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SUMMARY

Cell replacement therapy using B cells derived from stem cells is a promising alternative to conventional diabetes treatment options.
Although current differentiation methods produce glucose-responsive B cells, they can also yield populations of undesired endocrine pro-
genitors and other proliferating cell types that might interfere with long-term islet function and safety of transplanted cells. Here, we
describe the generation of an array of monoclonal antibodies against cell surface markers that selectively label stem cell-derived islet cells.
A high-throughput screen identified promising candidates, including three clones that mark a high proportion of endocrine cells in
differentiated cultures. A scalable magnetic sorting method was developed to enrich for human pluripotent stem cell (hPSC)-derived islet
cells using these three antibodies, leading to the formation of islet-like clusters with improved glucose-stimulated insulin secretion and
reduced growth upon transplantation. This strategy should facilitate large-scale production of functional islet clusters from stem cells for

disease modeling and cell replacement therapy.

INTRODUCTION

Pancreatic B cells regulate metabolic homeostasis by syn-
thesizing, storing, and releasing insulin to maintain circu-
lating glucose concentrations within physiological range.
Destruction (type I) or dysfunction (type II) of B cells causes
an elevation in blood glucose levels, leading to the develop-
ment of diabetes. In addition to traditional therapeutic in-
terventions that include frequent insulin administration,
transplantation of functional pancreatic islets from cadav-
eric donors has emerged as an efficient treatment option to
restore blood glucose to physiological levels. However,
limited islet supply remains a critical barrier preventing
the broad application of this promising therapy (Sneddon
et al., 2018). An alternative source of B cells for such trans-
plantations would be islets cells derived from in vitro differ-
entiation of human pluripotent stem cells (hPSCs) (Nair
et al., 2020). Several multistage strategies leading to the
production of functional human B cells from hPSCs
in vitro have been reported (Nair et al., 2019b; Pagliuca
et al.,, 2014; Rezania et al., 2014; Russ et al., 2015; Ve-
lazco-Cruz et al., 2019). Although these protocols generate
functional insulin-producing cells, the differentiated cul-
tures can also contain additional populations of cells,
such as multihormonal cells, endocrine progenitors, or
other undesirable proliferating cell types that may interfere
with islet function or graft safety. Notably, the maturation
and safety of hPSC-derived B cell differentiations can be
further increased by recapitulating endocrine cell clus-
tering to form enriched B clusters (eBCs) (Nair et al.,
2019b). This method enables the generation of mature B

cells by sorting based on the expression of insulin at the
immature B-like stage. The purification method reported
in this study, however, requires cell sorting of a transgenic
hPSC line in which a Green Fluorescent Protein (GFP) re-
porter gene has been inserted into the endogenous human
insulin locus, which limits its use for cell therapy. We thus
aimed to replicate the same strategy but using cell surface
markers expressed on immature cells instead of relying
on a reporter cell line.

Although surface markers may serve as an alternative to
purify relevant cell populations during in vitro B cell differ-
entiation, identifying antibodies capable of specifically
isolating large numbers of hPSC-derived B cells remains
challenging. Antibody-mediated cell sorting has been
used to isolate anterior definitive endoderm (Mahaddalkar
etal., 2020) or pancreatic progenitors that can differentiate
into B cells (Ameri et al., 2017; Cogger et al., 2017; Kelly
et al., 2011). The clusters generated with these approaches
had a higher proportion of B cells than unsorted clusters,
but the resulting percentage of insulin-expressing cells at
the B-like stage still remained below 50%. A method to
enrich for B cells using a cell surface antibody against
CD49a was also reported (Veres et al.,, 2019). Although
the typical yield of cells recovered after purification with
this antibody was low (<10% of cells), the sorting enhanced
functional maturation of hPSC-derived B cells, suggesting
that antibody-based magnetic sorting of B-like cells could
provide the same benefits as GFP-based fluorescence-acti-
vated cell sorting (FACS) but with greater scalability.

Here, we generated more than a thousand monoclonal
antibodies (mAbs) against cell surface markers that

L) Stem Cell Reports | Vol. 17 | 979-992 | April 12,2022 | © 2022 The Authors. 979
St This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:audrey.parent@ucsf.edu
mailto:matthias.hebrok@ucsf.edu
https://doi.org/10.1016/j.stemcr.2022.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.02.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

(o)
&k\a

.

FACS sortlng
—> —> —>

hPSC Gut Tube Posterior Pancreatic Immature ’:‘; h g Enriched B
(d0) (d5) Foregut (d7) Endoderm B-like .. clusters (eBCs)
(d10-11) (d1920) - M| (d26-27)
'INS_GFP’
Immunization of mice to generate Magnetic sorting using
antibodies against B-like antigens newly identified antibodies
Screening of hybridoma supernatants
to identify positive clones
B % of total
cells labeled <1% 1-10% 10-30%
o 300 -t -t -t
(0]
< 250
2 2006 = 200k = 200K = *
S 200 <
5 S ot wl P
150 ol 0.16 ] 351 19.0
o D w2 o 3 o
o 100 ] ]
/e B
S ! !
.g) z 0 °;r~un-wv TG S e | ATl g o rewe 0 e— -
% \,Q\beg gy 3-1A2_PE 3-1E12_PE 3- 132 PE 4-5G9_PE
o]
(cn’?) C  %ofinsulin® <1% 1-10% 10-30% >30%
4 250 cells labeled 3-1A5 3-2B10 4-5C8 4-2B2
é’ 200 y o 0.086
S 150 a|
9 o
5 100 s| -
g S
€ 50 ©
=}
z
INS_GFP
D E e
< K
S e
o <(|
n - .
x
[a]
o
')
i 3
c <
S o A <
S |
5| 3 3 Ny
2 el X
© < O
>
ul
a - g.]
(@]
3 @ U
B @ S
3 —> O
L
C-peptide_AIx488

980 Stem Cell Reports | Vol. 17 | 979-992 | April 12, 2022

C-peptide_AIx488

(legend on next page)



selectively label stem cell-derived endocrine cell subsets. A
high-throughput screening assay was employed to identify
promising antibodies, including three clones that mark a
high fraction of B cell progenitors derived from hPSCs. A
scalable magnetic sorting method was developed to enrich
for hPSC-derived B-like cells using these antibodies, leading
to the formation of islet-like clusters with increased matu-
ration and safety. These antibodies thus selectively isolate
islet cell populations from hPSCs differentiated in vitro us-
ing a scalable magnetic sorting approach, facilitating the
large-scale production of functional islet-like clusters
from stem cell cultures.

RESULTS

Generation of mAbs recognizing cell surface antigens
of hPSC-derived pancreatic cells

Previous studies have shown that the insulin secretory pro-
file of hPSC-derived B cells can be improved by enriching
for immature B-like cells followed by reaggregation of the
cells (Nair et al., 2019b; Veres et al., 2019). However, these
methods either require the use of cell sorters, which limits
the total numbers of cells that can be processed at once, or
had low recovery of insulin-expressing cells. In addition,
although the generation of antibodies directed against
pancreatic antigens has enabled isolation of mature, adult
B cells from primary islets (Dorrell et al., 2008, 2016), these
antibodies do not efficiently enrich for C-peptide® cells
from immature stem cell-derived B-like cells (Figures S1A
and S1B). To develop alternative endocrine clustering stra-
tegies that are more efficient and scalable, we thus set out to
generate new antibodies against cell surface markers pre-
sentin hPSC-derived immature islet cell populations gener-
ated using our published protocol (Nair et al., 2019b). We
employed a subtractive immunization strategy to generate
mouse anti-human mAbs against surface proteins present
on day (d) 19-20 insulin-expressing cells derived from in-
sulin (INS)-GFP human embryonic stem cells (hESCs) (Fig-
ures 1A and S1C). These insulin-expressing cells include
immature B, o, and d cells (Nair et al.,, 2019b; Russell
et al.,, 2020). This approach led to the production of
1,248 hybridoma clones that were screened by high-
throughput flow cytometry for their specificity to cell sur-
face epitopes present on d19-20 insulin-expressing cells.

The gating strategy for the screen is shown in Figure S1D.
We first excluded clones that labeled <1% of the cells at
d19-20. From the 413 remaining clones, we identified
approximately 68% that labeled between 1% and 10% of
all cells (284/413), 17% that labeled between 10% and
30% (72/413), and 14% that labeled >30% (57/413) (Fig-
ure 1B). Representative examples of each category of clones
are shown in Figure 1B. Next, we categorized the clones
based on the percentage of insulin-expressing GFP* cells
that were labeled by the mAbs. Approximately 67% of
the clones showing positivity for insulin-expressing cells
labeled <10% of the cells (195/291), while 22% labeled
10%-30% (65/291) and 11% labeled >30% (31/291) (Fig-
ure 1C). Representative examples of each category of clones
are shown in Figure 1C.

From this screen, we selected three clones that had high
specificity for insulin-expressing cells (clones 4-2B2, 4-5CS8,
and 4-5G9) and confirmed that the staining pattern was re-
tained after expansion of the hybridoma cells (Figures S1E
and S1F). Flow cytometric analysis using secondary anti-
bodies specific for either mouse IgG or IgM isotypes indi-
cated that all three clones were IgM isotypes (Figure S1G).
These three mAbs, which reproducibly labeled a significant
fraction of GFP" cells in the culture, were further assessed
for co-expression with C-peptide and PDX1. Cells differen-
tiated up to d19-20 were first stained with hybridoma su-
pernatants followed by permeabilization and intracellular
staining for C-peptide and PDX1 antibodies prior to quan-
tification by flow cytometry. As shown in Figure 1D, all
three mAbs stained a subset of C-peptide® cells, with 4-
2B2 labeling most of the C-peptide™ cells present in the
differentiated cultures. In addition, many of the cells that
were labeled with each mAb were also positive for PDX1,
a B cell marker (Figure 1E). These data thus confirm that
our screen identified three promising mAbs that mark insu-
lin-expressing cells derived from hPSCs.

4-2B2-mediated cell sorting generates clusters

enriched for B cells

To evaluate the potential of the newly identified antibodies
to serve as an alternative to GFP sorting, we used the 4-2B2
clone for FACS of immature B-like cells (Figure 2A). We
selected this mAb based on the high percentage of co-label-
ing with C-peptide® cells (Figure 1D). Sorted cells were
reaggregated into eBCs in pre-patterned chambers of

Figure 1. Generation of monoclonal antibodies recognizing cell surface antigens of hPSC-derived pancreatic cells

(A) Schematic outlining the differentiation protocol to generate pancreatic B-like cells from hPSCs and sorting methods to form enriched B
clusters (eBCs). More details on the culture conditions are included in the Experimental Procedures section. (B) Quantification of the
number of clones that bound 1%-10%, 10%-30%, or >30% of all cells. Representative examples of each category of clones are shown. (C)
Quantification of the number of clones that bound 1%-10%, 10%-30%, or >30% insulin-expressing cells. Representative examples of each
category of clones are shown. (D) Flow cytometric analysis of the percentage of cells co-stained for C-peptide and clones 4-2B2, 4-5C8, or
4-5G9. (E) Flow cytometric analysis of PDX1 and C-peptide expression in 4-2B2%, 4-5C8", and 4-5G9" cells. See also Figure S1.
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Figure 2. 4-2B2-mediated cell sorting generates clusters enriched for B cells

(A) Schematic of gating strategy used for FACS based on GFP expression or 4-2B2 labeling.

(B) Fluorescence images of unsorted, GFP sorted, and 4-2B2 sorted eBCs after transfer in suspension plates. Scale bars, 200 um. (C and D)
Representative FACS plots (C) and quantification (D) of C-peptide™ and NKX6.1" cells in unsorted, GFP sorted, and 4-2B2 sorted eBCs. Data
are represented as mean + SD. Each point is an independent experiment. ***p < 0.001 determined by two-tailed unpaired t test. (E)
Images of kidneys from mice transplanted with unsorted, GFP sorted, or 4-2B2 sorted clusters. Kidneys were harvested 12 weeks post-
transplantation. n =2 for GFP and n = 3 for unsorted and 4-2B2 sorted grafts. The occurrence of overgrown structures was 3/3 for unsorted,
1 very small structure in 1/2 GFP grafts, and 0/3 for 4-2B2 grafts. (F) Immunofluorescence images of unsorted, GFP sorted, or 4-2B2 sorted
grafts stained with DAPI (blue), C-peptide (C-pep, green), and glucagon (GCG, red). Scale bars, 50 um. (G) Immunofluorescence images of
unsorted, GFP sorted, or 4-2B2 sorted grafts stained with DAPI (blue), vimentin (green), and Ki67 (red). Scale bars, 50 um.

AggreWell-400 plates at a density of ~1,000 cells per cluster
to simulate the average number of B cells in one human islet
equivalent (Pisania et al., 2010). GFP sorted and unsorted
cells served as positive and negative controls, respectively.
GFP* and 4-2B2" sorted cells formed similar-sized clusters
(~100-200 pm) with increased GFP intensity when
compared with unsorted cells (Figure 2B). Characterization
of the eBCs by flow cytometry revealed similar levels of
enrichment of C-peptide” in both GFP*" and 4-2B2" sorted
eBCs (85.8% = 5.8% and 84.8% + 3.2%) compared with un-
sorted clusters (61.2% + 8.3%), as well as increased propor-
tion of C-peptide*/NKX6.1* B cells (64.5% = 5.8% in GFP
sorted eBCs, 60.0% = 6.5% in 4-2B2 eBCs, and 43.0% =+
7.2% in unsorted clusters) (Figures 2C and 2D).

To test the growth potential of 4-2B2 FACS-sorted eBCs
in vivo, we transplanted unsorted clusters, as well as GFP
and 4-2B2 sorted eBCs, under the kidney capsule of non-dia-
betic NOD.Cg-Prkdc*“ 112rg™"Wil/Sz] (NSG) mice. As shown
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in Figure 2E, grafts of GFP and 4-2B2 sorted eBCs appeared
similar in size 12 weeks after transplantation, while grafts
of unsorted cells had expanded to form extraneous struc-
tures, indicative of the presence of contaminating cells
with high proliferative capacity. Immunofluorescence anal-
ysis of harvested grafts confirmed that both GFP and 4-2B2
grafts were enriched for C-peptide* and glucagon® cells
over unsorted grafts (Figure 2F), while proliferating vimen-
tin™ cells were reduced (Figure 2G). These experiments thus
demonstrate that, similar to what is observed with GFP puri-
fication, sorting using the 4-2B2 mAb enriches for endocrine
cells while removing cells that overly proliferate in vivo.

Generation of functional eBCs via scalable magnetic
sorting

To develop a purification method that is more scalable than
FACS, we stained immature B-like cells with the most prom-
ising antibodies (4-2B2, 4-5C8, and 4-5G9) and used
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Figure 3. Generation of functional eBCs via scalable magnetic sorting

(A-C) Representative FACS plots and quantification of C-peptide (A and C) and C-peptide®/NKX6.1* (B and C) cells in pre-sorted samples or
eluted fractions following magnetic sorting with the 4-2B2, 4-5C8, and 4-5G9 mAbs. Data are represented as mean = SD. Each point is an
independent experiment. *p < 0.05, **p < 0.01, and ***p < 0.001 determined by two-tailed unpaired t test. (D) Quantification of the
percentage of input cells recovered after GFP-based FACS or magnetic bead sorting using the 4-2B2, 4-5C8, or 4-5G9 clones. *p < 0.05,
**p<0.01, and ***p < 0.001 determined by two-tailed unpaired t test. (E) Fluorescence images of unsorted, 4-2B2 sorted, 4-5C8 sorted,
and 4-5G9 sorted eBCs 1 week after magnetic enrichment. Scale bars, 200 pm. (F and G) Representative FACS plots (F) and quantification
(G) of C-peptide™ and NKX6.1* cells in unsorted, GFP FACS sorted, 4-2B2 MACS sorted, 4-5C8 MACS sorted, and 4-5G9 MACS sorted eBCs
1 week after enrichment. Data are represented as mean + SD. Each point is an independent experiment. *p <0.05, **p <0.01, and ***p <
0.001 determined by two-tailed unpaired t test. (H) Dynamic secretion of C-peptide in response to stimulation with 20 mM glucose and
30 mM KClin an in vitro perifusion assay. The starting basal glucose concentration was 2.8 mM. n = 3-4 independent experiments. Data are
represented as mean + SD. *p < 0.05 determined by two-tailed unpaired t test. See also Figure S2.

magnetic beads to enrich for labeled cells. Analysis of posi-
tively selected cells showed that sorting with each clone en-
riched for C-peptide™ cells over pre-sorted samples (53.6%
+ 9.8% in pre-sorted, 83.5% + 5.7% in 4-2B2*, 83.6% =+
6.7% in 4-5C8*, and 72.1% + 5.3% in 4-5G9" fractions)
(Figures 3A and 3C). Similar results were obtained for C-
peptide”/NKX6.1* B cells (38.1% + 7.4% in pre-sorted,
48.5% + 7.3% in 4-2B2*, 48.2% + 5.1% in 4-5C8*, and

48.0% + 4.4% in 4-5G9* fractions) (Figures 3B and 3C).
Notably, the average number of cells recovered when start-
ing with 1 x 10° cells was about 2.3 x 10° cells (23% of
input cells), 2 x 10° (20% of input cells), or 3.4 x 10°
(34% of input cells) for the 4-2B2 clone, the 4-5C8 clone,
and the 4-5G9 clone, respectively, an increase over the
1.2 x 10° cells (12% of input cells) typically obtained
when sorting GFP" cells (Figure 3D).
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Magnetically separated cells seeded in pre-patterned mi-
cro-wells reorganized into clusters of comparable size
(~100-200 um), with 4-2B2 and 4-5C8 sorted clusters hav-
ing the highest GFP intensity (Figure 3E). In addition to the
pre-patterned plates, a reaggregation method using suspen-
sion plates was tested, resulting in clusters with similar
morphology but slightly bigger size (~150-250 um) (Fig-
ure S2A). Quantitative assessment via flow cytometry re-
vealed significant enrichment of C-peptide* cells relative
to unsorted clusters with all three mAbs (61.2% + 8.3% in
unsorted clusters, 86.1% + 3.1% in 4-2B2 eBCs, 89.7% =+
2.6% in 4-5C8 eBCs, and 78.5% + 4.4% in 4-5G9 eBCs),
while C-peptide™/NKX6.1* cells were significantly enriched
with the 4-2B2 and 4-5C8 clones (43.0% + 7.2% in un-
sorted clusters, 53.2% + 5.9% in 4-2B2 eBCs, 55.1% +
5.8%in 4-5C8 eBCs, and 48.9% + 7.2% in 4-5G9 eBCs) (Fig-
ures 3F and 3G). Gene expression analysis by qPCR
confirmed an increase in insulin (INS) and PDX1 expres-
sion in 4-2B2, 4-5C8, and 4-5G9 clusters and a trend to-
wards enrichment for NKX6.1, suggesting enrichment of
INS'PDX1"NKX6.1" B cells over INS"PDX1*NKX6.1*
pancreatic progenitors (Figure S2B). Expression of the
endocrine marker CHGA, as well as other B cell markers,
such as UCN3 and MAFA, was increased in all sorted clus-
ters, while expression of glucagon (GCG) was only statisti-
cally significantly increased in 4-2B2 and 4-5C8 clusters
(Figure S2B), indicating that all three clones enrich for
endocrine cells. In addition, the expression of the pluripo-
tency markers OCT4 and SOX2 was significantly reduced in
all sorted clusters when compared with pluripotent stem
cells (Figure S2C).

We next evaluated the physiological properties of
magnetically sorted eBCs to determine whether enrich-
ment of B cells upon reaggregation is sufficient to promote
an increase in their maturation, as observed in INS-GFP
sorted eBCs (Nair et al., 2019b). We performed dynamic
glucose-stimulated insulin secretion (GSIS) to test the
response of eBCs to secretagogues such as glucose and
KCl in a perifusion system. We first noted that the basal
C-peptide secretion at a concentration of 2.8 mM glucose
was increased in GFP, 4-2B2, and 4-5C8 eBCs when
compared with unsorted clusters (Figure 3H). This increase
in the amount of C-peptide secreted per 100 eBCs correlates
with the higher proportions of C-peptide*/NKX6.1" cells in
reaggregated clusters (Figure 3G), confirming enrichment
of B cells after sorting. Importantly, GFP sorted eBCs, as
well as 4-2B2 and 4-5C8 eBCs, displayed a more pro-
nounced first-phase response to high glucose compared
with unsorted clusters, while the level of secretion was
not significantly different for 4-5G9 eBCs (Figure 3H).
These results thus indicated that magnetic sorting using
the 4-2B2 and 4-5C8 mAbs recapitulates the increase in
maturation seen in GFP sorted eBCs.
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Sorting using the 4-2B2 and 4-5C8 clones also enriches
for other endocrine cells
Although efforts to develop stem cell therapies for the treat-
ment of diabetes have mostly focused on generating B cells,
there are potential advantages in including other endo-
crine cells in the reaggregated clusters (Bru-Tari et al.,
2020). Previous studies have shown the importance of
other islet cell types in regulating insulin secretion (Ca-
pozzi et al., 2019; Rodriguez-Diaz et al., 2018; Wojtusciszyn
et al., 2008), suggesting that generating islet-like reaggre-
gates might be more beneficial than producing pure B cell
clusters. To assess whether epitopes recognized by clones
4-2B2, 4-5C8, and 4-5G9 are expressed by other endocrine
cells, we performed immunofluorescence staining of hu-
man pancreas sections using these newly generated
mAbs. 4-2B2 staining was observed in both o and B cells
within human islets, with the most intense labeling found
in o cells, while 4-5C8 and 4-5G9 mAbs stained both o and
B cells similarly (Figure 4A). These results thus suggest that
all three clones mark adult « and B cells in human islets,
with clone 4-2B2 staining « cells more strongly than B cells.
To verify whether clones 4-2B2, 4-5C8, and 4-5G9 can
also enrich for hPSC-derived o and 3 cells, we analyzed cells
from the immature B-like stage using flow cytometry. We
found that most glucagon-expressing cells were also
strongly labeled with the 4-2B2 and 4-5C8 antibodies,
while the staining with 4-5G9 was weaker, indicating that
this clone might have a lower affinity for hPSC-derived o
cells (Figure 4B). Next, we assessed whether our magnetic
sorting strategy using the 4-2B2, 4-5C8, and 4-5G9 mAbs
led to enrichment of « cells. We first quantified the percent-
age of glucagon-expressing cells in magnetically sorted
eBCs and compared with unsorted and GFP sorted clusters
as controls. We found that the proportion of glucagon-ex-
pressing cells was significantly higher in 4-2B2 and 4-5C8
eBCs, but not in 4-5G9 and GFP sorted eBCs (Figures 4C
and 4D). Immunofluorescence staining of magnetically
sorted eBCs confirmed the enrichment of both insulin-
and glucagon-expressing cells in 4-2B2 and 4-5C8 eBCs
(Figure 4E). Finally, flow cytometric analysis of magneti-
cally sorted eBCs indicated that somatostatin-expressing
cells were significantly enriched only in 4-5C8 eBCs (Fig-
ures 4F and 4G). These data thus demonstrate that some
of the antibodies identified in our screening can be used
to enrich for multiple types of stem cell-derived endocrine
cells, broadening the potential benefit of these mAbs.

In vivo characterization of magnetically sorted eBCs

To test the growth potential of magnetically sorted eBCs
in vivo, we transplanted clusters in immunodeficient mice
and followed the development of grafts over time. Magnet-
ically sorted eBCs were generated from a subline of INS-GFP
that has been modified to constitutively express luciferase
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Figure 4. Sorting using the 4-2B2 and 4-5C8 clones also enriches for o cells

(A) Immunofluorescence analysis of human adult pancreas stained for C-peptide (C-pep, green), glucagon (GCG, blue), and the 4-2B2, 4-
5C8, and 4-5G9 mAbs (red). Scale bars, 50 um. (B) Flow cytometric analysis of glucagon and 4-2B2/4-5(C8/4-5G9 co-expression at the
B-like stage. Gates were drawn to quantify glucagon expression in cells strongly, weakly, or not labeled by the mAbs. (C and D) Repre-
sentative FACS plots (C) and quantification (D) of glucagon® cells in unsorted, GFP FACS sorted, 4-2B2 MACS sorted, 4-5C8 MACS sorted, and
4-5G9 MACS sorted eBCs 1 week after enrichment. Data are represented as mean + SD. Each point is an independent experiment. *p < 0.05
and **p < 0.01 determined by two-tailed unpaired t test. (E) Immunofluorescence images of unsorted, 4-2B2 sorted, 4-5C8 sorted, and 4-
5G9 sorted clusters stained with DAPI (blue), C-peptide (C-pep, green), and glucagon (GCG, red). Scale bars, 50 um. (F and G) Repre-
sentative FACS plots (F) and quantification (G) of somatostatin® cells in unsorted, 4-2B2 sorted, 4-5C8 sorted, and 4-5G9 sorted eBCs
1 week after enrichment. Data are represented as mean + SD. Each point is an independent experiment. *p < 0.05 determined by two-tailed
unpaired t test.
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Figure 5. In vivo characterization of magnetically sorted eBCs

(A and B) NSG mice transplanted with unsorted, 4-2B2 sorted, 4-5C8 sorted, or 4-5G9 sorted clusters were monitored biweekly using non-
invasive bioluminescence imaging to quantify changes in cell mass over time. Results for one representative mouse in each group are
shown in (A), and the quantification for all mice is shown in (B). Dotted purple line represents data from one mouse transplanted with 4-
5G9 sorted clusters that had higher signal than the rest of the group. n = 3-6 for all time points except weeks 12 (n =2), 16 (n=2), and 20
(n=1) of the 4-5C8 group because of death of mice prior to the end of the experiment. This reduction in the number of animals is indicated
by a change from a solid to a dotted line. (C) Quantification of bioluminescence levels at week 10. Results are shown as a percentage of
week 6. *p < 0.05 as determined by two-tailed unpaired t test (n = 3-6). (D) Immunofluorescence images of unsorted, 4-2B2 sorted, 4-5C8
sorted, and 4-5G9 sorted grafts stained for C-peptide (C-pep, green), glucagon (GCG, red), and somatostatin (SST, blue). DAPI staining is
shown in white in a separate panel. Dotted lines indicate the separation between graft and kidney. Scale bars, 50 um. See also Figure S3.

in all cells to allow for non-invasive imaging of the cells (Fa-
leo et al., 2017). This modification provided a linear rela-
tionship between bioluminescence emission and graft
mass that could be tracked repeatedly and non-invasively
for several weeks post-transplantation. We magnetically
sorted immature B-like cells using the 4-2B2, 4-5C8, and
4-5G9 mAbDs, reaggregated them to form eBCs, and trans-
planted them under the kidney capsule of non-diabetic
NSG mice with unsorted cells as control. After injection
of luciferin substrate into transplanted mice, biolumines-
cence was visible in an area consistent with the anatomical
location of the engrafted cells (Figure 5A). The biolumines-
cence intensity was relatively consistent for 4-2B2 and
4-5C8 sorted clusters until week 20, the endpoint of our
analysis, while unsorted cells showed an increase in signal
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suggestive of uncontrolled growth around week 10 post-
transplantation (Figures 5A-5C). As for 4-5G9 sorted
clusters, all grafts but one had consistent signal over time,
suggesting that sorting with this antibody does improve
engraftment outcome but might not remove proliferating
cells as efficiently as the other two clones (Figure 5B). Isola-
tion of kidneys confirmed the expansion of cells from
unsorted clusters, whereas cells sorted with the 4-2B2 and
4-5C8 clones did not form enlarged structures and ap-
peared similar in size to the initial transplant (Figure S3A).
Notably, grafts of 4-5G9 sorted eBCs were more variable in
size, with one animal showing a graft bigger than the orig-
inal transplant (Figures 5B and S3A). Immunofluorescence
analysis of harvested grafts confirmed that sorting with all
three mAbs enriched for endocrine cells over unsorted



grafts (Figure 5D) and reduced Ki67*vimentin* fibroblasts
(Figure S3B), further validating the efficiency of these
mAbs for excluding proliferative populations. These results
thus indicate that magnetically sorted eBCs are less prolif-
erative than unsorted clusters, making them safer for
long-term transplantation.

Magnetic sorting of iPSC-derived islet cells

Given the interest in using induced pluripotent stem cells
(iPSCs) to generate autologous stem cell derivatives for cell
replacement therapies (Takahashi et al, 2007), we
evaluated whether these newly generated mAbs can also
function as positive selection markers for purification of
iPSC-derived B cells. A commercially available iPSC line
was differentiated up to the B-like stage using a slightly
modified version of our differentiation protocol. To assess
the ability of the mAbs to label iPSC-derived islet cells, we
stained cells with the 4-2B2, 4-5C8, and 4-5G9 clones
together with antibodies against C-peptide, NKX6.1, or
glucagon. The percentage of positive cells in the population
that was labeled with the 4-2B2, 4-5C8, or 4-5G9 mAbs was
then quantified by flow cytometric analysis. As shown in
Figures 6A and 6B, the 4-5G9" population contained
significantly more C-peptide* and C-peptide*/NKX6.1*
than unstained, 4-2B2%, and 4-5C8* populations, while
glucagon® cells were enriched with all three clones
compared with unstained. The 4-5G9 clone was thus
selected for magnetic sorting and reaggregation of iPSC-
derived B cells. Similar to what was observed with hESC-
derived islet-like clusters, cells recovered after magnetic
sorting with the 4-5G9 mAb reorganized into spheres of
about 100-200 pm in pre-patterned micro-well plates
(Figure 6C). Importantly, flow cytometric analysis of
reaggregated clusters showed a significant enrichment in
C-peptide* cells in 4-5G9 sorted clusters (57.1% = 5.7%)
over unsorted clusters (33.9% =+ 9.4%), as well as in C-pep-
tide*/NKX6.1" cells (16.5% =+ 7.4% in unsorted clusters
versus 30.0% + 7.2% in 4-5G9 clusters) (Figures 6D and
6E). Immunofluorescence analysis of iPSC-derived islet-
like clusters confirmed the presence of insulin®/PDX1*/
NKX6.1* cells in the 4-5G9 eBCs (Figure 6F). Taken together,
these data demonstrate that the scalable magnetic sorting
method developed with the INS-GFP hESC line can be
adapted to generate enriched islet-like clusters from iPSCs.

DISCUSSION

The regenerative biology field has seen remarkable progress
with regard to in vitro differentiation of hPSCs into func-
tional B cells. However, there is still a need for scalable pu-
rification methods for isolating such a population of cells
for transplantation. Here, we developed a purification pro-

tocol that is scalable and does not require the use of a fluo-
rescent reporter by generating and screening more than a
thousand mAbs against cell surface markers expressed on
stem cell-derived pancreatic cells. This approach identified
several promising candidate antibodies, including three
clones that were further validated for their ability to enrich
for islet cells in differentiated cultures using a magnetic
sorting strategy. Importantly, this work confirmed that en-
riching for endocrine cells using this scalable method im-
proves the ability of hPSC-derived islet-like clusters to
respond to glucose while reducing their proliferative po-
tential in vivo.

Previous studies have reported strategies to enrich for
anterior definitive endoderm (Mahaddalkar et al., 2020)
or pancreatic progenitors (Ameri et al.,, 2017; Cogger
etal., 2017; Kelly et al., 2011). However, the resulting clus-
ters had lower percentages of C-peptide* cells than GFP
sorted eBCs (<50% compared with approximately 80% in
GFP sorted eBCs). Recent studies also described methods
to sort B cells from hPSC differentiations using the cell sur-
face marker CD49a or the dye N-(6-methoxy-8-quinolyl)-p-
toluenesulfonamide (TSQ) (Davis et al., 2019; Veres et al.,
2019). These protocols led to the formation of clusters
highly enriched for B cells, but <10% of insulin® cells
were recovered following these procedures, likely impeding
their use for applications that require large numbers of
cells. In contrast, magnetic sorting using the 4-2B2, 4-
5C8, and 4-5G9 clones produced clusters with >70%
insulin-expressing cells with a percentage of recovery of
C-peptide” cells ranging from 30% to 50%. The use of these
new mAbs thus has the potential to increase the scalability
of this purification step by improving both the purity and
the yield.

Although the enrichment for C-peptide* cells following
magnetic sorting was significant for all three clones, only
4-2B2 and 4-5C8 sorted clusters showed improved function
over unsorted clusters. One possible explanation for this
observation is that the proportion of C-peptide*/NKX6.1*
cells in reaggregated clusters needs to be increased above
a certain threshold to observe the improvement in  cell
function. The percentage of C-peptide”/NKX6.1* cells in
4-2B2 and 4-5C8 sorted clusters was indeed more similar
to the one obtained with FACS using the INS-GFP reporter
line than in the 4-5G9 sorted clusters. Alternatively, it is
possible that purification using GFP or the 4-2B2/4-5C8
clones eliminates cell types that affect function in unsorted
clusters, while sorting with the 4-5G9 clone does not. In
addition, sorting with the 4-2B2 and 4-5C8 antibodies led
to increased recovery of glucagon-expressing cells
compared with unsorted and 4-5G9 sorted clusters. The
final composition of reaggregated clusters formed after
sorting with the 4-2B2 and 4-5C8 clones was closer to the
composition of human islets, which contain on average

Stem Cell Reports | Vol. 17| 979-992 | April 12,2022 987

'O‘
©



;0‘
(&

C-peptide+ Glucagon+
A C-peptide+ NKX6.1+ or C-peptide+ B .
- ——— ~ Il Unstained
E.J ] 28.4 § § = 4-2B2+
'cl . f‘, ) < 5 Hl 4-5C8+
5] & . < . Bl 4-5G9+
£ » = ) S
5 @ z R
B o - o %
-— *kkk
C-peptide. AIx488 c- peptlde Axag8 > .
G - ~ 5 i
w 204 - 305 3 L o 1
a > < z < £ 4
ol | 2 - ¢ . S - @ e
* @ 8 - 8 g 3
O S e -~ S w20
(2] i J z o <}
a kS i X
— - pepllde Alx488 C peptlde Alx488 0
[0} e ~ et
X & ~ 5. C-peptide+
= - 336 3 L
; w .. < Eg . 60
@ >
g 3 - : S , < 2
O »‘ o = © D I **
D w ; o g - 0
Tl R z &- a ® t
. e £
peptlde A|x488 C—peptlde_AIx488 @
B e N 5. 8 2
- 5738 § < G
H.J N Z| ’ <| ’ D\o o]
N il S -
3 g i '
2. . g - C-peptide+/NKX6.1+
: z o -
C-peptide Alx488 C-peptide_Alx488 C-peptide_AIx488 C-peptide_AIx488
B Unsorted
C D E % .. BE45G9
Unsorted 4-5G9 sorted Unsorted 4-5G9 sorted o sorted
e . | i E2 60
S ; 1259 20.6 0 ?
% i ©C
Q 03
‘275 g o 40
G g
o g 2
Q ” =g
= —————— C-peptide_AIx488 ——p 0
8 C-peptide+ C-peptide+
-&' NKX6.1+
> F
[0
S o
3 @
S =
o o
o 7]
o
O]
e
<

Figure 6. Magnetic sorting of iPSC-derived islet cells

(A) Representative FACS plots (A) and quantification (B) of C-peptide, NKX6.1, and glucagon expression in iPSC-derived B-like cells labeled
with the 4-2B2, 4-5C8, or 4-5G9 mAbs. The percentage of positive cells is quantified in non-gated samples for the unstained control or after
pre-gating to include the cells with the strongest labeling for each mAb (top 30%). Data are represented as mean + SD. **p < 0.01 and
****p < 0.0001 determined by two-tailed unpaired t test. (C) Bright-field images of unsorted and 4-5G9 sorted clusters 1 week after
magnetic enrichment. Scale bars, 100 um. (D and E) Representative FACS plots (D) and quantification (E) of C-peptide* and NKX6.1" cells in
iPSC-derived unsorted and 4-5G9 MACS sorted clusters 1 week after enrichment. Data are represented as mean + SD. Each point is an
independent experiment. *p < 0.05 and ***p < 0.001 determined by two-tailed unpaired t test. (F) Immunofluorescence images of un-
sorted and 4-5G9 sorted iPSC-derived clusters stained with DAPI, C-peptide (C-pep, green), NKX6.1 (red), and PDX1 (blue). Scale bar,
50 pm.

38% a cells (Cabrera et al., 2006). Whereas variations in o assess the impact of increased numbers of glucagon- and
cell numbers have been shown to affect B cell function somatostatin-expressing cells in hPSC-derived islet-like
and glycemic set point (Rodriguez-Diaz et al., 2018; Woj-  clusters. It will indeed be interesting to evaluate whether
tusciszyn et al., 2008), additional studies are needed to enriching for o and & cells along with B cells recapitulates
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the effect of proglucagon and somatostatin peptides secre-
tion or cell-cell contacts on regulation of insulin secretion
described for primary islets (Capozzi et al., 2019; Huising
et al., 2018; Wojtusciszyn et al., 2008).

Finally, although all three mAbs stained both hESC- and
iPSC-derived islet cells, there were differences in their abil-
ity to enrich for different cell types when sorting at the
B-like stage. Clones 4-2B2 and 4-5C8 were indeed more effi-
cient at enriching for C-peptide®/NKX6.1* from hESCs,
while clone 4-5G9 performed better with iPSC-derived
B-like cells. It is therefore likely that the level and/or timing
of expression of the epitope recognized by these mAbs
varies between cell lines. A thorough assessment of the dy-
namics of expression for each mAb might be required when
optimizing the sorting method for islet cells derived from
different hPSC lines.

In summary, we optimized scalable purification condi-
tions that allow for the recovery of a greater fraction of in-
sulin- and glucagon-expressing cells from hPSC pancreatic
differentiations while increasing B cell function and graft
safety upon prolonged engraftment. Magnetic sorting us-
ing these new antibodies should therefore facilitate the
production of large amounts of functional islet-like clusters
suitable for diverse in vitro and in vivo applications, poten-
tially accelerating the translation of stem cell replacement
therapies for patients with diabetes.

EXPERIMENTAL PROCEDURES

Culture of pluripotent cells

Experiments were performed using the NIH-approved hESC line
MEL-1 (NIH registration number: 0139), in which a GFP was
knocked into one allele of the endogenous insulin locus (INS“F*/W
hESCs) (Micallef et al., 2011). The human iPSC line was purchased
from Thermo Fisher Scientific (#A18945). Both hPSC lines were
cultured on irradiated mouse embryonic fibroblasts (MEFs) (Thermo
Fisher) in hESC maintenance media composed of DMEM/F12, 20%
(v/v) KnockOut serum replacement (Thermo Fisher Scientific),
nonessential amino acids (Thermo Fisher Scientific), GlutaMAX
(Thermo Fisher Scientific), and 2-mercaptoethanol (Millipore).
The maintenance media was supplemented with 4 ng/mL recombi-
nant human fibroblast growth factor 2 (FGF-2; R&D Systems). For
iPSC culture, the maintenance media were also supplemented
with 10 ng/mL activin A (R&D Systems). Confluent hPSCs were
dissociated into single-cell suspension by incubation with TrypLE
Select (Gibco) and passaged every 3—4 days. G-banded karyotyping
performed by Cell Line Genetics confirmed normal karyotype of
INSS*P/W hESCs. Cells have been confirmed to be mycoplasma-
free using the MycoProbe Mycoplasma Detection Kit (R&D Systems)
or the Venor GeM Mycoplasma Detection Kit (Sigma).

Differentiation into pancreatic cells
To initiate differentiation, we dissociated confluent cultures into
single-cell suspensions using TrypLE Select, counted them, and

seeded them in six-well suspension plates at a density of 5.5 x
106 cells per 5.5 mL of hESC maintenance media supplemented
with 10 ng/mL activin A (R&D Systems) and 10 ng/mL heregulinB
(PeproTech). The plates were incubated at 37°C and 5% CO, on an
orbital shaker set at 100 rpm to induce 3D sphere formation. After
24 h, the spheres were differentiated as previously described (Nair et
al., 2019a, 2019b). Spheres were collected in 50-mL tubes, allowed
to settle by gravity, washed once with PBS or RPMI (Gibco), and re-
suspended in d1 differentiation media. The resuspended spheres
were distributed into fresh six-well suspension plates for a final vol-
ume of 5.5 mL of d1 media per well. Until d3, spheres were fed daily
by removing media and replenishing with 5.5 mL of fresh media.
From d4 to d20, media was removed daily, and 5 mL of fresh media
was added. Media compositions for differentiation of INS“F /W
hESCs are as follows: d1, RPMI (Gibco) containing 0.2% FBS,
1:5,000 ITS (Gibco), 100 ng/mL activin A, and 50 ng/mL WNT3a
(R&D Systems); d2, RPMI containing 0.2% FBS, 1:2,000 ITS, and
100 ng/mL activin A; d3, RPMI containing 0.2% FBS, 1:1,000 ITS,
2.5 uM TGFbi IV (Calbiochem), and 25 ng/mL keratinocyte growth
factor (KGF; R&D Systems); d4-5, RPMI containing 0.4% FBS,
1:1,000 ITS, and 25 ng/mL KGF; d6-7, DMEM (Gibco) with
25 mM glucose containing 1:100 B27 (Gibco) and 3 nM TTNPB
(Sigma); d8, DMEM with 25 mM glucose containing 1:100 B27,
3 nM TTNPB, and 50 ng/mL epidermal growth factor (EGF; R&D
Systems); d9-11, DMEM with 25 mM glucose containing 1:100
B27, 50 ng/mL EGEF, and 50 ng/mL KGF; d12+, DMEM with
25 mM glucose containing 1:100 B27, 1:100 GlutaMAX (Gibco),
1:100 NEAA (Gibco), 10 pm ALKi II (Axxora), 500 nM LDN-
193189 (Stemgent), 1 pm Xxi (Millipore), 1 uM T3 (Sigma-Aldrich),
0.5 mM vitamin C, 1 mM N-acetylcysteine (Sigma-Aldrich),10 pM
zinc sulfate (Sigma-Aldrich), and 10 pg/mL heparin sulfate. For
iPSC differentiation, media compositions were similar except that
1 uM of the PI3K inhibitor LY294002 (Cayman Chemicals) was
added to d1 media, and the d9-11 stage was extended to d14.

For immunization experiments, MEL1 INS®™"/W hESCs differen-
tiated up to d19-20 were sorted into GFP* and GFP~ fractions
according to the method described in the FACS sorting section (sup-
plemental experimental procedures). The GFP* fraction was reag-
gregated in six-well suspension plates at a concentration of 1
million cells/mL in d12+ media, while the GFP~ fraction was
seeded in d12+ media without ALKi II and T3 to reduce further
specification of endocrine cells. Both media were supplemented
with 10 uM of the ROCK inhibitor Y-27632 (Tocris) and peni-
cillin-streptomycin (Corning). The plates were incubated at 37°C
and 5% CO; on an orbital shaker set at 100 rpm to induce 3D
sphere formation. Cells were injected into mice 3 days later.

Immunization and antibody generation

For generation of antibodies against specific epitopes, a subtractive
immunization strategy was employed (Williams et al., 1992), and
the immunizations were performed under a protocol approved
by the Oregon Health and Science University (OHSU) Institutional
Animal Care and Use Committee. Two mice were inoculated intra-
peritoneally (i.p.) with either GFP* or GFP~ sorted B-like clusters
followed by cyclophosphamide injection 24-48 h later to elimi-
nate B lymphocytes reacting against these antigens. Mice were
then inoculated with the opposite clusters (the mouse that initially
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received GFP* cells was injected with GFP~ cells and vice versa) af-
ter 4 weeks and one more time 18-21 weeks after the initial injec-
tion. Animals were euthanized 4 days after the final immunization
and their spleen harvested. Splenocytes were fused with SP2/0-
Agl14 myeloma cells using polyethylene glycol and selected by
growth in methylcellulose containing hypoxanthine-aminop-
terin-thymidine (HAT) medium. A total of 1,248 isolated clones
were transferred to liquid medium in 96-well plates. Supernatants
were then screened by flow cytometry as described in the following
section, Antibody screening.

Antibody screening

Mel1 INSCF"W hESCs were differentiated up to d19-23 according
to the protocol detailed earlier in the section Differentiation into
pancreatic cells. The spheres were dissociated for 8-10 min using Ac-
cumax (Thermo Fisher Scientific) prior to quenching with FACS
buffer (2% FBS and 2 mM EDTA in PBS without calcium and mag-
nesium). Approximately 30,000-50,000 cells were plated in a 96-
well V-bottom plate. The cells were stained with 35 pL undiluted
hybridoma supernatant for 30 min at 4°C-8°C, washed twice
with FACS buffer, followed by staining with an anti-mouse second-
ary antibody conjugated to R-phycoerythrin (PE) for 25 min at
4°C-8°C. At the end of the incubation, cells were washed twice
with FACS buffer prior to suspension in FACS buffer with DAPI.
Flow cytometric analysis was performed using a High-Throughput
Sampler (HTS) device connected to a BD Fortessa X20 cytometer
(BD Biosciences).

Magnetic sorting

Mell INSC*/W hESCs or iPSCs differentiated up to the p-like stage
were collected from suspension plates (d19-21 for INS®**/" hESCs
and d21-23 for iPSCs) and dissociated into single cells with Accu-
max. The cells were quenched with sorting buffer (0.5% BSA, 2 mM
EDTA, and 10 uM ROCK inhibitor in PBS without calcium and
magnesium), filtered through a 0.35-um mesh, centrifuged,
counted, and resuspended in sorting buffer at a density of 50
million cells/mL. An aliquot of cells was collected prior to staining
and reaggregated as unsorted control. Cells were then stained with
4-2B2, 4-5C8, or 4-5G9 hybridoma supernatants for 30 min at 4C-
8C with constant agitation. After washing with sorting buffer, cells
were resuspended in 80 pL of sorting buffer per 107 cells, and anti-
mouse IgM MicroBeads (catalog #130-047-301; Miltenyi Biotec)
were added at a concentration of 15 uL per 107 cells. The cells
were incubated with microbeads for 20 min at 4C-8C with con-
stant agitation. Cells were washed and resuspended in 500 uL of
sorting buffer (up to 10® cells) prior to magnetic separation on LS
columns and suitable MACS Separator (Miltenyi Biotec). Columns
were rinsed with an appropriate amount of MACS buffer prior to
loading of the cell suspension. After washing three times with
3 mL of MACS bulffer, the column was removed from the separator
and cells were eluted using 5 mL of sorting buffer. After taking an
aliquot for flow cytometric analysis to verify enrichment, the rest
of the cells were counted and seeded into AggreWell plates using
the protocol outlined in the FACS sorting section (supplemental
experimental procedures). Alternatively, sorted cells were reaggre-
gated directly in six-well suspension plates by seeding them at a
concentration of 2 million cells in 3 mL of reaggregation media
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per well. Two to three days later, clusters reaggregated in AggreWell
plates were transferred to six-well suspension plates and placed on
an orbital shaker set at 100 rpm. Clusters were further cultured for
up to 10 days. Media were changed every third day following
reaggregation.

Dynamic perifusion assay for GSIS

Dynamic GSIS was performed using a perifusion system (Biorep
Technologies) as previously described (Nair et al., 2019b). For
each sample, 100 sorted clusters were handpicked and placed on
filters in plastic chambers that were maintained under tempera-
ture- and CO,-controlled conditions. After an initial 1- to 2-h pre-
incubation period in 2.8 mM glucose in Krebs-Ringer Bicarbonate
(KRB) buffer, chambers were sequentially perifused at a flow rate of
100 pL/min with 2.8 mM glucose for 20 min, 20 mM glucose for
30 min, 2.8 mM glucose for 20 min, and 2.8 mM glucose/30 mM
KCL for 15 min. Flow-through was collected over the course of
the experiment, and insulin concentrations in the supernatant
were determined using an ultrasensitive insulin ELISA kit (STEL-
LUX Chemi Human C-peptide ELISA; Alpco). The insulin secretion
levels were normalized by total cell number (pg per mL per 100
clusters).

Mouse transplantation studies

NSG mice were obtained from Jackson Laboratories and bred in
University of California San Francisco (UCSF) facilities. Both
male and female mice between 6 and 16 weeks of age were used
in this study. Sorted clusters were transplanted under the kidney
capsule of mice (~2.5-3 x 10° cells per mouse) according to proto-
cols approved by the UCSF Institutional Animal Care and Use
Committee. Transplanted mice were injected i.p. with 15 mg/mL
D-luciferin solution (Goldbio Biotechnology) before imaging on
a Xenogen IVIS 200 imaging system (Perkin Elmer). Signals were
acquired and analyzed using the Living Image analysis software
(Xenogen). Same-sized regions of interests were manually drawn
for the analysis of all data points within the same experiment to
ensure consistency in signal quantification. Kidneys bearing grafts
were removed at indicated time points, embedded in optimal cut-
ting temperature (OCT) for cryopreservation, and sectioned for
immunofluorescence as described above.

Sampling and statistical analysis

Each experiment was performed unblinded on different biological
groups with multiple biological replicates. No statistical analysis
was done a priori to determine the sample sizes. Statistical tests per-
formed for specific datasets are described in the corresponding
figure legends. All statistical tests were performed in GraphPad
Prism Software. Experiments in the study were repeated indepen-
dently at least three times except where indicated.

Data and code availability
This study did not generate any code.
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