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ABSTRACT

Thepossibilityofusinghumanembryonic stem(hES) cell-derivedb cellsasanalternativetocadaveric islets
for the treatment of type 1 diabetes is nowwidely acknowledged.However, current differentiationmeth-
ods consistently fail to generatemeaningful numbersofmature, functionalb cells. In order to address this
issue,we set out to explore the role of oxygenmodulation in thematuration of pancreatic progenitor (PP)
cells differentiated fromhES cells.Wehavepreviouslydetermined thatoxygenation is apowerful driverof
murine PP differentiation along the endocrine lineage of the pancreas. We hypothesized that targeting
physiological oxygen partial pressure (pO2) levels seen in mature islets would help the differentiation
of PP cells along the b-cell lineage. This hypothesis was tested both in vivo (by exposing PP-
transplanted immunodeficientmice toadailyhyperbaricoxygenregimen)and invitro (byallowingPPcells
tomature in a perfluorocarbon-based culture device designed to carefully adjust pO2 to a desired range).
Our results show that oxygen modulation does indeed contribute to enhancedmaturation of PP cells, as
evidenced by improved engraftment, segregation ofa andb cells, bodyweightmaintenance, and rate of
diabetes reversal invivo,andbyelevatedexpressionofpancreaticendocrinemakers,b-cell differentiation
yield, and insulin production in vitro. Our studies confirm the importance of oxygen modulation as a key
variable to consider in the design ofb-cell differentiation protocols and open the door to future strategies
for the transplantation of fully mature b cells. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:277–289

INTRODUCTION

Advances in thedirecteddifferentiationof human
embryonic stem (hES) cells into insulin-producing
b cells present clinicians with the opportunity of
progressively phasing out the use of human islets
for the treatment of the most severe cases of di-
abetes [1, 2]. Unlike the latter, hES cells are con-
sidered an inexhaustible cell source, and recent
developments in the field suggest that even hES
cell-derived endodermal progenitors can be ex-
panded in a virtually unlimited fashion for both
hepatic and pancreatic regeneration applications
[3]. Indeed, the breakthrough definition of the
conditions resulting in the specification of hES
cells along the definitive endoderm lineage [4]
paved the way to the formulation of protocols
for the in vitro differentiation of insulin-
producing b cells [5–7]. None of the resulting cell
products, however, met the necessary criteria for
therapeutic scalability, such as the ability to be
derived in high yields versus nonendocrine cells
and themonohormonal expression of insulin. Be-
cause of the perceived limitations of in vitro cul-
ture to foster the functionalmaturationof insulin-

producing cells, researchers in the field resorted
to the transplantation of partially differentiated
hES cell-derivatives (i.e., pancreatic progenitor
[PP]-like cells), a strategy that has met with suc-
cess in preclinical models of diabetes [8, 9]. Albeit
valid, the solutionwas not without shortcomings:
first, the fact that the transplanted cells were not
mature posed a heightened risk for teratogenic
lesions (a concern that was confirmed in a high
percentage of transplanted animals [8, 9]). Sec-
ond, it takes severalmonths for these cells to fully
mature in vivo [8, 9]. Also, although there is no
reason to suspect that a human microenviron-
ment would be less permissive than the mouse’s
to sustain adequate maturation of PP cells, this is
an assumption that may or may not prove to be
right as we move these findings to the clinic. Be-
cause of the above reasons, it would be highly de-
sirable to have instead a fully functional, mature
endocrine cell product for transplantation.

We have previously shown that oxygen ten-
sion is a critical factor in steering PP differentia-
tion toward endocrine cell (and particularly b

cell) differentiation [10]. As first postulated by
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our team [10, 11] and later confirmed by others [12–14], molec-
ular oxygen acts through hypoxia-inducible factor (HIF)-1a (the
main “oxygen sensor” of the cell) to potentially modulate some
of the key pathways involved in fate acquisition during pancre-
atic development, including Notch and Wnt/b-catenin [11].
Here we show that oxygen tension modulation also has a mea-
surable effect on the differentiation of b cells from hES cells,
both in vivo (by means of hyperbaric oxygen treatment [HOT]
of the host after transplantation) and in vitro, using a novel cul-
ture device in which cells are placed atop an air-permeable,
liquid-impermeable perfluorocarbon-silicone (PFC/PDMS)-based
membrane. This system allows for the fine adjustment of oxy-
gen tension throughout the entirety of cell aggregates while
minimizing the formation of diffusion gradients [10, 15]. In
the first case, transplanted PPs were able to restore normogly-
cemia in half of the streptozotocin (stz)-induced diabetic mice
when these were subjected to a daily post-transplantation
HOT regimen, whereas none of the control animals experi-
enced reversal of diabetes. In the second case, the placement
of PPs in conditions that targeted a physiological oxygen ten-
sion of 40–80mmHg (asmeasured in native islets [16]) resulted
in the in vitro generation of monohormonal insulin producing
cells that exhibited characteristics of fully mature b cells. In
contrast, and as previously reported [9], PPs allowed tomature
in standard culture dishes in nonoptimized oxygen conditions
yielded populations of polyhormonal cells. These findings
strongly suggest that the mere in vitro replication of the phys-
iological pattern of oxygenation that accompany native b-cell
development might assist in inducing their complete matura-
tion from hES cells, potentially bypassing the need for lengthy
and possibly dangerous in vivo maturation methods.

MATERIALS AND METHODS

In Vitro Differentiation of hES Cells

The H1 hES cell linewas obtained fromWiCell Research Institute
(Madison,WI, http://www.wicell.org) and cultured asdescribed
in [17]. Experiments with H1 cells were approved by the Univer-
sity of Miami Embryonic Stem Cell Research Oversight Commit-
tee. Cells were induced to differentiate along the pancreatic
endocrine lineage following the well-characterized stages of
pancreatic development: definitive endoderm (stage 1), primi-
tive gut tube (stage 2), posterior foregut (stage 3), pancreatic
endoderm and endocrine precursors (stage 4), and pancreatic
endocrine cells (stage 5). An additional stage 6 (mature endo-
crine cells) was explored in some versions of the protocol (de-
scribed below). Two variations of the differentiation method
were used. In protocol 1 (based on that published in [17]), un-
differentiated H1 cells were grown to 60%–70% confluence
on top of 1:30 Matrigel-coated (BD Biosciences, San Diego,
CA, http://www.bdbiosciences.com) surfaces. At that point,
the cells were cultured in RPMI 1640medium (Invitrogen, Carls-
bad, CA, http://www.invitrogen.com) supplemented with 2%
fatty acid-free bovine serum albumin (BSA) (Proliant, Ankeny,
IA, http://www.proliantinc.com), 20 ng/ml Wnt3A (R&D Sys-
tems Inc., Minneapolis, MN, http://www.rndsystems.com), and
100 ng/ml activin-A (Peprotech, Rocky Hill, NJ, http://www.
peprotech.com) for day 1, and 8 ng/ml fibroblast growth factor
2 (FGF2) (Peprotech) for the following 3–4 days (stage 1). After
the completion of stage 1, cells were cultured in Dulbecco’s

modified Eagle’smedium (DMEM)-F12medium (Invitrogen) with
2% fatty acid-free BSA, 0.25 mM Cyclopamine-KAAD (EMD Milli-
pore, Gibbstown, NJ, http://www.emdmillipore.com/chemicals),
and 50 ng/ml FGF7 (Peprotech) for 2 days (stage 2). Stage 3
entailed culture in DMEM-F12 medium supplemented with
0.25 mmol/l Cyclopamine-KAAD, 2 mmol/l retinoic acid (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com), 100 ng/
ml Noggin (R&D Systems), 50 ng/ml FGF7, and 1% (vol/vol) B27
(Invitrogen) for 4 days. In stage 4, cells were cultured for 3 days
in DMEM-F12 medium with 1 mmol/l ALK5 inhibitor II (Axxora,
San Diego, CA, http://www.axxora.com), 100 ng/ml Noggin, 1
mM 2,4-diamino-5-phenyl thiazole (EMD Millipore) and 1%
B27. For stage 5, cells underwent 7 days of culture in DMEM-
F12mediumsupplementedwith1%B27and1mMALK5 inhibitor.
Finally, in stage 6 cells were further cultured in DMEM-F12 me-
dium with 1% B27 for an additional week.

Protocol 2 was a variation of that already published in [9],
which only describes stages 1–4. In short, the method entails
the treatment of 60%–70% confluent H1 cells to RPMI 1640 me-
dium (Invitrogen) supplemented with 0.2% fetal bovine serum
(FBS) (HyClone, Logan, UT, http://www.hyclone.com), 100 ng/ml
activin-A (Peprotech;RockyHill,NJ),and20ng/mlWnt3A(R&DSys-
tems) for day 1, and then RPMI 1640 medium with 0.5% FBS and
100 ng/ml activin-A for the following 2 days (stage 1). Stage 2
requires DMEM-F12 medium (Invitrogen) supplemented with 2%
FBS and 50 ng/ml FGF7 (Peprotech) for 3 days. Cultures were fur-
ther cultured for 4 days in DMEM-HGmedium (Invitrogen) supple-
mentedwith0.25mmol/l SANT-1 (Sigma-Aldrich),2mmol/l retinoic
acid (Sigma-Aldrich), 100 ng/ml Noggin (R&D Systems), and 1%
(vol/vol) B27 (Invitrogen) (stage 3). Stage 4 cells were obtained
by culturing an additional 3 to 4 days in DMEM-high glucose
(HG) medium supplemented with 1 mmol/l ALK5 inhibitor II
(ALK5i; Axxora), 100 ng/ml Noggin, 50 nmol/l TPB ((2S,5S)-
(E,E)-8-(5-(4-(trifluoromethyl)phenyl)-2,4-pentadienoylamino)
benzolactam; EMD Millipore), and 1% B27 in monolayer format.
At the end of stage 4, cells were gently scraped to form clusters
and further allowed to mature for an additional 15 days in the
same culture medium, either in 35-mm ultralow-attachment
plates (Corning Enterprises, Corning, NY, http://www.corning.com)
at 21% O2 or PFC/PDMS dishes of the same diameter at 9%–12%
O2 (stage 5).

PFC/PDMS Dish Manufacture

Thirty-five-millimeter plates featuring a PFC/PDMSbottommem-
brane were made according to the specifications previously de-
scribed in [15]. In essence, these are similar to standard 35-mm
cell culture dishes in that they feature a rigid plastic structurewith
transparent sides and a loose-fitting lid. The main difference is
that the bottomof theplate is notmadeof gas-impermeable plas-
tic but of an air-permeable, liquid-impermeable PFC-silicone
membrane. This bottom is slightly raised by 1 mm plastic feet
so as to allow airflow from underneath when the dish is placed
on any rigid surface, such as a tray inside an incubator. Cells
are plated covered in culturemedium (as in regular dishes), owing
to the fact that these membranes are liquid-impermeable. How-
ever, the gas permeability and diffusion properties of PFC allow
for enhanced oxygen transfer to the cells, which are in direct con-
tact with the PFC-silicone membrane. This is in addition to the
conventional flowofair thathappensbydiffusion through the cul-
ture medium from the top.
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Oxygen Consumption Rate Measurements

Aliquots of approximately 500 cell aggregates were used for
measurements of oxygen consumption rate in temperature-
controlled, sealed and stirred microchambers (Instech Co., Ply-
mouth Meeting, PA, http://www.instechlabs.com). Oxygen con-
sumption rate per unit time was quantified as in the equation
below:

OCR ¼ D½O2�
Dt

V

where oxygen consumption rate (OCR) is the cellular oxygen
consumption rate in mol per m3 seconds and Dt is the change in
time in seconds, D[O2] is the change in oxygen concentration in
moles, andV is the chamber volume in liters. Aftermeasurements
were completed, cells were collected from the chambers, solubi-
lized in AT extraction buffer, and stored at 280°C for later DNA
quantification.

DNA Quantification/Tissue Volume Determination

DNA was quantified against double-stranded DNA standards us-
ing the Quant-iT pico green assay (Invitrogen). Cell number was
estimated using a previously reported value of 6 pg of DNA per
single cell. Total tissue volume was then derived using the calcu-
lated cell number and single cell volume using the following
equation:

V ¼ 4

3
NpR3

where V is the total tissue volume,N is the cell number, and R
is the average radius of the cells, 53 1026m. From themeasured
consumption rate and tissue volume, the consumption rate per
unit volume was determined.

Finite Element Modeling

To determine optimal incubator settings required to maintain
physiological oxygen profiles in stem cell aggregates during in
vitro culture, finite element modeling was performed with Com-
sol Multiphysics v3.5a software (Burlington, MA, http://www.
comsol.com). Using previously published representative size dis-
tributions for islets of Langerhans, an external oxygen concentra-
tion was targeted that minimized hypoxia (,0.4 mmHg) and
hyperoxia (.80 mmHg) while maintaining maximal tissue vol-
umes in the physiological niche of islets [15]. Maximal and mini-
mal incubator oxygen concentrations were determined using the
mean cellular OCR6 SD of the mean (+SD for maximal,2SD for
minimal). Additional details about themethodare provided in the
supplemental online data.

Glucose-Stimulated Insulin Release

Glucose-stimulated insulin release (GSIR) was done by aliquoting
100 hES cell-derived stage 5 clusters suspended in a Sephadex
G10 slurry (GE Healthcare Biosciences, Pittsburgh, PA, http://
www.gelifesciences.com) within 10-ml microchromatography
columns. Equilibration was reached by incubating the cells in
low-glucose (2.2 mM)-modified Krebs buffer containing 0.1%
wt/vol BSA, 26mMsodiumbicarbonate and25mMHEPESbuffer.
Sequential 1-hour incubations were then conducted in low
(2.2 mM), high (16.6 mM), and low (2.2 mM) buffers. Samples
were collected for insulin analysis at the end of each hour fol-
lowing the preincubation. Insulin was quantified using the

Mercodia Human Insulin ELISA (Winston-Salem, NC, http://
www.mercodia.com).

Use of Human Tissue Material

Investigationswith human tissueswere precededbyUniversity of
Miami institutional review board approval. Human islet prepara-
tions were processed at the Diabetes Research Institute cGMP
Core according to standard methods described elsewhere [18].

Quantitative Reverse Transcription-Polymerase
Chain Reaction

Purification of total RNA was done using the miRNA Mirvana kit
(Life Technologies, Grand Island, NY, http://www.lifetech.com).
Random oligomers were used to create cDNAwith theHigh Capac-
ityReverseTranscriptionkit (LifeTechnologies).Therelativeexpres-
sionof selectedgeneswas calculatedbymeansof TaqManassays in
Applied Biosystems thermal cyclers (Life Technologies). The DCt
method for relative quantification was used for all calculations.

Immunofluorescence

Samples were fixed in 4%paraformaldehyde overnight at 4°C and
then embedded in Tissue-Tek O.C.T. Compound (Sakura, Alphen
aan den Rijn, The Netherlands, http://www.sakuraeu.com) for
10-mm-thick sectioning using a microtome. Tissues collected
from experimental animals were fixed in 10% buffered formalin
solution, and paraffin sectionswere used for hematoxylin and eo-
sin staining (for morphological assessment) and immunofluores-
cence microscopy analysis [19] done at the Imaging Core of the
Diabetes Research Institute. Stainingwas donewith primary anti-
bodies against glucagon (Dako, Glostrup, Denmark, http://www.
dako.com) (1:250 dilution), insulin (Dako) (1:250 dilution), Nkx6.1
(LifeSpan Biosciences, Seattle, WA, http://www.lsbio.com) (1:
250), Pdx1 (Santa Cruz Biotechnology, Dallas, TX, http://www.
scbt.com) (1:50), and Ngn3 (Santa Cruz Biotechnology) (1:100).
Secondary antibodieswere purchased fromMolecular Probes/
Invitrogen (Carlsbad, CA, http://probes.invitrogen.com). Nucleus
counterstaining was done with 49,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). Images were captured using a Leica SP5
inverted confocal microscope with motorized stage (320 dry)
(Leica, Heerbrugg, Switzerland, http://www.leica.com). Meta-
morph imaging softwarewas used to quantify the insulin and glu-
cagon signal.

Animal Studies

All animal procedures were done andmonitored under protocols
approved by the University of Miami Institutional Animal Care
andUseCommittee.Athymic (nu/nu)mice (5–6weeksold;Harlan
Laboratories, Indianapolis, IN, http://www.harlan.com) were
housed in virus antibody-free rooms at the Division of Veterinary
Resources. Personnel at the Translational Models Core of the Di-
abetes Research Institute performed all surgical procedures. A
single stz injection induced selective destruction of islet b cells
and onset of diabetes. Animals were monitored and subcutane-
ous insulin pellets (Linplant; LinShin Canada Inc., Toronto,
Ontario, Canada, http://linshincanada.com) used as needed to
maintain weight and overall health of the animals prior to trans-
plantation. Under general anesthesia (isoflurane inhalation, to ef-
fect), the left kidney was externalized and a small puncture made
in its capsule. Approximately 8.5 3 106 cells were injected in
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a minimal volume of saline, as described in [20]. Buprenorphine
was administered subcutaneously to alleviate postsurgical pain.
After transplantation, recipients were followed up with blood
glucose measurements to monitor graft function on whole
blood (tail vein pricking) using portable glucometers (OneTou-
chUltra2; LifeScan). Hyperbaric oxygen therapy was started on
the day of the transplant and consisted of daily 60-min exposure
to 100% oxygen (HOT-100%) at 2.0 atm absolute (ATA) into
small-animal hyperbaric chambers (RSI-B11; Reimers Systems),
as detailed in [19]. Control animals were handled similarly with-
out undergoing HOT [19]. Human C-peptide in serum was mea-
sured using an enzyme-linked immunosorbent assay (ELISA) kit
(Mercodia) on samples collected at selected time points after
transplantation as basal (fasting), nonfasting (fed animals),
and/or 60minutes after glucose bolus stimulation, as described
in [20].

Statistical Analyses

Statistical significance of differences between groups was
assessed by the two-tailed Student’s t test. In all comparisons, a
value of p, .05 was considered statistically significant, and values
ofp # .01wereconsideredhighly significant. ForHOTanimal stud-
ies, we used n = 4 per group. A group size of n = 3 was used for in
vitro analyses.

RESULTS

In Vitro Differentiation of hES Cells Yields Nonfunctional
Polyhormonal Cell Types

Using a variation of theprotocol recently described in [17], H1hES
cellswere induced todifferentiate along thepancreatic endocrine
cell lineage by progressive adoption of definitive endoderm
(stage 1), primitive gut tube (stage 2), posterior foregut (stage
3), pancreatic endoderm (stage 4), endocrine progenitor (stage
5) and mature endocrine (stage 6) fates. A basic fluorescein
diacetate/propidium iodide viability assay indicates that the cells
at the final stage of differentiation are .99% viable (data not
shown). Total insulin content was 48.91 mU of insulin/mg of
protein, which is approximately 10% the amount of previously
published determinations for human islet preparations [21].
However, these aggregates did not exhibit glucose-regulated
insulin secretion, as evidenced both by static incubation and
perfusion (data not shown).

Quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR) data (Fig. 1A) indicates that stage 6 aggre-
gates express numerous key pancreatic endocrine markers at
levels that are almost comparable (GCK, Nkx2.2, Hlxb9, Pdx1,
synaptophysin), if not even higher (glucagon, HNF1b, HNF4a)
than those detected in a human islet preparation. However, insu-
lin expression asmeasured by RT-PCRwas still approximately half
that of native islets. Another marker of b-cell functionality, Glut-
2, was expressed at 1/6 the level seen in islets, and Ngn3 (a pro-
endocrinemarker of immature pancreatic progenitors, nearly un-
detectable in adult islets) was .50-fold higher. Insulin and
glucagon were largely coexpressed by the same cells, as evi-
denced by the near total absence of single red (insulin) or green
(glucagon) signal (Fig. 1B).

Theoxygen consumption index (OCI) of human islets hasbeen
shown to be highly predictive of islet function in vivo, with indices
.1.27 resulting in 90% success in diabetes reversal within 3 days

of full mass transplantation in immunodeficient rodents [22].
However, the OCI of stage 5 cells was only 0.835. Paradoxically,
the b cell fractional viability index of stage 5 cells was 0.47, with
indices.0.3 being 90% predictive of in vivo diabetes reversal us-
ing the same model [23].

Transplantation of Stage 6 Aggregates Does Not Result
in Diabetes Reversal

Although the majority of the analyses conducted in the previous
section (OCI, colocalization of insulin and glucagon, in vitro glu-
cose irresponsiveness) would be consistent with a prediction of
nonfunction in vivo, the relatively high insulin production and in-
triguingRT-PCRprofile ledus toassess theability of stage6 cells to
correct hyperglycemia in streptozotocin-induced diabetic immu-
nodeficient (nu/nu) mice. Transplantation was done as described
in the Methods section. At postoperative day (POD) +14, none of
the transplanted animals had returned to normoglycemia. One of
themice was humanely sacrificed and the graft explanted for im-
munohistochemical analysis. As shown in Figure 2A, the trans-
planted cells engrafted well and exhibited strong insulin and
glucagon staining. However, a high degree of colocalization indi-
cated that these cells were still polyhormonal, and as such imma-
ture. In contrast, control mice transplanted with human islets, as
expected, had monohormonal insulin+ or glucagon+ cells (Fig.
2B). The remaining animal was sacrificed at POD +76, at which
point the transplanted kidney had developed a large neoplastic
mass (Fig. 2C) and insulin expression was virtually undetectable
(data not shown). A pathological analysis of this mass revealed
the presence of cartilage tissue, intestinal epithelium, blood ves-
sels, and glandular structures, with no overt evidence of primitive
neural epithelium. These features were consistent with those of
a teratoma.

Post-Transplantation HOT Supports Functional
b-Cell Maturation

The above experiments suggest that stage 6 cells might have al-
readymatured into terminal phenotypes that arenot permissive
for glucose-regulated insulin secretion. Thus, we decided to
transplant instead pancreatic progenitor cells, characterized
by the expression of Pdx1 and Nkx6.1 but not significant
amounts of endocrine hormones (data not shown). As reported
elsewhere, such cells are amenable to functional maturation in-
to monohormonal b cells upon transplantation inmice [8, 9]. As
the use of HOT has proven beneficial for islet survival and func-
tion during the critical post-transplantation time [24], we rea-
soned that a daily HOT regimen following the transplantation
of stage 4 cells might accelerate their maturation. Eight
streptozotocin-treated, nu/nu mice were transplanted with
8.53 106 stage 4 PP cells and assigned to one of the following
groups: HOT (which received a 1 hour/day hyperbaric oxygen
session for 40 days) or control (which were similarly manipu-
lated daily but received no treatment). All mice were diabetic
at the time of transplantation, and were maintained in good
general condition by subcutaneous insulin pellets (Linplant) as
needed throughout the entirety of the experiment. The esti-
mated volume of the grafted cells was 7.47 6 2.23 ml (range,
5.3–10.6 mm) in the control group and 8.776 1.27 mm (range,
7.9–10.6 mm) in the HOT group (p = not significant). Human C-
peptide in serumwasmeasured at POD +42 (stimulated sample,
60 minutes) and PODs +64, +84, +125, and +160 (basal sample,
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nonfasting, nonstimulated). One mouse from each group died
before POD +64 (day of the first nonstimulated C-peptide mea-
surement). Mice in the control group required a second insulin
pellet on POD+54 tomaintain good general condition.OnPOD+142
and subsequently POD +170, the pellets had to be replaced with
new ones because mice showed significant weight loss (Fig. 3).
Mice in the HOT group, in contrast, maintained good weight
and general condition after the insulin pellet was placed on
POD +43 without the need for new ones until around POD +150,
when the only animal with no detectable human C-peptide
in this group (mouse HOT-3) started to lose weight and died.
The other twomice in this groupmaintained good bodyweight
throughout the follow-up period (Fig. 3). Mouse HOT-2 became
normoglycemic on POD +149 (human C-peptide at POD +160 =
157 pmol/l) and mouse HOT-4 had fluctuating glycemic values
for some time, reaching normoglycemia at POD +173 (human
C-peptide at POD +160 = 234 pmol/l). A nephrectomy of the
graft-bearing kidney was conducted in these two animals at
POD +202 to confirm that reversal of diabetes was due to the
implanted cells. This was at least the case of mouse HOT-2.
Mouse HOT-4, however, was sacrificed at the time of nephrec-
tomy because of the presence of a large (∼1.8 cm), well-defined
neoplasm as well as adherences to the adjacent pancreas and
splenomegaly (supplemental online Fig. 1a). Both HOT animals
had good separation of a and b cells in the site of the graft,
whereas insulin+ cells were virtually undetectable in their pan-
creata (supplemental online Fig. 1a, 1b). Control animals, in con-
trast, had only fibrotic tissue at the site of the cell inoculum.
Mouse CRTL-3 had a renal cyst at caudal renal pole (data not
shown).

In Vitro Targeting of Physiological Oxygen Partial
Pressure Results in Enhanced Endocrine Differentiation
and Increased Separation of a and b Cells

The previous set of experiments showed that HOT was able to
provide an environment that supported functional b cell matura-
tion fromPP cells in vivo. However, it took several months for this
to occur, and HOT did not prevent the formation of tumors in the
graft site. Because of this, we decided to use oxygen modulation
in the context of the original hES cell differentiationmethod, with
the goal of defining a set of conditions conducive to full matura-
tion in vitro. Success at achieving such an outcome, we reasoned,
might lead to faster diabetes reversal and potentially lower inci-
dence of tumoral lesions upon transplantation.

We have previously established that the in vitro targeting of
an oxygen partial pressure (pO2) known to be in the physiological
range forb cells [16] results in increased islet survival and function
[15] as well as enhanced endocrine cell differentiation from na-
tive murine PP cells [10]. To accomplish this targeting, we made
use of culture dishes in which the surface in contact with the cells
is made of an air-permeable, liquid impermeable PFC/PDMS
membrane [15]. Using the observed size distribution (50–300 mm,
with a majority of aggregates in the 100–150 mm range) and
the measured range of oxygen consumption rates (maximum
and minimum) for the stage 4 stem cell aggregates, COMSOL
v3.3 finite element analysis software-assisted computerized mod-
eling ofoxygendiffusion through cell aggregates (two-dimensional
diffusion/reaction finite element modeling on permutations of
control and experimental culture systems) was performed. The
goal of this modeling was to determine the needed external

Figure 1. Gene expression and immunofluorescence profile of stage 6 cells. (A):Quantitative real-time reverse transcription-polymerase chain
reaction of 14 representative markers of pancreatic endocrine cell differentiation. Open columns indicate human isolated islets (positive con-
trol). Gray columns indicate stage 6 human embryonic stem cell-derived endocrine-like cells. Bars indicate SE. The y-axis indicates fold increase
over 18S (endogenous normalizer). (B): Immunofluorescence staining of insulin (red) and glucagon (green). Scale bar = 150mm. Abbreviations:
DAPI, 49,6-diamidino-2-phenylindole; Glu, glucagon; Ins, insulin.
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(incubator) oxygen partial pressure to maintain the majority of
cultured tissue at or near physiological oxygen levels (40–80
mmHg) while avoiding hypoxic or anoxic conditions (0.1–0.4
mmHg), as detailed in prior work with islets and pancreatic pre-
cursor tissues [10, 15]. As shown in supplemental online Figure 2,
we came up with a range of 9%–12% external (incubator) O2

concentration at which the majority of the aggregates would
be at a physiological or near-physiological pO2 range. In contrast,
control stage 4 aggregates plated in ultra-low attachment plates
at atmospheric 21% O2 exhibited a higher degree of hypoxia.
When an oxygen-permeable membrane is used at the bottom, as
is the case with PFC/PDMS dishes, even lower-than-atmospheric

Figure 2. Immunofluorescence and histopathological analysis of stage 5-transplanted cells. (A): Inoculum site under the kidney capsule show-
ing engraftment of stage 5 cells (POD +14) expressing glucagon (green) and insulin (red). Blue: DAPI. Scale bar = 100mm. (B): Engrafted human
islets (positive control). Glucagon (green) and insulin (red). Blue:DAPI. Scale bar =100mm. (C):Composite hematoxylin/eosinmicrophotographs
of a histopathological section of the teratoma developed in the graft-bearing kidney explanted on day postoperative day +75 (D). Insulin and
glucagon staining were not detectable (not shown). Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; Glu, glucagon; Ins, insulin.
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O2concentrationsareenough toensureaphysiological-likeoxygen-
ation throughout the tissue.

hES cells were allowed to differentiate up to stage 4 (PP) in
normal tissue culture-treated 6-well plates. Cell clusters were de-
tached from the plastic by gentle pipetting and subsequently
plated either in ultralow-attachment 30-mm dishes at 21% O2

or PFC/PDMS dishes of the same diameter at 9%–12% O2,
depending on the oxygen consumption rate of each sample. Ag-
gregate density wasmaintained in both groups for the remainder

of the experiment (15 days). Samples were collected at the end of
this period for quantitative RT-PCR and IF analysis. Aliquots of live
cells were used to conduct a GSIR assay in vitro. Cells grown in
control (21%O2, standard plates) conditions had the general phe-
notype shown in Figure 4. They expressed markers of pancreatic
endocrine specification such as Nkx6.1 (Fig. 4A), Ngn3 (Fig. 4B),
and Pdx1 (Fig. 4C), as well as insulin and glucagon (Figs.
4A–4D). Nkx6.1 and Ngn3 expression tended to be cytoplasmic
and often colocalized with the islet hormones. Pdx1, in contrast,

Figure 3. Followupof diabetic nu/numice transplantedwith stage 4pancreatic progenitor cells and exposed to ahyperbaric oxygen treatment
(HOT) regimen for 40 days. (A):Bodyweight (g) of animals in theHOT (n=4, left panel) and control (n=3; right panel) groups. The x-axis indicates
days after transplantation. (B, C):Nonfasting blood glucosemeasurements (mg/dl) in control (B) and HOT (C) groups. The gray area in the latter
represents the 40-day treatment. The x-axis indicates days after transplantation. Upward arrows indicate time of implantation of an insulin (LP)
pellet. p, Nephrectomy of the graft-bearing kidney. Abbreviations: CTRL, control; HOT, hyperbaric oxygen treatment.
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tended to be nuclear (Fig. 4C, inset) and was detected preferen-
tially in hormone-negative cells. Although to a lesser degree than
in the first version of the protocol (Fig. 1), coexpression of insulin
and glucagonwas still noticeable (Fig. 4D). As shown in Figure 5A,
the expression of most key markers of pancreatic development
was significantly upregulated in the PFC/PDMS group versus
the above control. In addition to the islet hormones, markers
of terminal pancreatic endocrine cell maturation such as Pdx1
(28-fold), Nkx6.1 (43-fold), glucokinase (9-fold), synaptophysin
(26-fold), and islet amyloid polypeptide (62-fold) were signifi-
cantly (p, .05) upregulated. Notably, the immunostaining for in-
sulin and glucagon (Fig. 4B) revealed a much better separation of
the two hormones in the oxygen-modulated group. Metamorph
analysis showed that the ratio between cells that expressed insu-
lin alone versus those that expressed either glucagon or both glu-
cagonand insulinwashigher in theoxygen-modulated group than
in the controls, although in both instances it remained below that
calculated for a human islet preparation (Fig. 5C). Finally, the cul-
tures described above were subjected to GSIR assays. Clusters
were exposed to low glucose-containing medium (L1, 2.2 mM)
followed by high glucose (H, 16.6 mM) and finally to low glucose
again (L2) to rule out that cells might be “dumping” insulin rather
than responding in a physiologicalmanner.Mediumwas collected,

and C-peptide levels were measured by ELISA (Mercodia). The
results are displayed in Figure 5D. Although no significant respon-
siveness was noted in the oxygen-modulated cells (stimulation
index, 1.1 6 0.02), the overall levels of C-peptide release were
significantly higher (p, .05) than in the control (cell clusters cul-
tured from stage 4 in ultralow-attachment plates at 21% O2). The
overall histological appearance and organization of the oxygen-
modulated clusters was almost undistinguishable from that of
human isolated islets. The effects of this intervention were most
noticeable in batches such as the one shown in Figure 6, which
at the end of the standard differentiation process was deemed
suboptimal due to a lowb-cell yield (top panel). The parallel com-
pletion of differentiation in a separate aliquot placed in oxygen-
optimized conditions, however, led to a significant increase in
endocrine cell differentiation (bottom panel).

DISCUSSION

Last-generation protocols for the differentiation of pluripotent
stem cells along the pancreatic endocrine cell lineage have been
highly successful up to thePP stage [5, 7–9, 25–29]. but so far have
failed to consistently yield functionalb cells in vitro. Theexistence

Figure 4. Phenotypic analysis of pancreatic progenitor cells allowed to mature in regular conditions. (A–D): Immunofluorescence analysis.
Following in vitro maturation, these cells expressed Nkx6.1 (A), Ngn3 (B), Pdx1 (C), insulin, and glucagon (A–D). Nkx6.1 and Ngn3 expression
was often seen in the cytosolic compartment ([A] and [B], insets), togetherwith hormone signal. However, Pdx1 tended to benuclear ([C], inset)
and was mostly observed in hormone-negative cells. (A–C): Clockwise from top left (including insets): Nkx6.1, Ngn3, and Pdx1 (blue), insulin
(red), glucagon (green), and DAPI (gray). (D): Insulin (red), glucagon (green), and DAPI (blue). Scale bars = 150mm (mainmicrophotographs) and
50 mm (insets). Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; Glu, glucagon; Ins, insulin.
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Figure 5. Oxygenmodulation results in immunohistochemical, gene expression, and functional changes consistentwith a bettermaturation of
hES cells toward pancreatic endocrine fates. (A): Quantitative reverse transcription-polymerase chain reaction analysis of 20 relevant markers of
pancreaticendocrinedevelopmentplusOct3/4(amarkerofpluripotency).They-axis indicatesfold increaseversuscontrol (cellsdifferentiated inregular
cell culturedishesat 21%O2).Opencolumns: control cells.Gray columns:oxygen-modulated cells. Bars indicateSE.All differencesbetweencontrol and
experimental groupwere statistically significant (p, .05). (B):Representativemicrophotographsof control (left column) andoxygen-modulated (right
column) cultures. Coexpression of insulin (red) and glucagon (green) was more commonly observed in control than in oxygen-modulated conditions.
Pdx1 staining (blue) alsoappeared tobe stronger in the latter. Scalebars=20mm(top row)and100mm(bottomrow). (C):Metamorph-calculated ratio
of insulin-expressing cells versus cells that expressed either glucagon or insulin + glucagon. Control stage 5 cells, oxygen-modulated stage 5 cells and
human isolated islets were examined. Bars indicate SE (n = 3). Differences between the islet ratio and the other two ratios were statistically significant
(p, .01). (D): Glucose-stimulated insulin release assay conducted on oxygen-modulated stage 5 cells (gray columns) and control stage 5 cells (black
columns).Measurements were taken in triplicate. The y-axis indicates insulin (microunits/ml). x-axis indicates L1 (low glucose 1: 2.2mM), H (high glu-
cose: 16.6mM), and L2 (low glucose 2: 2.2 mM). Bars indicate SE. Abbreviations: C, control; glu, glucagon; H, high glucose; L, low glucose; ins, insulin.
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of this bottleneck, which has steered the field toward in vivomat-
uration strategies [8, 9, 25, 27], indicates that there is a missing
element in in vitro settings. Although such a factor could very
well be chemical, the failure to detect it among the hundreds
of such agents tested through high-throughput screening ap-
proaches [9, 17, 30] makes it more likely that the defect is more
related to our inability to fully mimic the niche in which b-cell
specification takes place.

The role of evolving oxygen tensions in the control of pancre-
atic endocrine differentiation is now well established [10–15].
The very biology of the adult islet, which receives approximately
25% of the total amount of oxygen that is delivered to the pan-
creas in spite of itsmarginal share of the overall mass of the organ
[31, 32] hints at the importance of this physical variable in its on-
togeny. Our previous studies with human isolated islets [15] and

murine pancreatic progenitors [10] strongly suggest that oxygen
is a key component of the b-cell niche and as such ought to be
carefully adjusted when its differentiation is recapitulated in
vitro.

Basedonour previous findings onmurine PP cells, wehypoth-
esized that oxygenmodulationmight also have a drastic effect on
the outcomeofb-cell differentiation fromhES cells.We set out to
test this hypothesis in two distinct settings. In the first one, mice
transplanted with hES-derived PP cells were exposed to a daily
HOT. Althoughwe have previously shown other beneficial effects
of HOT in adult mice (such as a somewhat reduced rate of auto-
immune diabetes and enhanced b cell replication [19]), in this
case the rationalewas thewell-known fact that cells transplanted
under the kidney capsule experience a hypoxic environment until
vascularization ensues [16, 33]. Such hypoxic conditions would

Figure 6. Immunofluorescence comparison of oxygen-modulated and control stage 5 cells. (A): Top row: control cells; bottom row: oxygen-
modulation group. The pancreatic progenitormarkers Nkx6.1 (red) and Pdx1 (blue)were examined at the same time point. (B): Top row: control
cells; bottom row: oxygen-modulation group. The terminal pancreatic endocrine markers insulin (red) and glucagon (green) were analyzed.
Scale bars = 150 mm. Abbreviations: Glu, glucagon; Ins, insulin.
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affect PP cells precisely at the time during which enhanced oxy-
genation is thought to be required for their maturation. As HOT
has been shown to improve murine islet survival following trans-
plantation under the kidney capsule [24], the assumption was
made that hES-derived PP cells delivered to the same location
would also find increased oxygen levels and thus mature faster
than in control (not exposed to a hyperbaric regimen) animals.
Our findings confirmed this hypothesis. Following transplantation
of stage 4 PP cells under the kidney capsule, diabetes was re-
versed in half of the animals exposed to HOT (none in the control
group). In addition, all the animals in the experimental group
maintained body weight throughout the course of the experi-
ment and required less exogenous insulin administration than
control mice. The analysis of the grafts demonstrated good seg-
regation of a and b cells in the HOT group, whereas the control
group lackedmature pancreatic endocrine cells. At the very least,
these results suggest that enhanced tissue oxygenation creates
an environment that is permissive for in vivo PP engraftment
and b-cell maturation. However, this approach did not prevent
the formation of teratomous lesions.

The second setting in which we tested our hypothesis was in
vitro, the rationale being that completion of maturation prior to
transplantationmighthelpnotonly in the functional characteriza-
tionof the transplantable tissues, but also, potentially, inminimiz-
ing the risk of tumor formation. Our previous research onmurine
PP cells shows that just ensuring that the pO2 of cultured embry-
onic day 13.5 (e13.5) dorsal pancreatic buds remains within the
physiological range for islets (40–80 mmHg) is sufficient for the
faithful recapitulation of in vivo development [10]. Additionally,
our experiments demonstrated that the targeting of physiolog-
ical oxygen levels results in a selective bias of differentiation
toward endocrine cell fates. Such fine-tuning of pO2 required
the manufacture of specialized culture devices [15] in which
air is distributed to the cultured cells in a bidirectional manner,
that is, by passive diffusion through the culture medium (top)
and by placing the cells atop a PDMS/PFCmembrane directly ex-
posed to the atmospheric air (bottom). Conventional means of
culture, in contrast, are characterized by a unidirectional flow of
air (i.e., from the top) and therefore are unable to prevent the
formation of oxygen diffusion gradients across the cultured
tissues.

We reasoned that the addition of a final in vitro step to our
b-cell differentiationmethod [9], conducted in PDMS/PFC dishes
that ensure that thematuration of PP cells occurs at the right pO2,
might result in enhanced b-cell differentiation. A comprehensive
redesign of this protocol would require a sequential optimization
of each one of its stages, comparing the effect of optimized oxy-
genationwithin the appropriate range for each phase. The result-
ing method would account for the physiological pO2 patterns
observed in vivo. However, at this time we decided to focus only
on stage 4 cells. Even if it could be argued that standard differen-
tiation up to that point is still subject to improvement, the most
critical andwell-documented change in pO2 occurs precisely after
the generation of PP cells [11, 34]. It is generally accepted that
mammalian development occurs at very low O2 levels prior to
the onset of blood circulation [35–41]. Therefore, it is reasonable
to expect thatmost of the development of the pancreas occurs in
hypoxic conditions, at least until the advent of blood flow in the
organ at approximately e13.5 (mousemodel) [34]. As standard in
vitro conditions tend to be hypoxic at the cell level anyway, the
need for oxygen modulation during stages 1–4 might not be

as dire. Proof of that, in fact, is that last-generation hES cell dif-
ferentiation protocols exhibit a high PP generation efficiency
[27]. We have proposed a model [11] whereby the onset of
circulation/blood oxygenation within the developing pancreas
might be ultimately responsible for the molecular changes that
lead to endocrine cell differentiation. Indeed, islets have much
higher oxygen requirements than the surrounding tissue [31,
32]. PDMS/PFC devices can effectively meet these oxygen
requirements whereas conventional ones cannot. hES cell differ-
entiation methods have been traditionally developed with the
latter, which are unfit to support optimal islet cell differentiation
and survival. Hence, our working hypothesis was that the appro-
priate specification and maturation of stage 4 PP cells is likely to
require a switch from low to high (40–80 mmHg) pO2 [16, 33]. In
our experimental setting, aliquots of stage 4PPcellswere allowed
to mature in vitro in two different conditions: in regular cell cul-
ture plates at 21%O2 and in PFC/PDMSdishes at 9%–12%O2. Per-
haps counterintuitively, the latter condition offers a higher and
more uniform degree of oxygenation of PP clusters than normal
conditions at 21% oxygen because of the minimization of gas dif-
fusion gradients and hypoxic regions within the aggregate. The
9%–12% range was calculated to target a physiological oxygen
concentration range across most of the volume of these aggre-
gates when cultured in PFC/PDMS devices, based on their plat-
ing density, average diameter, and oxygen consumption rate
(OCR) at this stage. The analysis of the differentiation outcome
reflected dramatic gains in the expression of key pancreatic en-
docrine genes when comparing the oxygen-modulated group to
the controls, which was confirmed by immunofluorescence.
There was also a noticeably higher degree of separation be-
tween the two main islet hormones (glucagon and insulin),
which appeared to be largely expressed in different cells. Coex-
pression remained the norm, however, in cultures allowed to
mature under regular conditions.

CONCLUSION

Despite the obvious improvement in endocrine cell differentia-
tion using oxygen modulation, further refinements will be neces-
sary to achieve functional b-like cells in vitro that could be used
for transplantation with a reasonable chance of success. This was
evidenced by the relative nonresponsiveness of PFC/PDMS-
matured cells in a GSIR assay. For all its benefits, the modulation
of oxygen is just one of the many components of the ideal b-cell
differentiation niche. The synergistic addition of other elements,
such as the use of an organ-matched extracellular matrix and/or
the presence of other “helper” cell types found in the native niche
(such asmesenchymal [42, 43] or endothelial [44–46]), will get us
closer to the goal of ex vivo recapitulating islet development in its
entirety.
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