1, n = 6 independent experiments; H9, n = 3 independent experiments; unpaired Student’s t test; error bars represent SEM).

(H) Schematic of GP2 enrichment using MACS.

(I, 3, L, and M) Representative flow cytometry plots and quantification of the percentage of GP2-expressing cells in not sorted (NS), flow-
through (FT), and GP2-enriched (GP2") fractions of H1- (I and J) or H9- (L and M) derived PPs.

(K'and N) Mean fluorescence intensity (MFI) over isotype controlin NS, FT, and GP2" fractions of H1- (K) or H9- (N) derived PPs. (H1, n=6
independent experiments; H9, n = 3 independent experiments; one-way ANOVA analysis with Tukey’s multiple comparisons; *p < 0.05,
**p <0.01, ***p < 0.001, ****p < 0.0001; error bars represent SEM).

See also Figure S1.
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Table 1. Percent of recovery after MACS, calculated by comparing the number of GP2+ cells obtained from MACS, to total number of

cells loaded on the column

Biological replicate 1 2 3 4 5 6 Mean SD
% Cell recovery H1 27 10.86 11.81 6.65 10.4 28.16 15.81 4.89
% Cell recovery H9 14.76 33.26 22.12 23.83 7.6

Related to Figure 1.

in the subcutis, because this site allows the detection of ter-
atomas with the naked eye. To assess long-term cell sur-
vival, an hESC-H1 line that constitutively expresses DsRED
Fluorescent Protein (RFP-H1) (Davidson et al., 2012) was
used to generate RFP-PPs, which were sorted using MACS
to generate GP2*, FT, and NS populations (Figure 2A),
which were transplanted subcutaneously in NSG mice (Fig-
ure 2B). The RFP signal was monitored at weeks 1, 4, and 12
post-transplantation by live imaging. The background RFP
signal was assessed using untransplanted mice (No Tx) and
sham mice (Figure S2B). The RFP signal in GP2*-, FT-, and
NS-transplanted mice was detected at all time points, con-
firming that all three populations can survive long-term in
the subcutis (Figure 2B). We then utilized this model for the
transplantation of MACS H1-derived GP2*, FT, and NS cell
populations. The transplanted NSG mice were monitored
weekly, and outgrowths visible with the naked eye were de-
tected in NS and FT recipients from week 8 onward (Fig-
ure 2C). Mice without visible outgrowths were maintained
for 15 weeks, a period required for the development of
functional beta cells (Kroon et al., 2008; Nostro et al.,
2015; Rezania et al., 2014). The NS- and FT-derived out-
growths were harvested and analyzed by H&E staining,
which indicated the presence of mesodermal, ectodermal,
and endodermal cell types (Figures 2D and S3A). Further
pathological analysis using toluidine blue staining
confirmed the presence of cartilage (Figures 2E and S3B),
and immunostaining indicated the presence of cells ex-
pressing SOX2 (stomach and neuronal marker, Figures 2F
and S3C), FOXA2 (endodermal cells, Figures 2G and S3E),
CDX2 (intestinal marker, Figures 2H and S3D), and
NKX2-1 (lung marker, Figures 2I and S3F) within NS- and
FT-derived outgrowths. These data indicate that trans-
planted NS- and FT-derived PPs give rise to non-pancreatic
tissues from multiple germ layers, characteristic of tera-
toma, in 27% (4/15) of NS recipients and in 18% (3/17)
of FI-recipients. Remarkably, none of the 11 mice trans-
planted with GP2* cells developed teratomas/outgrowths
(Figure 2J). These data strongly demonstrate that GP2*
cell enrichment prevents teratoma formation in vivo.

GP2 enrichment eliminates non-pancreatic cells
To evaluate how GP2 enrichment prevented teratoma
formation, we quantified the expression levels of neuroec-

todermal marker ZIC3 (Bernal and Arranz, 2018) (Fig-
ure S4A), mesodermal marker PDGFRA (Farahani and Xay-
mardan, 2015) (Figure S4B), and pluripotency marker
POUSF1 (Pan et al., 2002) (Figure S4C) in the NS, FT,
and GP2" fractions by RT-PCR and compared them with
hPSC-derived neuroectoderm, mesoderm, or undifferenti-
ated hESCs, respectively. These data indicated signifi-
cantly lower expression of all markers in the NS, FT, and
GP2" fractions compared to undifferentiated mesoderm,
neuroectoderm, or hESC controls, but no significant dif-
ferences were detected by RT-PCR between the three PP
fractions (Figures S4A-S4C), which is likely due to robust
endodermal commitment of H1 line (~99.2%) at stage 1
of differentiation (Figures S4D and S4E). Quantification
of GP2 in NS, FT, and GP2" fractions was performed for
quality control (Figure S4F). Next the presence of non-
pancreatic endodermal cells was assessed in the three frac-
tions by analyzing the expression levels of the anterior
foregut markers SOX2 and NKX2-1 and hindgut marker
CDX2 (Figures 3A-3C). No significant differences were
observed in NKX2-1 expression between the three frac-
tions, but SOX2 and CDX2 expression was significantly
lower in GP2* compared with NS and FT fractions (Figures
3A-3C). To confirm these data, cell sorting using fluores-
cence-activated cell sorting (FACS) was performed to pu-
rify GP2* and GP2~ populations, which is not feasible
by MACS. The frequencies of SOX2" and CDX2"* cells
were quantified in NS cells, as well as GP2~ and GP2" pop-
ulations. Less than 1% of the cells at stage 4 expressed
SOX2 (0.24% =+ 0.05%) (Figures 3D and 3E) and all
SOX2" cells were GP2~ (Figures 3D and 3E). Surprisingly,
a majority of stage 4 cells expressed CDX2 (76.1% =+
6.1%) (Figures 3F and 3G). This could be due to the fact
that the loss of CDX2 in the pre-pancreatic domain occurs
gradually in developing mice, while the pancreas-stomach
boundary is defined as early as embryonic day 8.75, with
very few cells co-expressing SOX2 and PDX1 (Shih et al.,
2015). Co-staining of the NS population for GP2 and
CDX2 indicated that 66.64% + 5% of the CDX2" cells
lacked GP2, which was greatly reduced in the GP2* frac-
tion after FACS (Figures 3F and 3G). Collectively, these
data indicate that sorting for GP2 significantly eliminates
SOX2*/GP2~ and CDX2"/GP2~ non-pancreatic cells from
stage 4 populations.
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GP2-enriched PPs are less proliferative than GP2™ cells

To assess the developmental potential of GP2* PPs, all grafts
from mice transplanted with GP2* cells and those trans-
planted with NS and FT recipients that did not form visible
outgrowths were explanted at 15 weeks post-transplanta-
tion and histologically analyzed. Results indicated that
significantly larger grafts were generated from the same
number of transplanted NS population compared with
the GP2* population (Figures 4A and 4B). This observation
was confirmed by quantifying the number of human cells
within the graft by KUSO immunostaining, a marker of hu-
man nuclei, which demonstrated significantly higher
number of human cells in the NS-derived grafts compared
with the GP2*-derived grafts (Figures 4C and 4D). Because
previous studies indicated a negative correlation between
GP2 expression and cell proliferation (Ameri et al., 2017),
we next quantified the expression of MKI67 and TOP2A
proliferation markers in the MAC-Sorted populations to
evaluate whether the larger size of grafts is due to higher
proliferative potential of NS and FT compared with the
GP2" population. RT-PCR analysis showed significantly
lower expression of MKI67 in the GP2* compared NS and
FT fractions and lower TOP2A expression in the GP2*
compared with the FT fraction (Figures 4E and 4F). These
results were confirmed by flow cytometric quantification
of the frequency of KI67" cells in FAC-Sorted GP2* and
GP2™ fractions., indicating that GP2* cells are significantly
less proliferative than GP2™ cells, which may explain the
formation of smaller grafts (Figures 4G and 4H). Therefore,
we next investigated whether a larger graft area translates
to higher number of off-target cells or to higher number
of pancreatic cells. Non-teratoma grafts were analyzed by
immunostaining of SOX2, NKX2-1, and CDX2 at week
15 post-transplantation. SOX2 expression was not detected
in any of the grafts (data not shown), while NS-, FI-, and
GP2*-derived grafts contained a small population of
CDX2" and NKX2-1* cells (Figures 41-4L). While the num-
ber of NKX2-1* cells did not vary between the different
fractions (Figures 4K and 4L), CDX2* cells were signifi-
cantly lower in the GP2" compared with the NS-derived
grafts (Figures 41 and 4J). These results are consistent with
the analysis of cell populations before transplantation (Fig-

ures 3D-3G), which indicated negligible SOX2 expression
in all three cell populations (Figures 3D and 3E), signifi-
cantly lower CDX2 expression in GP2* cells compared
with NS and FT fractions (Figures 3C and 3F), and no differ-
ences in NKX2-1 levels between the three cell populations
(Figure 3B). We then analyzed the proportion of pancreatic
cells in NS-, FT-, and GP2*-derived grafts by immunostain-
ing for the endocrine pancreatic marker chromogranin A
(CHGA), pancreatic ductal marker cytokeratin 19
(KRT19), and pancreatic acinar marker trypsin (PRSS1) (Fig-
ures 4M-4Q). Interestingly, while no significant differences
were detected in the total number of pancreatic endocrine
cells (CHGA") (Figures 4M and 4N), significantly lower
acinar cells (PRSS17) were observed in the GP2" compared
with the FT-derived grafts (Figures 4P and 4Q). The ratio
of endocrine to acinar cells was comparable between the
three conditions (Figure 4R), demonstrating that GP2
enrichment of PPs does not affect endocrine versus acinar
commitment post-transplantation. This is not surprising
because stage 4 PPs have not yet committed to endocrine
or exocrine cell fates. RT-PCR analysis confirmed that
GP2 sorting does not enrich for endocrine- or exocrine-
committed cells, because no significant differences were
detected in CELA3A (acinar marker), HNFI1B (ductal
marker), and NEUROG3 and NEUROD1 (endocrine
markers) between NS, FT, and GP2" populations (Figures
5A-5D). Indeed, endocrine commitment is initiated
in vitro at stage 5 (Figure S5E), and it is marked by the
expression of NEUROD1 and CHGA (Figures SS5F and
S5@G), while additional factors would be required to induce
exocrine commitment in vitro (Breunig et al., 2021; Huang
et al.,, 2021). Collectively, these data demonstrated that
GP2* PPs are less proliferative than GP2™ and give rise to
fewer trypsin* and CDX2* cells post-transplantation, while
generating endocrine cells with similar efficacy as unsorted
cells.

GP2-enriched PPs give rise to functional beta cells

in vivo

We next examined whether GP2* cells could differentiate
in vivo to functional beta cells by performing a glucose-
stimulated C-peptide secretion assay at week 15

Figure 2. Transplantation of GP2-enriched PPs prevents teratoma formation
(A) Schematic of RFP-H1 differentiation to RFP-PPs followed by GP2 enrichment using MACS.
(B) Live imaging of mice transplanted subcutaneously with NS, FT, and GP2™ cell populations, at weeks 1, 4, and 12 post-transplantation.

See also Figure S2.

(C) Representative image of outgrowths visible with the naked eye in the mouse transplanted with NS cells (dashed line). No outgrowths

detected in mice transplanted with GP2" cells.

(D-TI) Representative images of NS-derived grafts stained with H&E (D), toluidine blue (E), SOX2 (F), FOXA2 (G), CDX2 (H), and NKX2-1 (F)
at week 15 post-transplantation ([D] scale bar is 100 pum; [F] scale bar is 200 um; and [E, G-I] scale bar is 400 um). See also Figure S3.
(J) Percentage of NS-, FT-, and GP2*-recipient mice that generated teratomas/outgrowths (NS, n = 15 mice from six independent ex-
periments; FT, n = 17 mice from six independent experiments; and GP2*, n = 11 mice from six independent experiments).
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(A-C) RT-PCR quantification of SOX2, NkX2-1, and CDX2 normalized to RPL-19 housekeeping gene, in H1-derived NS, FT, and GP2" PP
fractions (n = 3 independent experiments, NS, FT, and GP2*; n = 1, human stomach, lung, and intestine; one-way ANOVA analysis with
Tukey’s multiple comparisons; *p < 0.05, ***p < 0.01; error bars represent SEM).

(D-G) Representative flow cytometry plots indicating SOX2 and CDX2 expression in NS, GP2™, and GP2* populations and quantification of
cell percentages (n = 7 independent experiments; one-way ANOVA analysis with Tukey’s multiple comparisons; *p < 0.05, ***p < 0.001,
****p < 0.0001, error bars represent SEM).

See also Figures S4 and S5.

post-transplantation, which indicated significantly iment was replicated using H9-derived NS, FT, and GP2*

higher C-peptide secretion in response to glucose in
NS-, FT-, and GP2*-transplanted mice (Figure SA). Impor-
tantly, the small size of the grafts derived from GP2* cells
did not jeopardize the concentration of secreted human
C-peptide in response to glucose challenge (Figure 5A).
To assess reproducibility across stem cell lines, this exper-
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fractions(Figure 5B). Interestingly, using the H9 line,
GP2" recipients were the only group that secreted signif-
icantly higher C-peptide levels in response to glucose
challenge, which indicates that GP2 enrichment can be
highly beneficial for PPs derived from hESC lines, such
as H9, that have suboptimal GP2 expression at stage 4
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(Figure 1G). The grafts were further analyzed by immu-
nofluorescence staining which identified beta cells (C-
peptide* [Cp]), alpha cells (glucagon [GCG]), and delta
cells (somatostatin [SST]) in grafts derived from NS, FT,
and GP2* fractions (Figure 5C). It is noteworthy that,
in the grafts generated by all three populations, we de-
tected the expression of SLC18A1, a marker of entero-
chromaffin cells (Figure 5D), which are generated as a
by-product of beta cell differentiation in vitro or after
transplantation of PPs or beta-like cells (Aghazadeh
et al.,, 2021; Augsornworawat et al., 2020; Veres et al.,
2019). Therefore, GP2 sorting does not eliminate entero-
chromaffin cells (Figure 5D). Collectively, these data
demonstrate that GP2 enrichment of PPs prevents tera-
toma formation without jeopardizing the developmental
potential of PPs for generating functional beta cells
in vivo.

DISCUSSION

The frequency of PPs generated from hPSC-directed differ-
entiation varies between cell lines, protocols, and labora-
tories, and, despite optimization of the culture conditions,
the presence of uncommitted cells cannot be ruled out.
These contaminants reduce beta cell differentiation effi-
cacy and pose risks for teratoma formation in transplant
settings (Kelly et al.,, 2011; Kroon et al.,, 2008; Rezania
et al., 2012). The latter could be an obstacle for clinical
translation if these cells were to be transplanted without
encapsulation to maximize vascularization required for
engraftment. To purify the hESC-derived PP population
and eliminate uncommitted cells, we and others have
identified PP cell surface markers, such as GP2, CD142,
and CD24 (Ameri et al., 2017; Cogger et al., 2017; Jiang
et al.,, 2011; Kelly et al., 2011; Ramond et al., 2017).
However, because CD24 and CD142 are expressed by poly-
hormonal cells and undifferentiated hESCs, they are not as

PP-specific as GP2 (Cogger et al., 2017; Jiang et al., 2011).
Building on in vitro studies showing that GP2-sorted cells
can give rise to beta cells, here we demonstrate that GP2*
PPs have the potential to give rise to both exocrine and
endocrine cells in vivo, including functional beta cells,
while eliminating the risk of teratoma. In line with previ-
ous reports (Ameri et al., 2017), our data indicated that
the GP2* PPs are less proliferative than unsorted PPs and
give rise to smaller grafts in vivo without jeopardizing graft
efficacy in responding to glucose challenge. As such, the
GP2* PPs show great promise for clinical use as well as
studying pancreas development from stem cells in vivo
and in vitro. It is important to note, however, that GP2
enrichment using MACS resulted in significant cell loss
(16% cell recovery), which may limit the use of MACS in
large-scale manufacturing and research settings. This
approach could be improved by developing better anti-
bodies against GP2, introducing a lineage depletion step
prior to GP2 sorting, and improving the magnetic separa-
tion steps. Using a negative selection of uncommitted cells
prior to sorting for GP2 is an approach that is widely used
in the hematopoietic field to sort for rare stem and progen-
itor populations (Spangrude et al., 1988). Lineage deple-
tion could be achieved by using a selection of antibodies
for proteins known to not be expressed by the PPs, which
could be selected from a proteomic dataset that we have
previously generated (Cogger et al., 2017). Even with im-
provements, loss of target cells is inevitable with sorting
strategies, and improving the differentiation protocols
may be a more cost-effective alternative to cell sorting.
However, we show that despite robust differentiation
of the H1 cell line to definitive endoderm at stage 1 and
PPs at stage 4, the unsorted cells can give rise to teratomas,
which could render the use of enrichment strategies imper-
ative for cell therapies without the use of encapsulation.
Alternatively, because we show that GP2 expression
negatively correlates with the risk of tumorigenesis,
the assessment of GP2 levels, together with other

Figure 4. GP2-enriched PPs are less proliferative and give rise to smaller grafts with lower CDX2* and PRSS1" cells

(A-D) Representative images and quantification of H&E and KU80 staining of the non-teratoma grafts retrieved from mice 15 weeks
post-transplantation (scale bar is 400 um; n = 3 independent experiments; one-way ANOVA analysis with Tukey’s multiple comparisons;
*p < 0.05, **p < 0.01; error bars are SEM).

(E and F) RT-PCR quantification of MKI67 and TOP2A normalized to RPL19 housekeeping gene in NS, FT, and GP2" populations before
transplantation. (n = 3 independent experiments; one-way ANOVA analysis with Tukey’s multiple comparisons; *p <0.05, **p < 0.01; error
bars represent SEM).

(G and H) Representative flow cytometry plots indicating KI67 expression in NS, GP2™~, and GP2" populations (n = 7 independent ex-
periments; one-way ANOVA analysis with Tukey’s multiple comparisons; *p < 0.05, error bars represent SEM).

(I-Q) Representative immunostaining staining of grafts at week 15 post-transplantation, indicating the presence of cells expressing CDX2
(intestinal marker), NKX2-1 (lung marker), chromogranin A (CHGA, pancreatic endocrine marker), cytokeratin 19 (KRT19, ductal cell
marker), and trypsin (PRSS1, acinar cell marker) (scale bar is 200um), and quantification of cell numbers (n = 3 independent experiments;
one-way ANOVA analysis with Tukey’s multiple comparisons; *p < 0.05; error bars represent SEM).

(R) Ratio of endocrine to acinar cells (n = 3 independent experiments; error bars are SEM).
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Figure 5. GP2*-enriched PPs give rise to functional beta cells in vivo

(A and B) Glucose-stimulated C-peptide secretion assay at 15 weeks post-transplantation of H1- (A) or H9- (B) derived NS, FT, and GP2*
fractions ([A] NS, n = 15 mice from 6 independent experiments; FT, n = 14 mice from six independent experiments; GP2*, n = 9 mice from 6
independent experiments; [B] NS, n = 6 mice from three independent experiments; FT, n = 7 mice from 3 independent experiments; GP2*,
n =4 mice from three independent experiments; two-way ANOVA analysis with Tukey’s multiple comparisons; *p < 0.05, **p < 0.01; error

bars represent SEM).

(C and D) Representative immunostaining staining of grafts without teratoma retrieved from mice at week 15 post-transplantation
indicating the presence of cells expressing C-peptide (Cp, beta cell marker), glucagon (GCG, alpha cell marker), somatostatin (SST, delta
cell marker), and SLC18A1 (enterochromaffin cell marker). DAPI marks cell nuclei. (Scale bar is 200um).

markers, could be used for quality control prior to
PP transplantation. Currently, NKX6-1 is prominently
measured to assess pancreatic commitment at stage 4.
This is based on mouse developmental studies that showed
that NKX6-1 is the master regulator of beta cell fate (Sander
et al., 2000; Schaffer et al., 2010; Taylor et al., 2013) and
critical for the upregulation of insulin biosynthesis and
glucose-sensing genes (Aigha and Abdelalim, 2020;
Schaffer et al., 2013). However, modeling pancreas devel-
opment with hPSCs could generate aberrant cell types
that co-express NKX6-1 and non-pancreatic transcription

factors, such as CDX2 and SOX2 (Veres et al., 2019; Weso-
lowska-Andersen et al., 2020). Such aberrant phenotypes
are not unique to hPSC-derived pancreatic cultures
and were reported in hPSC-derived lung and kidney popu-
lations (Hurley et al., 2020; Wu et al., 2018). Indeed,
mapping hPSC-derived cell fate trajectories elucidated
that early multi-potent/progenitor cells could exhibit line-
age plasticity (Petersen et al., 2017; Shih et al., 2015), sug-
gesting that assessing the expression of a single cell
marker does not accurately represent cell commitment.
Here we show that sorting for GP2 reduces the frequency
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of SOX2*/GP2™ and CDX2*/GP2~ cells and prevents tera-
toma formations. Accordingly, SOX2* cells were only de-
tected in teratomas, while CDX2" cells were significantly
reduced in GP2*-derived grafts compared with unsorted
and FT-derived grafts. Interestingly, CDX2 staining ap-
peared to be cytoplasmic, which is associated with aberrant
pancreatic or intestinal pathologies (Bai et al., 2002; Hinoi
etal., 2002; Ishikawa et al., 2004). Therefore, in addition to
NKX6-1, measuring GP2 expression could serve as an indi-
cator of PP purity and commitment to pancreatic cell fate.
Additional cell surface markers, such as CD177, which is
expressed in endoderm at stage 1, could provide further
indication of successful differentiations (Mahaddalkar
et al., 2020). The CD177-enriched endoderm exhibited
improved efficiency for pancreatic specification and differ-
entiated to a homogeneous NKX6-1"/PDX1* at stage 4
invitro (Mahaddalkar et al., 2020); however, whether trans-
plantation of CD177*-derived PPs eliminates teratoma for-
mation in vivo remains to be explored. Because teratoma
formation from the transplanted hPSC-derived beta-like
cells (that include non-beta cells) has not been reported
(Hogrebe et al., 2020; Pagliuca et al., 2014; Rezania et al.,
2014; Velazco-Cruz et al., 2019; Veres et al., 2019), beta-
like cells could be a safer alternative to PPs for clinical trans-
lation. The lack of teratomas could be attributed to the low
proliferation rate of cells after endocrine commitment
(McDonald et al., 2012; Oakie and Nostro, 2021; Rosado-
Olivieri et al., 2020). However, generation of beta-like cells
is more costly compared with PP production, due to lower
differentiation yield (Cogger et al., 2017; Pagliuca et al.,
2014; Rezania et al., 2014; Wesolowska-Andersen et al.,
2020), which challenges scalability. Furthermore, beta cells
have a high oxygen consumption rate, which could nega-
tively impact survival post-transplantation (Papas et al.,
2015; Pepper et al., 2012). It is noteworthy that previous
studies indicated that the in vivo microenvironment can
also influence cell fate specification and cell growth,
because the same cell population transplanted into
different sites developed teratomas with various composi-
tions and at different rates (Hentze et al., 2009; Lawrenz
et al., 2004). Thus far, teratoma formation from unsorted
PPs has been reported in the subrenal capsule (Kroon
et al., 2008; Rezania et al., 2012) and epidydimal fat pad
(Kelly et al., 2011; Kroon et al., 2008). In this study, we
show teratoma formation in the subcutis, which is a clini-
cally relevant site. However, it should be considered that
encapsulation devices or other sites of transplantation
expose the grafts to distinct microenvironments, which
could alter the risk of teratoma formation.

Collectively, our findings validate GP2 as a marker of
committed PPs devoid of contaminants, which can give
rise to functional beta-like cells in vivo and can be used to
improve the safety of cell therapies.
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EXPERIMENTAL PROCEDURES

Cell culture

H1 and H9 hESCs (WiCell) or RFP-H1 (gift from Dr. Gordon Kel-
ler, McEwen Stem Cell Institute, University Health Network) were
expanded in vitro to reach 70%-80% confluency, as previously
described (Kennedy et al., 2007). The differentiation of hESC
was carried out in 4 stages, yielding definitive endoderm (days
0-3), primitive gut tube (days 3-5), posterior foregut (days 6-8),
and PPs (days 8-13), as previously described (Korytnikov and Nos-
tro, 2016). Neuroectoderm differentiation was adapted from pre-
viously described protocols (Chambers et al., 2009; Tchieu et al.,
2017) and performed with the H1 cell line. Cells were cultured
in serum-free DMEM media (Gibco) and a mixture of DMEM
(Gibco) with 15% KnockOut Serum Replacement (KSR; Gibco),
1 mM glutamine, and 1X non-essential amino acids (Gibco).
Media changes were performed using the following base media:
day 0, 100% DMEM/KSR; day 2, 100% DMEM/KSR; day 4, 75%
DMEM/KSR and 25% serum-free differentiation media (SFD) (Kor-
ytnikov and Nostro, 2016); day 6, 50% DMEM/KSR and 50% SFD;
day 8, 25% DMEM/KSR and 75% SFD; and day 10, 100% SFD. All
media changes were supplemented with 10uM SB 431542 (Sigma)
and 500 ng/mL Noggin (R&D Systems) to promote neuroecto-
derm differentiation. All RNA samples were collected at day 11.
Neuronal differentiation was confirmed with immunofluores-
cence antibody staining for BIII-tubulin (Chemicon, dilution:
1:1000,) and by RT-PCR for neuronal markers (data not shown).
Mesodermal cells were a gift from Dr. Stephanie Protze (McEwen
Stem Cell Institute, University Health Network) and differenti-
ated according to published protocol (Lee et al., 2017). Adult hu-
man stomach, intestine, and lung mRNAs were purchased form
Takara.

Magnetic-activated cell sorting (MACS)

Stage 4 PPs were dissociated to form single cells using TrypLE
(Gibco) for 5 min at 37°C, and washed with PBS without calcium
and magnesium supplemented with 10% fetal bovine serum
(FACS buffer), DNase 1 bovine pancreas (10 pl/mL, Millipore),
and 10 uM rock inhibitor Y27632 (Tocris). For cell surface GP2
staining, live cells were incubated with anti-GP2 antibody (1/
10000 dilution, MBL International) in FACS buffer for 20 min
at room temperature. Cells were washed with FACS buffer, fol-
lowed by an incubation with anti-mouse phycoerythrin (PE)-con-
jugated secondary antibody for 20 min at room temperature.
Another wash with MACS buffer (Miltenyi Biotech) was per-
formed using MACS buffer (75 pL/1 x 107 cells) and PE magnetic
beads were added (20 pL/1 x 107 cells). Cells and beads were
incubated for 15 min at 4°C followed by a wash with MACS
buffer. Cells were counted and NS fraction was used for further
experiments. The remaining cells were loaded onto LS-positive se-
lection columns (Miltenyi Biotech), FT fraction was collected and
treated with Y27632 prior to transplantation. The columns were
washed twice with MACS buffer and cells were eluted in FACS
buffer with Y27632. These cells constituted the GP2*-enriched
fraction. The recovery yield from MACS column was assessed
by dividing the total number of GP2* cells eluted from the
MACS columns to the total cells loaded onto the columns



(Table 1). The 3 fractions NS, FT, and GP2" were then analyzed for
GP2 expression by flow cytometry and then cultured overnight at
a plating density of 5 x 10° cells/dish in stage 5 media (+Y27632
and DNasel) to allow spontaneous aggregation before transplant.
Based on the cell counts on day 13 of differentiation, 5 x 10°
cells were encapsulated in collagen hydrogels at day 14 for
transplantation.

Fluorescence-activated cell sorting (FACS)

Stage 4 PPs were dissociated from the monolayer using TrypLE Ex-
press (Gibco) and incubated at 37°C to generate a single-cell sus-
pension. Live cells were incubated for 20 min at 4°C with GP2 anti-
body conjugated to PE in FACS buffer. Cells were sorted using the
BD Ariall-RITT or Arialll Fusion cell sorters.

Flow cytometry

Stage 1, 4, 5, or 6 cells were dissociated to form single cells using
TrypLE (Gibco) for 5 min at 37°C. Live cell staining was performed
using Zombie Violet (Biolegend) diluted in PBS for 20 min at room
temperature in the dark. For GP2 (stage 4), and KIT and CXCR4
(stage 1) staining, cells were stained live using antibodies in Table
S1. For NKX6-1 and PDX1 (stage 4) or NEUROD1 and CHGA
(stages 4, 5, and 6), cells were fixed in Cytofix/Cytoperm (BD
Bioscience) for 24 h at 4°C, washed twice with Perm/Wash (BD
Bioscience), and resuspended either in unconjugated primary anti-
bodies, listed in Table S1, and incubated overnight at 4°C, or in
conjugated antibodies, incubated for 30-60 min at room tempera-
ture in the dark After washing two times with Perm/Wash, second-
ary antibodies were added if needed, as described in Table S1, and
the cells were incubated for 20-30 min at room temperature. Cells
were washed in Perm/Wash; flow cytometric analysis was per-
formed on a BD LSR Fortessa flow cytometer and Flowjo v. 10.1
was used for data analysis.

Animal transplantation-

After MACS and aggregation overnight, 5 x 10° GP2*, NS, or FT
cells were embedded in a collagen hydrogel composed of
3 mg/mL rat tail collagen type I (Corning) and diluted in cell cul-
ture grade water (Gibco), low glucose DMEM powder (Life Technol-
ogies, 0.4 mg/mL), sodium bicarbonate (Sigma, 0.015 g/mL), and
HEPES sodium salt (Sigma, 0.02 g/mL). All animal use was
approved by the Animal Care Committee of University Health
Network ; 4- to 6-week-old male NSG mice were anesthetized using
isoflurane. A subcutaneous incision was formed in the dorsal area.
Solidified hydrogels were picked up using forceps and inserted
through the incision, and the incision site was sutured.

Glucose-stimulated C-peptide secretion and ELISA
assay

At week 15 post-transplantation, the animals were fasted over-
night. The next day, blood was collected though saphenous vein.
Each mouse was weighed, and 3 g/kg glucose was injected intraper-
itoneally per mouse; 60 min later, a second blood collection was
performed from the saphenous vein. High-speed centrifugation
was performed to separate the serum fraction. Ultra-sensitive
C-peptide ELISA assay (Mercodia) was performed to measure the
levels of human C-peptide in the sera.

Live animal imaging

Mice were anesthetized using isoflurane, and RFP signal was visu-
alized using live imaging by PerkinElmer Xenogen IVIS Spectrum
Imaging System.

Immunostaining and quantifications

Immunostaining was performed as previously described (Cogger
et al., 2017). Briefly, grafts were embedded in agarose and paraffin,
and 3 um sections were cut by the Toronto General Hospital, Pathol-
ogy Research Program Laboratory. Sections were de-paraffinized
using xylene and rehydrated in a serial dilution of absolute alcohol.
Antigen retrieval was performed, and the sections were blocked us-
ing 10% non-immune donkey serum (Jackson ImmunoResearch
Laboratories) in PBS. Primary antibodies listed in Table S1 were
diluted in 1x PBS supplemented with 0.3% Triton X-100 (Sigma)
and 0.25% BSA (Sigma) (PBS-Triton-BSA), and incubation was con-
ducted at 4°C overnight. After washing, the sections were incubated
with secondary antibodies, listed in Table S1, and diluted in PBS-
Triton-BSA for 45 min at room temperature. Slides were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI,Biotium) for
1 min and mounted with Dako fluorescence mounting media.
Digital images were acquired using the EVOS FL Cell Imaging Sys-
tem (Thermo Fisher). The graft area was measured using Image]J
(version: https://imagej.net). Automated cell count was used on
KU80" cells in Image], all other cell counts were performed manu-
ally using cell counter function of Image].

RT-PCR cells were harvested and the RNA was extracted using
Ambion PureLink RNA Mini Kit (Invitrogen). RT-PCR was per-
formed to obtain cDNA using SuperScript III Reverse Transcriptase
and RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen).
qPCR was further performed using Bio-Rad SsoAdvanced Universal
SYBR Green Supermix on the Biorad CFX Connect Real-Time PCR
system. Relative gene expression was calculated by normalizing
mRNA levels of the gene of interest to the housekeeping gene
RPL19. The sequences of RT-PCR primers used are listed in Table S2.
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