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Innovative treatments to cure type 1 diabetes are being actively researched. Among the different strategies, the
replacement of B-cells has given promising results. Classically, islets from cadaveric donors are transplanted
into diabetic patients, but recently phase I clinical trials that use stem cell-derived B-cells have been started.
Such protocols require either an immunosuppressive treatment or the macroencapsulation of the B-cells. They
involve cell aggregation and the exposure of the cells to hypoxia. Using an engineered human B-cell, we have
addressed these two problems: a novel human B-cell line called EndoC-BH3 was cultured as single cells or
aggregated clusters. EndoC-BH3 cells were also cultured at normal atmospheric oxygen tension (pO,=21%) or
hypoxia (pO,=3%) in the presence or absence of modulators of the hypoxia-inducible factor 1o (HIF1ox) path-
way. Cell aggregation improved glucose-stimulated insulin secretion, demonstrating the benefit of cell-cell
contacts. Low oxygen tension decreased B-cell viability and their sensitivity to glucose, but did not alter insulin
production nor the insulin secretion capacity of the remaining cells. To investigate the role of HIF1o., we first
used a HIF stabilizer at pO,=21%. This led to a mild decrease in cell viability, impaired glucose sensitivity,
and altered insulin secretion. Finally, we used a HIF inhibitor on EndoC-BH3 pseudoislets exposed to hypoxia.
Such treatment considerably decreased cell viability. In conclusion, aggregation of the EndoC-BH3 cells seems
to be important to improve their function. A fraction of the EndoC-BH3 cells are resistant to hypoxia, depend-
ing on the level of activity of HIF1a. Thus, these cells represent a good human cell model for future investiga-

tions on islet cell transplantation analysis.
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INTRODUCTION

Over the last decade, considerable efforts have been
made to improve methods to transplant islets from human
donors into type 1 diabetic (T1D) patients. In such pro-
tocols, human islets can restore normoglycemia in T1D
recipients'?. However, two main parameters limit the fea-
sibility of a large-scale application of this method. First,
there is a low availability of transplantable human islets’.
Second, studies in rodents and humans indicate that dur-
ing isolation and transplantation, a significant percentage
of islets are lost. One prominent explanation is that B-cells
undergo severe cellular hypoxia during the procedure.

In order to better understand and improve long-term
islet transplantation efficacy, new models that use human

B-cells are necessary. In our laboratory, several genetically
engineered human pancreatic 3-cell lines have been pro-
duced that exhibit glucose-inducible insulin secretion®’.
More recently, we have generated a novel human -cell
line derived from EndoC-BH2 cells’ that contains floxed
immortalizing transgenes and an integrated tamoxifen
(TAM)-inducible form of CRE recombinase’. Such lines
can be massively amplified and then have the immortal-
izing transgenes removed by simple addition of TAM,
giving rise to nonproliferating functional human B-cells.
These newly produced cells potentially represent a pre-
clinical model for cell replacement therapy in diabetes.
In comparison to stem cell-derived -cells, or human and
pig islets, our cells have the advantage of being efficiently
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amplified with a simple, direct, and fast protocol. Such a
method allows for the generation of an unlimited quan-
tity of homogenous human B-cells. Moreover, the use
of EndoC-BH3 cells avoids some limitations associated
with human islets. The advantages include a lower cost,
a higher homogeneity and purity, and increased reproduc-
ibility in their quality. For these reasons, we have focused
our work on these cells to determine their properties in
an in vitro model that mimics the conditions of macroen-
capsulation and transplantation. The macroencapsulation
process involves aggregation and hypoxia; so to analyze
the effects of macroencapsulation on EndoC-BH3 cells,
two main questions have to be addressed. First, it is
important to delineate how cell aggregation and a result-
ing 3D environment will affect the function of B-cells
and, second, the consequences of hypoxia on such cells.

Our previous experience with this new cell line was
limited to morphological studies and functional analysis
of single-cell structures®. Recently, several studies high-
lighted the importance of cell—cell contacts in rodent and
human B-cells. Indeed, communication between B-cells
suppressed basal insulin secretion but enhanced glucose-
stimulated insulin secretion (GSIS), thereby facilitat-
ing the glucose homeostasis function of the islets’".
Moreover, the size of rat islets was shown to be a determi-
nant for the success rate of islets transplantation, as small
rat islets were shown to be superior when compared to
large islets during in vitro functional tests and in trans-
plantation outcome studies''. Therefore, it is important
to study first the in vitro consequence of EndoC-BH3
aggregation on the insulin content and secretion after a
glucose challenge.

In the pancreas, the islets represent only 2% of the
whole organ, but they use more than 10% of the oxygen
supply, as they are normally highly vascularized. Within
native pancreatic islets, the mean oxygen tension (pO,) is
near 5% (37 mmHg)">. When they are transplanted in the
liver, the pO, drops to 0.6-1.3%. In a bioartificial pan-
creas, the pO, in a macroencapsulation device is between
2% and 3%'*'*. We have recently shown that the pO,
levels have an important role not only on rodent -cell
differentiation”” but also on PB-cell function'®™"®. Thus
investigating the effects of hypoxia in human [B-cells
is also a prerequisite for basic and preclinical studies.
Therefore, the second objective of our research was to
study the effect of decreased oxygen tension on insulin
secretion and gene profile of our B-cell line organized in
pseudoislets (PIs).

The cellular response to hypoxia is tightly controlled
by the hypoxia-inducible factor (HIF) complex, which is
regulated in an O,-dependent manner. In the presence of
oxygen, HIFlo is degraded by the proteasome. On the
other hand, during a hypoxic state, HIF1¢ is stabilized".
Genetic manipulations in mice have shown that HIFl o
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is involved in GSIS. Despite these recent progresses in
rodent models, little is known about the role of the HIF
pathway in human B-cells.

In this study, the EndoC-BH3 cells were first aggre-
gated in clusters to favor cellular interactions and to
mimic the islet architecture. Insulin expression and GSIS
were increased in the aggregates versus isolated cells,
demonstrating the positive effect of cell-cell contacts.
Next we analyzed the effects of hypoxia (pO,=3%) com-
pared with 21% ambient oxygen on such B-cell clusters.
Cell survival was decreased during hypoxia, but the insu-
lin content was unaltered. The sensitivity of the remain-
ing B-cells to glucose was reduced, but surprisingly, their
capacity to secrete insulin at high glucose levels was pre-
served. As expected, the HIF pathway was activated dur-
ing hypoxic conditions. To delineate the importance of
the HIF transcription factor in the EndoC-BH3 cell biol-
ogy, we used both a HIF stabilizer at normal atmosphere
and a HIF inhibitor during hypoxia. HIF stabilization
induced by dimethyloxalylglycine (DMOG) decreased
both insulin sensitivity and insulin secretion capacity.
Finally, decreasing HIF during hypoxia considerably
altered cell survival.

Altogether, we have shown that excised nonproliferat-
ing B-cells form aggregates and continue to produce insu-
lin when cultured in a 3D structure. The cells that survive
hypoxic conditions have a certain degree of resistance
to low oxygen tension and maintain insulin production.
With these important properties in mind, we believe that
these cells offer an important preclinical model for B-cell
transplantation.

MATERIALS AND METHODS
EndoC-BH3

This is a new conditionally immortalized human -cell
line, of male origin, in which the immortalizing transgene
can be efficiently removed by simple addition of TAM
(Sigma-Aldrich, Saint-Quentin-Fallavier, France)®.

Aggregates

EndoC-BH3 cells were seeded at 1.5 million/ml of
complete medium® in 2-ml Eppendorf tubes (Dutscher,
Brumath, France). Cells were exposed to microgravity for
5-6 h at room temperature at 10~ x g using a 2D clinos-
tat (Dutscher)" and then cultured overnight in 6-cm petri
dishes (TPP, Trasadingen, Switzerland) at 37°C in the
incubator (Thermo Fisher Scientific, Villebon sur Yvette,
France). At day 1, aggregates were diluted (%2) and cul-
tured in 6-cm petri dishes (TPP) for 4 days.

Cell Culture and Hypoxia Treatment

EndoC-BH3 cells were cultivated as previously
described®. Hypoxic cell cultures were performed in a
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hypoxia chamber (Cell Technology, Grenoble, France) at
1%, 3% O,, 5% CO,, 37°C. The HIF signaling inhibi-
tor chetomin (Tocris, Lille, France) in dimethyl sulfoxide
(DMSO) was added at 150 nM in the culture medium.
DMOG (Interchim, Montlugon, France) was used at 1 mM.
For the detection of hypoxia, pimonidazole (200 uM;
Hypoxyprobe; NPI, Burlington, MA, USA) was added
in the culture medium during the last 2 h of the culture
period. Next, the pimonidazole staining was detected
using a specific antibody (Hypoxyprobe; NPI).

RNA Isolation, Reverse Transcription, and RT-PCR

Total RNA was isolated from EndoC-BH3 monolayer
cells or EndoC-BH3 PIs using the RNeasy Mini or Micro
Kit (Qiagen, Courtaboeuf, France), as described previ-
ously". First-strand cDNA was prepared using SuperScript
Il reagents (Invitrogen, Villebon sur Yvette, France), and
quantitative RT-PCR was performed on a 7300 RT-PCR
system (Applied Biosystems, Villebon sur Yvette, France)
with a SYBR Green PCR master mix (Thermo Fisher
Scientific), as described previously". Relative changes in
gene to cyclophilin or TATA-box-binding protein 1 (7BP)
mRNA ratio between hypoxic and normoxic conditions
were computed using the 27°°“ method. The list of prim-
ers (Sigma-Aldrich) used is available upon request.

Real-Time PCR-Based Array Analysis

Differential gene expression was examined in PIs
cultured under hypoxia and compared to control PIs cul-
tured under normoxia. Following total RNA extraction,
84 key genes in the hypoxia pathway were examined by
RT-PCR using RT2 Profiler PCR Array (SABioscience,
Courtaboeuf, France). The qPCR was performed in Roche
Real-Time PCR System (Roche, Boulogne Billancourt,
France). Data analysis was done using the online software
PCR Array Data Analysis Web Portal (SABioscience).
Gene expression levels were normalized against four
housekeeping genes [actin B (ACTB), B 2 microglobu-
lin (B2M), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and ribosomal protein, large, PO (RPLPO)]
included in the array. Relative gene expression was cal-
culated using the 27**“ method.

Immunodetection of HIFI o

EndoC-BH3 PIs were fixed in 10% formalin (Sigma-
Aldrich) and processed for immunohistochemistry, as
described previously®. A rabbit anti-HIFla antibody
(a gift from Dr. Pouyssegur, Nice, France) was used".
Revelation was performed with a biotinylated anti-rabbit
antibody (1:200; Vector, Les Ulis, France) and a tyr-
amide signal amplification (TSA) Plus Cyanin 5 system
(PerkinElmer, Villebon-sur-Yvette, France). Photographs
were taken using a fluorescence microscope (Leitz
DM4000; Leica Microsystems, Wetzlar, Germany) and
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a Hamamatsu C7780 cooled 3CCD camera (Hamamatsu
Photonics, Hamamatsu, Japan). No signals were observed
when the primary antibodies were omitted.

Insulin Secretion and Content

For glucose-stimulated insulin release assay, EndoC-
BH3 monolayer cells were seeded onto Matrigel (Sigma-
Aldrich)- and fibronectin (Sigma-Aldrich)-coated 96-well
plates (TPP) at 7x 10" cells/well, or groups of 50 day
3 or 6 PIs were handpicked up. Monolayer cells and
PIs were incubated overnight in culture medium that
contained 2.8 mM glucose (Sigma-Aldrich) and then
in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-buffered Krebs-Ringer buffer (KRB) [115 mmol/L.
NacCl, 5 mmol/L KCI, 1 mmol/L CaCl,, 1 mmol/L MgCl,,
24 mmol/L. NaHCO;, 10 mmol/L. HEPES, pH 7.4, and
0.2% bovine serum albumin (BSA)] (Sigma-Aldrich)
that contained 0.5 mM glucose for 60 min. At the end of
this incubation, stimulated insulin secretion of the cells
was measured by static incubation in KRB that con-
tained varying glucose concentrations (2.8 to 15 mM) for
60 min. Glucose stimulation was performed in the pres-
ence or absence of 500 uM 3-isobutyl-1-methylxanthine
(IBMX; Sigma-Aldrich).

Insulin content was measured by acid ethanol extrac-
tion. Monolayer cells or PIs were lysed with Triton X-100
(1%) solution (Sigma-Aldrich) containing antiprotease
tablet (Roche) and then subjected to two freeze—thaw
cycles and stored at —20°C. The lysate was mixed with
acid ethanol [0.18 M HCI (Sigma-Aldrich) in 96% eth-
anol (v/v)] (Carlo-Erba, Val de Reuil, France) in a 1:4
proportion for 48 h at 4°C until insulin determination
was carried out by enzyme-linked immunosorbent assay
(ELISA). Insulin secretion and intracellular content of the
EndoC-BH3 cells were measured in duplicate by ELISA
according to the manufacturer’s instructions using the
human insulin kit (Mercodia, Uppsala, Sweden), which
was chosen for the absence of cross-reactivity with pro-
insulin. To normalize the amount of insulin secretion, the
total protein concentration of the cells in each condition
was measured by the Bicinchoninic Acid (BCA) Protein
Assay Kit (Pierce, Waltham, MA, USA).

Flow Cytometry

For the flow cytometry assays, monolayer cells and PIs
were dispersed to a single cell suspension using trypsin
solution of 0.05% (Life Technologies, Villebon sur Yvette,
France) and 0.25% (Life Technologies), respectively.
Cells were then inhibited by a fetal calf serum (FCS) 20%
solution (Sigma-Aldrich), washed in phosphate-buffered
saline (PBS; Sigma-Aldrich), passed through a 40-um
filter (EasyStreiner; Greiner Bio-one, Frickenhausen,
Germany), and washed twice with PBS. All data were
acquired on an LSRFortessa (BD Biosciences, Le Pont de



102

Claix, France) and analyzed with fluorescence-activated
cell sorting (FACS) Diva software (BD). A total of 50,000
events were collected for each sample.

Viability Assays

The Live/Dead Viability/Cytotoxicity Kit (Life Tech-
nologies) was used following the manufacturer’s proto-
col to determine viability in monolayer and PI cultures.
Briefly, 1x 10° of dissociated cells (adherent or PIs) were
resuspended in 1 ml of culture medium. Two microliters
of calcein AM (50 uM) dye and 4 ul of ethidium homodi-
mer-1 (2 mM) were added to each sample, mixed, and
then incubated in the dark for 15 min.

Cell Proliferation Assays

Cell proliferation analysis was conducted using
Click-iT 5-ethynyl-2’-deoxyuridine (EdU) Alexa Fluor
647 Flow Cytometry Assay Kit (Thermo Fisher Sci-
entific). Briefly, EdU was added into the cell culture
medium to a final concentration of 10 umol/L 1 h before
the endpoint of the experiments. Adherent and aggre-
gated cells were dissociated by trypsinization, and then
washed once with 2 ml of 1% BSA in PBS, fixed using
Click-iT fixative, and incubated for 15 min in saponin-
based permeabilization solution. Cells were then treated
with Click-iT reaction cocktail according to the manu-
facturer’s instructions for 30 min before flow cytometry
analysis. Nuclear staining (1 uM) (FxCycle Violet Stain;
Thermo Fisher Scientific) was added directly before
FACS analysis.

Statistical Analysis

Statistical analysis was performed with a GraphPad 6
software (La Jolla, CA, USA) using the unpaired two-
tailed Student’s t-test. Values of p<0.05 were consid-
ered statistically significant. The presented results are
all representative of at least two independent experi-
ments with n>3 samples. Data are expressed as average
percentage = SEM.

RESULTS

Aggregation of EndoC-BH3 Cells Improves
Stimulated Insulin Secretion

Recognizing the importance of cell-cell interactions,
we first investigated the consequences of cell aggrega-
tion on B-cell function. All experiments were performed
on nonproliferative excised cells. EndoC-BH3 cells were
aggregated in spheroids called PIs. PIs had small masses
from 20 to 800 um with a mean size of 300 wm, simi-
lar to the size of a human islet (Fig. 1a). Within 7 days,
their size increased due to the aggregation of several Pls
together. Using EdU staining and cell sorting, we next
compared B-cell proliferation between isolated EndoC-
BH3 cells and PIs. In each experiment, the same number
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of cells was used to compare the isolated EndoC-BH3
cells and PIs. As expected for excised cells, proliferation
was low and similar in cells studied in 2D culture and
PIs (0.3% and 0.4%, respectively) (Fig. 1b). Moreover,
the percentage of living cells was similar in isolated
cells and PIs (94£1.1% and 95+0.43%, respectively)
(Fig. Ic). To investigate the consequences of aggrega-
tion on EndoC-BH3 function, we next quantified insu-
lin expression using RT-qPCR (Fig. 1d), insulin content
(Fig. 1le), and GSIS (Fig. If). Insulin expression was
increased by nearly twofold, and insulin content was
slightly but significantly decreased. When isolated cells
were exposed to glucose 15 versus 2.8 mM, insulin secre-
tion was stimulated by 1.78-fold (p=0.01), indicating
that EndoC-BH3 is sensitive to glucose. This amplitude
of insulin secretion was significantly improved in PIs
(glucose stimulation index=4.9, p=0.018). The same
observation was made when cells were stimulated in the
presence of IBMX (Fig. 2). Accordingly, the percentage
of secreted insulin was also enhanced in PIs compared
to isolated cells (Fig. 2b). Finally, when glucose 2.8 mM
was applied subsequently to glucose stimulation, basal
insulin secretion was restored, demonstrating its revers-
ibility (Fig. 1f). Together, these results show that when
cells were aggregated in PIs, insulin secretion is pre-
served and even slightly improved.

Altered Glucose Sensitivity But Preserved Insulin
Production and Secretion by EndoC-BH3 Cells
in Hypoxic Milieu

To evaluate the impact of hypoxia on EndoC-BH3
function, we compared PIs cultured at hypoxia (3% O,
or 1% O,) versus normal atmospheric pO, (21%) for
6 days. Indeed, concentrations of O, between 1% and
3% are generally considered as hypoxic conditions
when compared to the pO, around the pancreatic islets
in vivo. The physioxia, that is, the physiological oxygen
tension within the islets, is normally around 5% in the
pancreas'>. Moreover, the presence of the transcription
factor HIFla is detected only below 5% O,”'. We and
other laboratories have previously shown that the atmo-
spheric pO, (21%) does not have adverse effects on the
B-cell viability and function when compared to physioxia
(5% 0,)"*. Thus, we used the atmospheric pO, (21%
O,) as a control, which we arbitrarily called normoxia.
At 3% O,and 1% O,, the majority of the cells within PIs
were positive for pimonidazole staining, confirming their
hypoxic state (Fig. 3). Pimonidazole stains the cells at
p0,<1.3%. Few cells remained pimonidazole negative
when 3% O, was used. These data indicate that the pO,
within the aggregates was equal or below 1.3% O, when
PIs were exposed to this oxygen tension. By comparison,
only very rare cells located at the center of PIs were posi-
tive with pimonidazole at normoxia. The morphology
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Figure 1. Improvement of glucose-stimulated insulin secretion (GSIS) in aggregated excised EndoC-BH3 cells. (a) Morphological
images of EndoC-BH3 pseudoislets (Pls) over 7 days. Scale bars: 200 um. Consequences of EndoC-H3 cell aggregation on 5-ethynyl-
2’-deoxyuridine (EdU) incorporation (b) and cell viability (c) at day 7. EndoC-BH3 isolated cells (white bars) and PIs (black bars) were
cultured separately for 4 (e, f) or 7 days (b—d). Results are representative of two independent experiments performed in triplicates. Data
are expressed as average percentaget SEM. (d) Insulin (INS) gene expression was determined by quantitative RT-PCR (RT-qPCR) in
isolated cells and PIs. Data are expressed as fold change of mRNA expression relative to TATA-box-binding protein 1 (7TBP)+SEM
of two independent RNA preparations assayed in duplicates. **p<0.01 versus isolated cells. (e) Insulin content in EndoC-BH3 iso-
lated cells and in PIs. Data are expressed as insulin content in ng/ug of proteins=SEM of 12 independent wells per condition assayed
in duplicates by enzyme-linked immunosorbent assay (ELISA). ***p<0.01 versus isolated cells. (f) GSIS on EndoC-BH3 isolated
cells and PIs. Insulin secretion was first stimulated for 60 min with 15 mM glucose (black bars). This medium was then replaced with
Krebs—Ringer buffer (KRB) that contained 2.8 mM glucose, and the cells were further incubated in this medium for 60 min (white
bars). Data are expressed as nanogram of secreted insulin per hour per microgram of proteins+SEM of four independent wells per
condition assayed in duplicates by ELISA. *p<0.05, ***p<0.01, ###p<0.01 PIs exposed to 15 mM glucose compared to 2.8 mM.
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Figure 2. GSIS on EndoC-f3H3 isolated cells and Pls at day 4. Insulin secretion was first stimulated for 60 min with 15 mM glucose in
the presence or absence of 3-isobutyl-1-methylxanthine (IBMX; black bars). The medium was then replaced with KRB that contained
2.8 mM glucose (white bars). (a) Data are expressed as secreted insulin in ng per hour/ug of proteins + SEM of four independent wells
per condition assayed in duplicates. (b) Results are expressed as the mean percentage+SEM of the secreted insulin that was secreted
in 1 h of four independent wells per condition assayed in duplicates by ELISA. **#p<0.001, ###p <0.001.

of aggregates cultivated in various oxygen concentra- pO,=1% after 6 days. Thus, we focused on the milder
tions is depicted in Figure 4a. In hypoxic conditions, condition (pO,=3%) to analyze the effect of the hypoxic
the spheroids were smaller (Fig. 4a) and cellular debris milieu. The total number of cells was decreased by 62%
was observed, increasing with the severity of hypoxia. at 3% O, compared to 21% O,. This observation is in
In particular, only a few remaining cells were found at accordance with the increased number of cell debris seen

Nuclei

Figure 3. Detection of hypoxia in the EndoC-BH3 aggregated cells when cultured under 3% O,. To detect hypoxic cells, pimonida-
zole (200 pmol/L; Hypoxyprobe; NPI) was added to the culture medium during the last hour of the culture period (6 days). PIs were
analyzed with an anti-pimonidazole antibody (NPI). Control cells were cultured under normoxia.
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tured under normoxia (21% O,, white bars) and hypoxia (3% O,, black bars) (b—e). Analyses were performed at day 6. (a) Morphological
images of EndoC-BH3 PIs cultured under hypoxia (3% and 1% O,). Scale bars: 200 pm. Effect of hypoxia on EdU incorporation,
insulin content, and GSIS in EndoC-H3 PIs (b—e). (b) EAU was added for 1 h, and analysis was performed by fluorescence-activated
cell sorting (FACS). Results are representative of two independent experiments performed in duplicates. Data are expressed as aver-
age+SEM. (c, d) Insulin content in EndoC-H3 PIs. Data are expressed as insulin content in nanogram of insulin (¢) and in nanogram
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in Figure 4a. The proliferation rate of B-cells was very
low (0.1%) and was not affected by hypoxia (Fig. 4b).
Moreover, insulin content was similar at hypoxia com-
pared to normoxia, indicating a normal insulin production
(Fig. 4c—d). Surprisingly, at a low glucose concentration
(2.8 mM), the rate of insulin secretion was increased
at hypoxia versus normoxia (Fig. 4e), reaching similar
levels when a high glucose concentration (15 mM) was
applied. These results show that the insulin secretion
capacity is maintained in B-cells during hypoxia. With
IBMX, the rates of insulin secretion reached the same
levels in the hypoxic and normoxic conditions, confirm-
ing that hypoxia does not alter the secretion capacity of
B-cells. Of note, after 6 days in culture, IBMX (0.5 mM)
strongly activated insulin secretion at 2.8 mM glucose
(Fig. 4e). This basal insulin secretion in the presence of
IBMX reached the same value as the glucose-stimulated
condition with IBMX and 15 mM glucose. This was not
the case at culture day 4 (Fig. 2e). This observation sug-
gests that glucose sensitivity of EndoC-BH3 is gradually
lost with time when IBMX at a concentration of 0.5 M is
used. Finally, the stimulation index of insulin secretion
was only 1.22 at hypoxia compared to 2.57 at normoxia.
Thus, this result indicates a decreased glucose sensitivity
of the cells during hypoxia.

To determine the effects of hypoxia on the expres-
sion of B-cell markers, we first quantified the level of
insulin (/NS) mRNAs. Insulin expression was similar
to controls in the hypoxic PIs despite a reduction in the
level of insulin promoter factor 1 [/PFI; also known as
pancreatic and duodenal homeobox 1 (PDX/)] mRNAs
(Fig. 5a). Expression of other markers including v-maf
musculoaponeurotic fibrosarcoma oncogene homolog A
(MAFA), neurogenic differentiation factor | (NEUROD]I),
paired box protein (PAX4), and zinc transporter 8 (ZNT8)
was not altered by hypoxia. Thus these results suggest
that hypoxia (pO,=3%) probably does not alter the iden-
tity of the cells. Moreover, despite the negative effect of
hypoxia on EndoC-BH3 survival, the remaining living
cells are still functional as insulin secretion is preserved
after 6 days in 3% O,.

To analyze the effects of pO, at the molecular level,
we next analyzed the presence of HIF1 o by immunohisto-
chemistry. At normoxia (pO,=21%), only rare HIF1o.
cells were detected in PIs (Fig. 5b). As expected, numer-
ous HIF" cells were present at hypoxia. We also quan-
tified the expression of the known HIF target genes
using RT-qPCR". Lactate dehydrogenase A (LDHA),
adenomedullin (ADM), and hexokinase 2 (HK2) mRNA
levels were increased by 2.8-, 5.8-, and 7.8-fold, respec-
tively, in 3% O, compared to 21% O, (Fig. 5c). To fur-
ther compare gene expression of the aggregates exposed
to hypoxia versus normoxia, a transcriptomic analysis
was performed (Fig. 6). We first confirmed that LDHA,
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ADM, and HK?2 expression was upregulated by hypoxia
(1.74-, 4.28-, and 5.64-fold change, respectively). Thus,
these genes represent good markers to detect hypoxia
in human B-cells. As expected, solute carrier family 2,
facilitated glucose transporter member 1 [SCLC2A/1; or
glutamate transporter 1 (GLUTI)] gene expression was
also induced (threefold induction). Surprisingly, the
expression of genes generally used to detect hypoxia
was not increased. This is indeed the case for vascular
endothelial growth factor A (VEGF-A) and phospho-
glycerate kinase 1 (PGKI). Expression of HIFIx was
not modulated by hypoxia at the mRNA level (0.9-fold),
indicating that its regulation is mainly posttranslational.
Finally, this genetic profile also suggests an enhanced
glycolytic activity.

Constitutive Stabilization of HIF I oc at Normoxia
Alters Pls Function

Recent studies in rodents have shown that the HIF1a
transcription factor plays a crucial role in adult B-cell
function'®™"®. Indeed, forced stabilization of HIFla by
von Hippel-Lindau (Vhl) deletion in B-cells leads to
impaired GSIS in the mouse. Here we researched the
consequences of HIF 1o stabilization in the EndoC-H3
PIs at normoxia. For this, we used a prolyl-hydroxylase
inhibitor, DMOG. Expression of the HIF target genes
LDHA, HK2, and ADM was increased by 4-, 12-, and
16-fold, respectively, in the DMOG samples, confirming
the efficiency of this inhibitor on the activation of the
HIF pathway (Fig. 7a). IPF1, but not INS, gene expres-
sion was significantly decreased with DMOG (inhibi-
tion of 70% and 25%, respectively) (Fig. 7b). Moreover,
numerous cellular debris were detected in the DMOG-
treated cultures (Fig. 7c). Consistently, when EndoC-
BH3 PIs were treated with DMOG, the number of cells
decreased by 30% compared to the nontreated cells, and
the insulin content was reduced by 20% (Fig. 7d and e).
Moreover, GSIS was dramatically reduced (Fig. 7f),
indicating that the constitutive stabilization of the
HIF I protein has a deleterious repercussion on B-cell
function. Of note, both glucose sensitivity and the insu-
lin secretion capacity of EndoC-BH3 PIs were altered
by DMOG.

Together, these results demonstrate that increasing the
HIF pathway affects insulin production and -cell function.

Inhibition of the HIF I oo Pathway During Hypoxia
Leads to Increased Cell Death

Some reports indicate that HIF 1o stabilization predicts
adverse transplantation outcomes. On the other hand,
recent studies using transplanted human islets suggested
that HIF1o. might be protective during the transplantation
process™. In order to evaluate whether HIF has a positive
or negative role during hypoxia, we cultured EndoC-BH3
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Figure 6. Heat map visualization of gene expression profiling
of EndoC-BH3 PIs under hypoxic conditions. An RT2 Profiler
PCR Array was used to screen a panel of 84 genes implicated
in hypoxia signaling pathway in EndoC-BH3 under normal and
hypoxic conditions. The blue color indicates low expression,
and the yellow color indicates high expression.
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PIs with or without chetomin (CHT) (Fig. 8a), an inhibi-
tor of the HIF pathway. After CHT treatment, PIs
disassembled. Expression of LDHA, ADM, and HK?2
was induced during hypoxia (pO,=3%) by 3-, 13-, and
7-fold, respectively. In the presence of CHT, the induc-
tion of the HIF target genes was partially alleviated.
Indeed, expression levels of LDHA, ADM, and HK?2 were
reduced by 90%, 70%, and 32%, respectively, compared
to the hypoxic condition (Fig. 8b). Moreover, the number
of cells was reduced by 96% compared to the controls.
These results indicate that inhibition of the HIF1 o path-
way strongly affects the survival of B-cells. Altogether,
inhibition and overexpression of the HIF pathway at
hypoxia and normoxia, respectively, are both deleterious
to the B-cell function.

DISCUSSION

In the present study, we used the new cell line EndoC-
BH3 to better understand which factors and mechanisms
may influence the outcome of human islet transplantation.
We focused on two parameters, cell-cell contacts and
hypoxia. Our main results demonstrate that cell aggrega-
tion favors B-cell function, while HIFlo has protective
effects against hypoxic stress. Moreover, the dosage of
HIF1o seems to be a determinant for the B-cell outcome.

For several decades, interactions between rodent
B-cells have been the subject of intense research. It was
shown that adhesion between clusters of B-cells regulates
both basal and glucose—insulin secretion”*, Another
possibility is that contacts between different cell types
within the islets participate to the control of insulin secre-
tion”. We did not exclude this hypothesis. However, tak-
ing advantage of the purity of our B-cell line, we focused
our study on the role of the B-cell interactions. We show
that clusters of EndoC-BH3 also have increased insulin
mRNA levels and improved GSIS. This is consistent with
other work using human [B-cells. Indeed, it was shown
that human B-cells are highly heterogeneous in terms of
insulin secretion. In human islets, the homologous and
heterologous intercellular contacts have a significant
impact on insulin secretion, possibly due to the particular
architecture of human islets®. The behavior of EndoC-
BH3 seems to be similar to these islet cells. We thus think
that using cell clusters of engineered B-cells, which can
be produced on a large scale, should facilitate the stud-
ies of islet transplantation. Moreover, the mechanisms
involved in the cell-cell contact-dependent GSIS are
not completely understood. Recently, Geron et al. identi-
fied murine B-cell edges as surface microdomains of cell
adhesion and signaling. Notably, the edge organization is
E-cadherin contact dependent and correlates with insulin
secretion capacity®. Further analysis will be necessary to
characterize whether these signals are also involved in
GSIS of EndoC-BH3 cells.
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Figure 7. HIF1o stabilization affects insulin function in normoxic conditions. EndoC-H3 PIs were cultured in normoxia and treated
with dimethyloxalylglycine (DMOG) for 6 days. (a) Expression of HIF target genes in DMOG-treated PIs versus control PIs by qPCR.
Each point represents the meantSEM of two independent experiments performed in duplicates. *p<0.05, ***p<0.001. (b) Insulin
gene expression in DMOG-treated PIs versus control PIs by RT-qPCR. Each point represents the mean+SEM of two independent
experiments performed in duplicates. ***p<0.001. (c) Morphological images of EndoC-BH3 PIs after a 6-day DMOG treatment. Scale
bars: 300 um. (d, e) Insulin content in EndoC-BH3 PIs treated with DMOG (black bars) versus untreated PIs (white bars). Data are
expressed as insulin content in nanogram of insulin (d) and in nanogram of insulin normalized per microgram of proteins (e)=SEM of
four independent wells per condition assayed in duplicates by ELISA. **p<0.01. (f) DMOG alters insulin secretion. Insulin secretion
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pared to controls.

Recent work investigated whether prior exposure On the other hand, the mRNA level for SLC2A2 was
of mouse or human islets to hypoxia would improve downregulated, and GSIS was impaired. In human iso-
or be deleterious for islet transplantation®’. The murine lated islets, expression of LDHA, HKI, and HK2 was
islets exposed to hypoxia expressed higher levels of the increased 18-, 6-, and 3-fold, respectively. In the present
hypoxic response genes, LDHA, SLC2A1, and PDKI, work, the genetic profile of EndoC-BH3 resembles the

and glycolysis and lactate production were increased. one that was described in Cantley et al.”. Activation of
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two independent experiments performed in duplicates. *p <0.05, **p<0.01. DMSO, dimethyl sulfoxide.

LDHA, PDK1, and SLC2A1 is also detected, but insulin
secretion is not impaired despite a lower glucose sensi-
tivity. Thus, we can consider that EndoC-BH3 cells have
a certain resistance to hypoxia. A difference between the
study of Cantley et al. and ours is that a more severe
hypoxia (pO,=1%) was used in Cantley et al.”, com-
pared to pO,=3% in our present study. Moreover, other
recent work showed that hypoxia causes a decrease in
ZNT8 expression in pancreatic B-cells”. This result
differs from our experiments. We think that this differ-
ence is also caused by the different values of pO, that
were used in each experiment. Thus, the intensity of
the response to hypoxia, which depends on the cellu-
lar context, may be involved in the maintenance of the
B-cell function.

Finally, we found that decreasing the HIF signal-
ing pathway using CHT considerably decreases the cell
viability. The effect of CHT was previously described in
cancer studies where it inhibits HIF1a and consequently
reduced the hypoxia-dependent transcription and radio-
sensitizes human fibrosarcoma cells*. Here we confirm
this strong HIF inhibition by CHT in human B-cells. A
number of studies suggested that HIF transcription pre-
dicts poor transplant success’*’. However, a more recent
analysis demonstrated the need of HIF1o pathway acti-
vation for the B-cell survival after islet transplantation™.
Indeed, when B-HIFlo-null islets were transplanted, the
transplants had poor outcomes. Moreover, stabilization of
HIF1o in mouse and human islets using desferioxamine
improved islet transplantation by decreasing apoptosis

and increasing the B-cell mass. In other cell types, for
example, in neutrophils, the requirement of HIFla for
cell survival was also demonstrated™. Our data are con-
sistent with such observations and suggest that the HIF1 o
activity is indispensable for the survival of the human
engineered B-cells during exposure to hypoxia and prob-
ably for islet transplantation.

In conclusion, aggregation is beneficial for EndoC-
BH3 cell biology. HIFlo. seems to be necessary for the
survival of EndoC-BH3 cells during hypoxia. However,
increasing the HIF pathway modifies their genetic pro-
file in terms of glycolysis but does not impair their insu-
lin secretion capacity. Thus, this study suggests that
EndoC-BH3 cells have a certain resistance to hypoxia and
represent a good human cell model for future islet cell
transplantation analysis.
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