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Introduction

The only hormone that can decrease circulating glucose levels is
insulin. Insulin is produced in B cells, and its secretion into the
bloodstream is tightly regulated to control glucose homeostasis. 3
cells reside in the pancreas and are organized in clusters of endo-
crine cells called islets of Langerhans. A human pancreas weights
91.8 g (ranging between 40.9 and 182 g based on analysis of 30
samples) (1). It contains approximately 1 billion B cells, which
corresponds to 1 g of tissue and 10 mg of insulin — sufficient to
control blood glucose levels for 2 weeks (2). A single f cell is esti-
mated to produce 1 million molecules of insulin per minute (3)
and to contain 10 pg of insulin packed into 10,000 granules (4).
In people with type 1 diabetes, p cells are selectively destroyed by
an autoimmune attack, creating an absolute insulin deficiency. In
people with type 2 diabetes, there is a relative insulin deficiency,
which is mainly due to an insulin secretory defect associated with
insulin resistance (5).

Over the past century — mainly since 1921, when Banting
and Best started treating diabetic dogs with pancreas extracts —
our understanding of how f cells develop, grow, function, sur-
vive, and die in physiological and pathological conditions has
improved impressively. Much of our understanding comes from
rodent models in which the phenotype of f cells from wild-type
and transgenic mice and rats was analyzed first in vivo and,
once islet isolation procedures were established (6), expand-
ed upon in vitro. A series of rodent f cell lines developed since
the 1970s have further benefited p cell biology. These cell lines
offered a robust and reproducible supply of B cells, allowing
the use of technologies that require large amounts of cells or
cell products. In recent years, major efforts have been aimed at
comparing rodent B cells with their human counterparts (7-10).
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Patients with type 1 or type 2 diabetes have an insufficiency in their functional p cell mass. To advance diabetes treatment
and to work toward a cure, a better understanding of how to protect the pancreatic p cells against autoimmune or metabolic
assaults (e.g., obesity, gestation) will be required. Over the past decades, P cell protection has been extensively investigated in
rodents both in vivo and in vitro using isolated islets or rodent § cell lines. Transferring these rodent data to humans has long
been challenging, at least partly for technical reasons: primary human islet preparations were scarce and functional human
cell lines were lacking. In 2011, we described a robust protocol of targeted oncogenesis in human fetal pancreas and produced
the first functional human p cell line, and in subsequent years additional lines with specific traits. These cell lines are currently
used by more than 150 academic and industrial laboratories worldwide. In this Review, we first explain how we developed the
human  cell lines and why we think we succeeded where others, despite major efforts, did not. Next, we discuss the use of
such functional human f cell lines and share some perspectives on their use to advance diabetes research.

An increase in human islet preparations available for research
has improved our understanding of what a human B cell is, but
the material remains scarce, its availability is unpredictable,
and the quality is variable.

In 2011, we published the generation of a new cell line,
EndoC-pH1, which could be used to study human B cells (11).
The work was highlighted in a Commentary in the JCI entitled
“Finally! A human pancreatic f cell line” (12) and also drew the
attention of the Innovative Medicines Initiative (https://www.
imi.europa.eu/) (13). Here, we discuss the usefulness of human
B celllines to increase our understanding of human islet biology
and diabetes.

Challenges in human islet biology

Human f cells represent 1%-2% of the total pancreatic mass.
Their study has been limited for years because of the scarcity
of human donor pancreata and the difficulty of accessing islet
preparations. Over the past 20 years, our knowledge of human f
cell biology sharply increased with the rise in human pancreata
and islets available to researchers. Initiatives such as the Network
for Pancreatic Organ Donors with Diabetes (https://www.jdrfn-
pod.org/) provide an efficient platform to procure human pancre-
ata from diabetic and nondiabetic donors (14). Islet preparations
were used to study the transcriptome and function of human
cells and to test whether knowledge derived from rodent experi-
ments was applicable to human f cells (15-17). For example, com-
parisons between mouse and human islets revealed major differ-
ences regarding the deleterious effects of glucose or lipid excess
on insulin secretion (15-17). In addition, islets from young and
adult human donors were compared (18-22) and showed substan-
tial differences in terms of growth factor sensitivity (18), B cell
proliferation (19), and function (21). Finally, islets from healthy
controls and people with type 1 (23-26), type 2 (27-31), monogen-
ic (32), or gestational diabetes (33) were compared. Islets from
type 2 diabetes have, for example, provided a transcriptional sig-
nature of the human B cells during disease (27-31).
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While our knowledge surely increased, we also learned that
interpreting data from human islets is often complicated. Indeed,
human islets are prepared from deceased donors who differ in
several aspects, including sex, age, cause of death, body mass
index, comorbidity, and treatments received (34). Following pan-
creas procurement, the islets need to be isolated, which involves
mechanical and enzymatic digestion of the exocrine pancreas
without affecting the integrity of the islets (35). Next, islets are
cultured at the isolation center, sent out worldwide for either clin-
ical transplantation or research purposes, and then again cultured
by the receiving institute before manipulation. While some stud-
ies have shown that human islets in culture lose their functional-
ity with time (36), others have kept islets in culture for more than
9 months while preserving their function (37). These differences
may depend on a range of variables, of which some are known,
e.g., the quality of the islet preparation and the culture conditions,
while others likely remain unknown. Notably, the frequency of f§
cells from one islet preparation to another is highly variable. Of 13
islet preparations from donors without diabetes, it was shown that
the relative proportion of B cells varied between about 30% and
75% of the total endocrine cell population (38). This most likely
underestimates the overall variability in B cell content of human
islet preparations (percentage of the total cell number), as even
expert islet isolation centers report high variability of contamina-
tion with nonendocrine cells (mainly acinar and duct cells) (39).
Finally, human islet function remains highly variable from one
preparation to another, even in the leading islet isolation centers
(40). One of our key aims should thus be to rigorously phenotype
as many human islet preparations as possible. This important
issue was discussed and put forward in a recent review and will
change, for the better, our ability to interpret data on human B
cells (10). In a recent joint statement, the official journals of the
American Diabetes Association and the European Association
for the Study of Diabetes, Diabetes and Diabetologia, respectively,
have highlighted the need for improved reporting of human islets
used for research and proposed a checklist (http://diabetes.dia-
betesjournals.org/content/human-islet-policy) to facilitate stan-
dardized reporting.

Human P cell lines: from rodent to human

The first rodent B cell lines were developed in the 1970s. They
have been generated in different species: Rattus norvegicus (RIN
and INS1 cells), derived from x-ray-induced insulinomas in rats
(41, 42); Cricetus cricetus (HIT cells), obtained by simian virus 40
(SV40) transformation of adult hamster islet cells (43); and Mus
musculus (BTCs and Miné6 cells), produced by targeted oncogen-
esis in transgenic mice expressing an insulin promoter SV40 ear-
ly region that contained the coding information for SV40 large T
(SV40LT) and SV40 small t tumor antigens (44-46). These cell
lines have been very useful for detailed study of rodent p cells. In
contrast, the generation of a functional human § cell line proved
to be more complicated, and despite major investments, the
undertaking remained frustrating. For example, the BetaLox-5
cell line, published in 1999, was derived from purified p cells of a
human fetal pancreas at 24 weeks of development by transduction
with retroviral vectors expressing the SV40LT antigen, the onco-
gene Hras'2, and the human telomerase reverse transcriptase
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(hTERT) (47-49). However, this line expressed low levels of insu-
lin (INS) and was unstable, with INS expression decreasing even
further with passages, which explains why it was not frequently
used by the scientific community. In 2005, there was a seemingly
major breakthrough in the field as a multinational team published
a reversibly transformed human p cell line. The NAKT-15 cell line
was derived by Moloney murine leukemia virus (MoMLV) long
terminal repeat-driven expression of SV40LT and hTERT in islet
cells. NAKT-15 cells were highly similar to primary human p cells
in terms of expression of key transcription factors, insulin produc-
tion, and glucose responsiveness. It was even possible to excise
the SV40LT and hTERT oncogenes in order to obtain postmitotic
human B cells (50). At the time of publication, the NAKT-15 cell
line drew the attention of the scientific community, as it repre-
sented a powerful tool for diabetes research (51). However, some
points in the work remain unclear. First, NAKT-15 cells were gen-
erated upon transduction of adult human islets with y-retroviral
vectors. It is well established that these vectors can only stably
transduce proliferating cells (52). However, adult human B cells
are mostly if not exclusively postmitotic. A recent study found no 8
cell proliferation, as determined by Ki-67 immunostaining, among
a total of 37,845 B cells analyzed on pancreata from 18 nondiabet-
ic subjects (53). Second, when expressed by adult human § cells,
SV4O0LT is inefficient in activating markers of proliferation (11,
54). Finally, to our knowledge, the NAKT-15 cell line has only been
used in two original publications (55, 56), and it did not find its way
into diabetes laboratories around the world.

In the early 2000s, we decided to try to generate human
cell lines. Our protocol was based on the successes and failures
of previous attempts (44-46, 49, 50). We chose human fetal pan-
creata as starting material because they were thought to be more
prone to immortalization than adult pancreas. We reasoned that
a higher proliferation rate in fetal cells would render them more
susceptible to both transduction and the pro-proliferative effect
of the introduced oncogenes. Lentiviral vectors were used for
transduction, and SV40LT and hTERT were chosen for immor-
talization. At that time this was a risky choice, since human cell
transformation was considered to require the combined expres-
sion of SV40 early region, hTERT, and an oncogenic mutant of
H-RAS (Hras"") (57). In some settings, however, hTERT alone
has been used successfully to immortalize neural progenitor cells
derived from human fetal spinal cord (58). In our approach, we
included a 405-bp fragment of the rat insulin-2 promoter (RIP) to
drive the expression of SV40LT and hTERT. This promoter frag-
ment was well characterized and displays specificity and efficien-
cy in both rodent and human pancreatic f cells (59-61). Overall,
our approach based on targeted oncogenesis in fetal pancreatic
tissues resembled the one used to derive the BTC and Min6 cell
lines from transgenic mice. As access to human fetal pancreatic
fragments is limited, we validated each step of the process using
rat fetal pancreata as starting material (62).

We next used this protocol to generate an initial human f cell
line. Drawings of'this protocol can be seen in ref. 8 and ref. 12. First,
we transduced fragments of human fetal pancreata (7-11 weeks of
gestation) with a lentiviral vector expressing SV40OLT. At this early
stage of development, the human pancreas is mainly composed of
progenitors and few insulin-containing cells (63-65). Our hypoth-
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Figure 1. Distribution of human § cell lines worldwide.

esis was that the SV40LT oncogene would integrate randomly
into the pancreatic cells, but that it would only be expressed when
those progenitors differentiated into INS-expressing B cells (the
oncogene being under the control of the insulin promoter). Next,
we transplanted the transduced human pancreatic fragments into
immune-compromised (SCID) mice, which formed a permissive
environment for human fetal pancreatic progenitor growth and
differentiation (66, 67). In the case of transduction of a § cell pro-
genitor, this resulted in the development of an insulinoma. Next,
the insulinomas were transduced with a lentiviral vector express-
ing hTERT and again grafted into SCID mice to amplify the prolif-
erating P cells. Finally, the insulinomas were surgically removed,
dissociated into single cells, and expanded in culture as cell lines.
Different candidate cell lines were obtained, all of which had a
remarkably similar expression of many key B cell transcription
factors, an almost constant expression of SV40LT, but a variable
expression of INS. One of these cell lines was characterized in
more detail and became the first human B cell line, EndoC-BH1
(11). EndoC-BH1 cells resemble human B cells in their expression
of many specific genetic and epigenetic markers (68), in the limit-
ed expression of markers of other pancreatic cell types (some rare
EndoC-BH1 cells contain somatostatin, but none contain gluca-
gon; ref. 11), and in their ability to secrete insulin in response to
glucose, the glucagon-like peptide 1 analog exendin-4, sulfony-
lureas such as glibenclamide, and branched-chain amino acids
such as leucine (11). Electrophysiological properties of EndoC-
BH1 also conform with human B cells (69).

The first generation of EndoC-BH cells was followed by a sec-
ond generation. In these EndoC-BH2 cells, two loxP sites flank
the integrated oncogenes, which allows their excision upon Cre
recombinase expression (70). Next, we generated a third-gen-
eration EndoC-pH3 by stable integration of a tamoxifen-induc-
ible form of Cre into the EndoC-BH2 cells, which makes them
an easy-to-use excisable human p cell line (71). We also used the
EndoC-BH2 line to generate human Fucci B cells, in which two

Singapore (5)

fluorescent reporters alternate as the cells progress through the
cell cycle (72). These human Fucci f cells can be used to study
the human B cell cycle and differentiation. More recently, we used
a similar approach to generate a new human f cell line, ECN90,
derived not from fetal but from neonatal pancreas (4 months old)
(73). There, we presumably directly transduced the B cells that are
present at this early postnatal age and have a substantial replica-
tive potential (74, 75). We are convinced that our approach does
not work on postmitotic adult human p cells, even when effec-
tively transduced by the lentiviral vectors (11). This situation is
reminiscent of the outcome of experiments aimed at reactivating
proliferation in postmitotic muscle cells or human p cells, namely
a cell cycle block due to severe DNA damage, despite an initial
triggering of DNA synthesis (76, 77). Accordingly, SV40LT and
hTERT may be unable to reactivate proliferation in adult human
cells as they trigger an abortive cell cycle reentry; only replicating
progenitor cells or immature neonatal p cells can be immortalized
using our strategy.

Cell line misidentification, contamination, and poor annota-
tion are recurrent problems that affect scientific reproducibility
(78, 79). To allow the detection of such problems, we analyzed
short tandem repeats on each cell line at early passage for authen-
tication, and these data are available for comparison. We have
now shared the EndoC-BH cell lines with more than 150 labora-
tories worldwide (Figure 1). Based on feedback of colleagues and
on their use in more than 100 original publications, we think that
they represent useful tools for the academic scientific community.
A regularly updated list of publications that have used the human
B cell lines we developed can be found at https://www.humanbe-
tacelllines.com/. The cell lines have already proved to be useful
in generating new knowledge on human B cells. Data from rat
islets and rat B cell lines had shown, for example, that inflamma-
tory cytokines induce iNOS expression and thereby increase the
production of nitric oxide, resulting in f cell death (80). A similar
mechanism was presumed in humans, but a recent study, using
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Table 1. Key advantages and limitations of primary human f cells, stem cell-derived f cells, and EndoC-§H cell lines

Convenience and ease of use

Accessibility and abundance

Costs

Care and propagation of the cells

Cryopreservation

Consistency and reproducibility

Safety risks

Authentication

Dependence on external provider
Proximity to native f cells

Differentiation state and functional
maturation

Endocrine and {3 cell purity

Chromosomal aberrations

Contribution to current knowledge on 3 cells
Versatility and study area

{3 Cell function

Diabetes modeling

Pharmacological and toxicology screening

Cell therapy

{3 Cell development
Genetic modification

Primary human  cells

Limited number of donor organs; limited
number of islet isolation centers;
shipment is needed

Human islet isolation: very high cost;
commercial islets: very high cost
Relatively easy, but lifespan of the cells
is limited; propagation impossible (no
cell division)

Very difficult; limited cell recovery

Donor-to-donor variability (genetic,
functional); dependence on cold/warm
ischemia time; shipment affects quality

Standard biosafety recommendations;
donors are tested for specific human
pathogens to limit the likelihood that cells
are contaminated

No drift since no propagation

High

Gold standard

Variable endocrine purity of islet
preparations; study of pure 3 cells is
difficult

Diploid
Most contributions to the field

Fresh islets are the gold standard, but
culture and shipment often impair function
and increase variability; persistence of
paracrine effects mimics islet function
better than isolated f3 cells

Source: islets from diabetic or healthy
donors; mini-organ: partial preservation
of the interaction between different islet
cell types

Useful, but difficult because of variability
and limited material

Used in clinical practice

Not suitable
Transfection and transduction

Stem cell-derived [ cells

In-house production is complex and requires
a high level of expertise; large-scale culture
is possible

In-house production: high cost

Differentiation process is labor-intensive
and requires major expertise (starting from
frozen stock of endocrine progenitor cells
reduces this difficulty); propagation and
expansion to large cell numbers is possible

Well suited for cryopreservation and future
expansion or differentiation

Protocol- and batch-dependent;
fluctuation in differentiation efficiency
and maturational state of the B-like cells

Standard biosafety recommendations;
cells are free of adventitious contaminating
pathogens

Genetic authenticity profiles (STR, SNP, or
HLA patterns) of many pluripotent stem
cell lines are available

Low

Protocol-dependent, but recent advances
are promising and are approaching strong
resemblance to primary human (3 cells

Differentiation efficiency has greatly
advanced; 3 cell purity can be further
enhanced using FACS

Diploid

Increasing number of contributions

Batch-dependent variation in function,
with good batches approaching the
functionality of primary human islets

Source: iPSC-derived f3 cells from diabetic
or healthy donors (nondiabetic source in
case of ESC-derived B cells); mini-organ:
efforts ongoing for reaggregation of
differentiated o.- and f3-like cells

Useful
Studied in clinical trials
Useful

Transfection and transduction;
CRISPR/Cas gene editing

EndoC-pBH cell lines

In-house propagation requires a moderate
level of expertise; large-scale culture is
possible

Propagation: low cost

Cell care is relatively easy; propagation and
expansion to large cell numbers is relatively
easy (doubling time is approximately 7 days)

Well suited for cryopreservation and future
expansion

Robust

Standard biosafety recommendations; cells
are infected by a xenotropic retrovirus, but
good laboratory practice avoids pathogen
propagation (141)

Genetic authenticity profiles (STR) of the
EndoC-BH cell lines are available

Low

Strong resemblance to primary human f3
cells, although functional maturation remains
suboptimal; maturation can be further
improved by reversing of immortalization

Pure INS-expressing cells; some expression
of SST

Pseudodiploid
Starting to contribute

Robust performance in functional assays,
with strong resemblance to primary human
islets in terms of glucose- and incretin-
stimulated insulin secretion

Source: nondiabetic; mini-organ: efforts
ongoing for production of o and & cell lines

Useful

Not suitable, mainly because of tumoral
properties

Not suitable

Transfection and transduction; CRISPR/Cas
gene editing, theoretically possible and
under way in several laboratories

ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; SNP, single-nucleotide polymorphism; STR, short tandem repeat.
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Figure 2. Potential mechanisms underlying the stability of EndoC-BH cell lines and the reversion of their immortalization. Positive or negative varia-
tion in RIP activity is counteracted by its effects on SV40LT expression levels at both an individual and a population level. At the individual cell level, an
increase (or decrease) in SV40LT expression decreases (or increases) RIP activity by a mechanism involving the Rb pathway. At the cell population level,
decrease in SV40LT expression level in a given cell impairs its viability or proliferation compared with the other cells. The result of these mechanistic and
selective forces (red and blue arrows) is to keep RIP activity constant in most cells (narrow bell curve). This maintains stable activity within a putative
RIP-regulating module, which in turn ensures long-term phenotypic stability. Persistent subthreshold SV4OLT expression, as in experiments aimed to
reverse immortalization, triggers cell cycle exit and terminal differentiation. For more details, see main text. Rb, activity of the retinoblastoma protein
family; RIP, rat insulin promoter; SVAOLT, simian virus 40 large T antigen expression.

EndoC-BH1 cells, demonstrated that cytokines do not induce
iNOS expression in human B cells (81). The EndoC-BH1 cells were
also used to show that in human B cells the methyltransferases
mixed-lineage leukemia 3 and 4 (MLL3/4) bind to the transcrip-
tion factors MAFA and MAFB, and that the complexes formed
thereby are necessary for proper glucose-induced insulin secre-
tion (82). Another example for which the EndoC-BH1 cells were
crucial is the demonstration of physical contact between the
insulin promoter and diabetes susceptibility loci and the insulin
promoter’s involvement in the regulation of insulin transport and
metabolism in human B cells (83). Peptidomic-based approaches
have also used the human f cell lines to identify target epitopes
processed and presented by B cells, thereby providing the first
HLA-I peptidome catalog of human  cells (84). Finally, our group
used EndoC-BHI cells to develop models and identify markers of
human B cell dedifferentiation (85, 86). All of the above examples
depended on experiments that would have been difficult to per-
form with human islets because of limitations in cell purity or cell
number and that would have produced different results in rodent
B cell lines because of species differences. Interestingly, human
cell lines have now been validated by the pharmaceutical indus-
try as a screening model to identify novel drug target candidates
(87); to determine the effects of fatty acid esters of hydroxylated
fatty acids on glucose-stimulated insulin secretion (88); to study
the mechanism of secretagogin release by human p cells (89); and
to further test a gastrointestinal peptide-based (GIP-based) dual
incretin receptor agonist (90).

Notably, at the time we published EndoC-BH1, three addi-
tional human insulin-releasing cell lines (1.1B4, 1.4E7, and 1.1E7)
were generated by electrofusion of human pancreatic f§ cells with

the immortal human PANC-1 cell line that was established from
a pancreatic carcinoma of ductal origin (91). These human insu-
lin-releasing cell lines expressed the expected set of human  cell
markers and were used to dissect human  cell function and sur-
vival (92-95). However, their insulin content was extremely low,
around 4 ng per million cells, which is less than a thousandth of
the insulin content measured in primary human p cells and 150-
fold less than in EndoC-pH1 cells.

EndoC-BH cells have been used recurrently for multi-om-
ic profiling (68, 70, 96, 97). As a pure human p cell population,
they can be used to validate the expression of genes of interest.
Surprisingly, a number of proteins detected in primary human f
cells by immunostainings are not detected at the transcript level
in EndoC-BH cells or primary human f cells. For example, TLR4
(98) and the immunoregulatory antimicrobial peptide CRAMP
(99) are not expressed in EndoC-BH cells. Notably, their mRNAs
are also absent or at the lowest limit of detection in bulk tran-
scriptional analyses of human islets (27, 100) and undetectable by
single-cell transcriptomics (29). Such data contrast sharply with
the immunostainings on human islet sections, which show very
strong signals for TLR4 and CRAMP in B cells (98, 99). Anoth-
er example is TGF-B-induced (Big-h3, or TGF-BI), a protein for
which immunostainings have been shown in human f cells (101),
but again for which the coding mRNA is not found in human f cell
lines or human B cells at the single-cell level (29). Big-h3 mRNA
was, however, detected in human islets (15), which suggests that
it may be expressed by non-f islet cells. A final example concerns
CFTR, a chloride channel mutated in patients with cystic fibrosis
(102), which is detected in islet preparations (100). However, we
know that duct cells, which always contaminate islet preparations
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(103), express high levels of CFTR (29). While multiple studies
report CFTR expression and expand on its function in rodent f
cells (104, 105), more recent work debates an intrinsic role of
CFTR in B cells (106). We did not detect CFTR mRNA in any of
the human B cells, and single-cell RNA-Seq on human islet prepa-
rations also showed that B cells barely express CFTR, whereas
duct cells express CFTR at high levels (29). Overall, the above-de-
scribed discrepancies may be due to insufficient antibody valida-
tion (107, 108) or to other hitherto unknown reasons that may be
related to islet or pancreatic tissue preparation. Importantly, the
above examples illustrate the complexity of working on primary
human pancreata and islet preparations. In the study of human p
cells, EndoC-BH cells can offer a robust and reproducible system
that is particularly useful for screening before moving on to pri-
mary cells or for dissecting mechanistic aspects of experimental
findings. The key advantages and limitations of EndoC-BH cells
as compared with primary human B cells and stem cell-derived B
cells are shown in Table 1.

Stability of human B cell lines

EndoC-BH cells are pseudodiploid, which means they have 46-48
chromosomes per cell and their karyotype is very stable over mul-
tiple passages (68). We have, for example, performed comparative
genomic hybridization arrays between passages 42 and 103 for
ECNO90 cells and found almost no genomic changes at the sub-
chromosomal level. Moreover, the overall B cell identity in the
different lines proved to be very stable, as we found no significant
changes in terms of cell growth, gene expression, insulin content,
or insulin secretion over long-term passaging (our unpublished
observations). Inherent f cell traits are likely involved in this sta-
bility: for example, they express only low levels of lactate dehydro-
genase A and produce little lactate, which limits the risk of acidi-
fication-induced DNA damage (109). Experimental settings may
also be important for phenotypical robustness and may provide
selection pressure at multiple levels.

In summary, the stability of EndoC-BH cells comes down
to SV40T expression requiring RIP activity and in turn select-
ing for cells that transcribe INS (Figure 2). Mechanistically,
the need to maintain RIP activity drives the selection of cells
expressing transcription factors that permit RIP activity. This
set of RIP-activating transcription factors probably transac-
tivates B cell genes, among which is INS as well as additional
sets of transcription factors, and installs a regulatory module of
transcription factors that preserves not only INS expression but
also a more general B cell phenotype over time. Suggestive of
such a strong selection pressure and the existence of a regulato-
ry module are the remarkably similar expression levels of many
key B cell transcription factors across the different human f cell
lines. Indeed, at least some of these invariant transcription fac-
tors have been found to regulate each other or themselves and
are thought to cooperatively transactivate INS and other f cell
genes (110-115). The proposed regulatory module in the human
B cell lines is thus likely to include these invariant transcription
factors. Curiously, despite these invariant transcription factors
and, accordingly, invariant RIP activity (as reflected in SV40T
expression levels; see below), INS expression shows a much
larger variability across the different EndoC-pH cell lines. This
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variable INS expression may be due to distinct regulation at a
region not present in RIP or by transcription factors that do not
belong to the regulatory module.

Reversibility of immortalization

A notable feature of EndoC-pH cell lines is the reversibility of
their immortalized phenotype. Upon excision of both hTERT
and SV40LT (70, 71, 116), or knockdown of SV40LT mRNA (21,
117), immortalized human B cells exit the cell cycle and deepen
B cell-specific traits. For example, they upregulate the expres-
sion of JAPP (encoding islet amyloid polypeptide), INSULIN,
SLC2A2 (encoding the glucose transporter GLUT2), and the
ABCC8 and KCNJ11 subunits of the ATP-sensitive potassium
channel, which are targets of the sulfonylurea drugs, and they
downregulate disallowed genes such as LDH-A and MCT-I
(70). Reversibility of immortalization was previously shown
in the mouse P cell line BetaTC-Tet (118) by the shutting off of
SV40LT, in rat B cell lines upon Cre-(ER)-mediated excision of
SV40LT and hTERT encoding retroviral vectors (119), and in
lines of other cell types, such as neurons (120) and cardiomy-
ocytes (121). Some other cell lines, however, succumb to onco-
gene loss. Primate hepatic progenitor cell lines, for example,
die after SV40T deletion (122). Cell-specific traits may underlie
the ability of B cells to withstand the loss of SV40T and hTERT.
One such trait might be that senescence is associated with
functional maturation in B cells (116). However, as discussed
above, let us consider the experimental settings and especially
how RIP activity drives the expression of SV40LT (and hTERT)
in the human B cell lines. To support proliferation, immor-
talized P cells need to maintain SV40LT expression, but high
SV40LT expression likely results in dedifferentiation and thus
in a reduced activity of the RIP-regulating module. Converse-
ly, decreased SV40OLT expression will strengthen the activity
of the module and upregulate RIP activity and SV40OLT expres-
sion. Thus, SV40LT expression is self-corrected, as any varia-
tion in its level imparts a counteracting regulation. Mechanisti-
cally, SV40LT represses the activity of the retinoblastoma (RB)
family and p53 tumor suppressors. Interestingly, RB pathway
is decreased, but not completely lost, in mouse insulinomas
with a RIP-SV40 early region transgene (123). The unexpect-
ed, residual RB pathway may restrict proliferation in one way,
but it would also be expected to maintain RIP activity and thus
SV40LT expression and proliferation. Indeed, RB knockdown
in (SV40LT-expressing) EndoC-BH2 cells quells both their B
identity and their RIP activity (117). As noted above, SV40LT
expression is almost constant across the different human B
cell lines, and even a small decrease (about 2-fold) in SV40LT
expression reduces their proliferation and triggers an increase
in P21 (CDKNI1A), INSULIN, and IAPP expression (117). Thus,
human B cell lines need SV40LT expression between a lower
and upper threshold to ensure proliferation on one hand and
conservation of the B cell phenotype and viability (with residual
RB activity) on the other hand. These thresholds for SV40LT
expression level imply a narrow range of RIP activity, which
might in turn stabilize the activity of the regulatory module and
thus promote phenotype robustness. The resulting trade-off is
the stabilization of SV40LT expression at the lowest possible
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level sufficient for proliferation. This leaves the cells poised to
withdraw from cycling and to undergo terminal differentiation
if SV40LT expression drops below the bottom threshold for a
critical length of time. In summary, RIP-mediated control of
SV40LT might be instrumental for both the stability of pheno-
type and the reversibility of the immortalization (Figure 2).

Reversibility of immortalization as an
experimental system

The reversibility of immortalization raises interesting questions
that can be experimentally addressed. For instance, we don’t know
whether proliferating B cell lines escape from aging, or whether
they accumulate time-related damage such as genotoxic insults
that would contribute to their fate upon SV40LT depletion. Anoth-
er example is whether reintroduction of SV40LT can awaken pro-
liferation in resting, previously SV40LT-depleted, human p cells.
And if so, until what time (duration after SV40LT depletion) and
what events (reasons underlying the loss of reversibility) is this
capacity retained? Answering such questions may help us under-
stand why adult human B cells are so resistant to immortalization.
Oncogene depletion in EndoC-BH cells not only decreases their
proliferation but also induces functional maturation, as reflect-
ed by increased expression of the transcription factor MAFA, an
increase in glucose-stimulated insulin secretion (70), higher mito-
chondrial activity, and expression of senescence markers (116).
This in vitro process resembles the in vivo maturation during post-
natal life (124-127) and may thus provide an amenable system to
study P cell maturation. The phenotype observed upon reversion
of immortalization represents a striking illustration of the mutual
exclusion between B cell proliferation and maturation. This mutu-
al exclusion was observed both in natural settings such as during
postnatal B cell maturation (127) and weaning (128) and in experi-
mental settings, for example, upon reduced insulin production or
by tuning the expression of Myc (129, 130). Its mechanistic details
are still not fully understood. Accordingly, how SV40LT depletion
enhances INS expression in rodent and human B cell lines (70, 71,
118) remains largely unknown at a molecular level. Again, revers-
ible immortalization may help in elucidating the underlying mech-
anisms of this fundamental aspect of § cell physiology.

From human B to non-B endocrine cell lines
Humanislets also consist of non-f endocrine cells such as a, 8, pan-
creatic polypeptide (PP, formerly known as y), and ¢ cells. These
cellsinteract with each other and with B cells in feedback loops that
determine islet function. Cell lines of these non-p endocrine cells
could help us reconstruct and dissect the interactions between the
different endocrine cells within human pancreatic islets (7, 131).
Such cell lines are not available for human and are very limited for
rodent. In rodents, few a cell lines have been described and used.
An early one, In-R1-G9, was derived from a transplantable ham-
ster insulinoma (132, 133). A second example is represented by the
oTC cell line that was derived from a glucagonoma generated in
transgenic mice expressing SV40 early region under the control of
the glucagon promoter (134, 135). It is thus evident that more lines
are needed from both rodents and humans.

Using our experience in generating human f cell lines, we
tried to produce human o cell lines. We replaced the RIP that con-
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trols oncogene expression with glucagon promoters of different
length. This approach failed to generate glucagonomas and a cell
lines. There are different possible explanations for this failure, but
mainly it is because, compared with the insulin promoter (136,
137), the glucagon promoter has been less studied (138). We may
thus lack crucial information on its activity. For example, a recent
study compared the specificity of expression of the insulin and
glucagon promoters to target p and o cells, respectively, in a len-
tiviral context. While the insulin promoter is highly specific for
cells (60, 62, 139), the specificity of the tested glucagon promot-
ers for o cells is far lower (139). The lack of specificity in targeting
a cells when protocols based on targeted oncogenesis are used is
thus an important problem. Moreover, the glucagon promoter is
weaker than the insulin promoter (140), and SV40LT expression
levels driven by a glucagon promoter may be insufficient to induce
immortalization of human pancreatic cells. Third, the generation
of functional non-p islet cell lines may depend on more than just
strong and specific promoters; it may require that the activity of
the promoter harness a regulatory module equivalent to that pro-
posed above in the human f cell lines. We are convinced that more
work, effort, and targeted funding are needed to generate func-
tional rodent and human o, §, PP, and ¢ cells.

Conclusion

Despite major efforts, the diabetes research community did not
have human f cell lines a decade ago. By developing a robust
protocol based on targeted oncogenesis, we generated a series
of functional human  cell lines from fetal, and recently neona-
tal, human pancreatic fragments. We have started to dissect the
mechanistic reasons for our success in generating stable human
B cell lines. Such information may increase our knowledge on
primary human p cells. We think that with increased effort and
financial support, it will be possible to generate human o and § cell
lines. These are islet cell types of which we know strikingly little in
both physiological and pathological conditions such as diabetes.
An arsenal of different human endocrine cell lines would enable
access to an unlimited supply of pseudoislets that could be used,
for example, to dissect inter-endocrine cell-cell interactions under
pathophysiological conditions.
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