
The recently concluded diabetes control and compli-
cations trial (DCCT) [1] has emphatically under-
scored the potential for improvement in current
treatment protocols for diabetes mellitus. ‘Conven-
tional’ insulin therapy, involving 1–2 injections of the
hormone per day and intermittent glucose monitor-
ing is clearly not as effective at slowing the progres-
sion of the debilitating and costly secondary compli-
cations of the disease as ‘tight control’, in which insu-
lin pumps or multiple injections are combined with
frequent glucose monitoring to limit hyperglycaemic
excursions. Unfortunately, improvement in glycaemic
control through increased insulin dosing requires a
new level of compliance and discipline, and places
the patient at significantly enhanced risk for danger-
ous hypoglycaemic episodes. These concerns have

produced a surprising reticence among both physi-
cians and patients towards implementation of tight
control therapy. This reaction has served to place a
new emphasis on the design of better methods for in-
sulin replacement in insulin-dependent diabetes mel-
litus (IDDM). A primary consideration in such work
is to develop a ‘closed loop’ system in which the hor-
mone is delivered in response to metabolic demand,
thereby eliminating the need for self monitoring by
the patient. Three basic approaches to achieving this
end have been contemplated, and are being investi-
gated with ever increasing vigour. The first involves
development of mechanical devices consisting of a
pump or other mechanism for insulin delivery linked
to a detector system for blood glucose. The second in-
volves transplantation of insulin-producing cells from
human or large mammal donors into IDDM patients.
This can be achieved by transplantation of the entire
pancreas or isolated pancreatic islets. Because of the
difficulty and cost associated with islet isolation and
pancreas transplantation, a third approach has
emerged, in which the tools of molecular biology are
used to fashion insulin-secreting cell lines with fuel-
mediated insulin secretion responses resembling
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Summary The recently completed diabetes complica-
tions and control trial has highlighted the need for
improvement of insulin delivery systems for treat-
ment of insulin-dependent diabetes mellitus. Despite
steady improvement in methods for islet and whole
pancreas transplantation over the past three decades,
the broad-scale applicability of these approaches re-
mains uncertain due in part to the difficulty and ex-
pense associated with procurement of functional tis-
sue. To address this concern, we and others have
been using the tools of molecular biology to develop

cell lines with regulated insulin secretion that might
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those of normal beta-cells, with the hope that such
lines might serve as a surrogate for islets in transplan-
tation therapy. This article seeks to summarize briefly
the current status of research on engineered insulin-
secreting cell lines and to review the challenges that
remain before this technology can be brought for-
ward as a therapeutic alternative.

The islet beta-cell is designed to recognize and inte-
grate a complex array of metabolic and hormonal sig-
nals so as to deliver precisely the correct amount of in-
sulin for maintenance of fuel homeostasis. Glucose is
the most important stimulator of insulin secretion,
not only because of its potent direct effects but also be-
cause it is permissive for the stimulatory action of a
wide array of other secretagogues. Engineering and
maintenance of glucose-stimulated insulin secretion
(GSIS) in cell lines that faithfully mimic that of the
normal beta-cell is clearly a high priority, but is com-
plicated by our incomplete understanding of the bio-
chemical mechanism(s) of glucose sensing. While
there is evidence to suggest that glucose exerts its ef-
fect through its own metabolism, resulting in the cre-
ation of signals that appear to work through modula-
tion of ion channel activities and influx of extracellular
Ca2 + , the exact nature of the metabolic coupling fac-
tors remains unknown. For a summary of current
thinking about these issues, a subject that is beyond
the scope of this article, the reader is referred to recent
reviews [2–5]. The magnitude of the insulin secretory
response appears to be related to the rate of beta-cell
glucose metabolism, and both parameters are sharply
increased in response to modest increments in extra-
cellular glucose concentrations within the physiologi-
cal range of 4 to 8 mmol/l. Beta-cells are equipped
with the glucose transporter GLUT2 and the glucose
phosphorylating enzyme glucokinase which have ki-
netic properties, particularly a relatively low affinity
for glucose, that are ideal for modulation of glucose re-
sponsiveness at the concentrations of the sugar en-
countered in the circulation. Therefore, most of the
cellular engineering studies carried out to date have
focussed on expression of these gene products in engi-
neered cell lines.

A variety of neuroendocrine cell types contain
secretory granules or vesicles that allow acute regula-
tion of peptide hormone release in response to physi-
ological effectors. This property represents an imme-
diate advantage when considering cell types that can
serve as a vehicle for insulin replacement. It is also
clear, however, that a strategy involving engineering
of autologous human endocrine tissue is impractical,
because such cells generally exist as small cell popula-
tions in relatively inaccessible sites. For this reason,
and in an effort to overcome the cost and difficulty
associated with isolation of fresh islets, significant ef-
fort has been directed at identifying and developing
neuroendocrine cell lines that secrete insulin in re-
sponse to physiological regulators such as glucose.

Two basic approaches for achieving this goal have
emerged. The first involves modification of pre-exist-
ing lines for enhanced function, using the tools of mo-
lecular biology. In designing such an approach, it is
useful to identify those parameters that are desirable
in surrogate beta-cells. Table 1 shows a list of such pa-
rameters that we have used as a guide. First, it will be
important to ensure that engineered cell lines have
high insulin content and secretory capacity. Only in
this way can the size of a transplanted graft be re-
strained to reasonable limits. Second, it will be desir-
able to engineer the cells so that the insulin produced
is predominantly if not exclusively human insulin.
Third, it is important that the engineered lines secrete
insulin mainly by the so-called ‘regulated pathway’,
as opposed to constitutive release. The regulated path-
way encompasses both acute regulation of insulin se-
cretion (i. e. a large increment between the unstimu-
lated and stimulated states) and the complete process-
ing of proinsulin to the mature insulin polypeptide. In
islet beta-cells, secretory granules allow the storage of
insulin as a depot at the plasma membrane that can
be released within seconds of arrival of a fuel-derived
or hormonal signal, and also serve as the site of conver-
sion of proinsulin to insulin by virtue of their high con-
centrations of the relevant convertases PC1 (also
known as PC3) and PC2. The presence of secretory
granules and retention of proinsulin processing capac-
ity represents a major advantage of insulinoma and
other neuroendocrine cell lines relative to cells less
specialized for secretion of peptide hormones such as
hepatoma cells or fibroblasts (see below). A fourth,
and certainly central parameter is to equip the cell
with a capacity for glucose sensing. Glucose respon-
siveness has several components that must be consid-
ered, including the appropriate threshold for the re-
sponse (islet beta-cells only begin to respond to glu-
cose at concentrations in excess of the fasting level of
4–5 mmol/l), rapid response dynamics (beta-cells se-
crete insulin in response to glucose within minutes of
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Table 1. Desired properties for engineered insulin secreting
cell lines for insulin replacement in diabetes mellitus

– High insulin content

– Primarily, if not exclusively, human insulin secretion

– Regulated secretory pathway predominant (low basal insulin
release)

– Efficient and complete processing of proinsulin to insulin

– Physiologically relevant glucose-stimulated insulin secretion re-
sponse
– correct threshold (response atL 4 mmol/l glucose)
– appropriate magnitude of response
– appropriate response dynamics

– Stable genotype and phenotype in vitro and in vivo

– Device compatible

– Amenable to scale up (large-scale bioreactors)

– Amenable to further engineering



its application and turn off insulin secretion nearly as
rapidly when glucose is removed) and the correct mag-
nitude of response. Engineering of GSIS has been a
central focus of our work and is the major topic that is
addressed below.

Should it be possible to generate cell lines with the
desired cell biological properties, other issues must
also be considered. Continuing with the list in Ta-
ble 1, it is imperative that engineered cell lines retain
phenotypic and genotypic stability, both in vitro and
when implanted into animals or humans. This in-
cludes both genes that are inserted or deleted during
the course of engineering and key endogenous genes.
In the absence of this kind of stability, engineered
cells will have no tangible advantage relative to iso-
lated islets, even though procurement of islets is
both costly and difficult. Further, it is anticipated
that insulin producing cell lines will be transplanted
in the context of perm-selective membranes or de-
vices in order to protect the graft from the host im-
mune system, and also to contain the transformed
cell lines. The engineered lines must therefore grow
and thrive in encapsulation devices, either naturally
or as a result of further manipulation of the cells or
membrane materials. A major advantage of cell lines
relative to islets is that they can be grown in theoreti-
cally unlimited quantity at relatively low cost. This
advantage can only be realized, however, with the de-
velopment of methods for scale-up of cell growth
from petri dishes to bioreactors. Finally, it will be use-
ful to retain the capacity for further cell engineering,
even after development of cells with the aforemen-
tioned properties, in case the encapsulation proce-
dures chosen are incapable of fully protecting the im-
plant from the immune system.

Work has been ongoing in our group in all of these
areas, with particular focus on engineering of GSIS.
Early experiments of this type were carried out in
the neuroendocrine cell line AtT-20ins, which is de-
rived from ACTH-secreting corticotrophs of the an-
terior pituitary. These cells normally do not express
the insulin gene, but upon transfection with a plasmid
containing the human proinsulin cDNA, are shown to
secrete the mature insulin polypeptide [6, 7]. Insulin
secretion from AtT-20ins cells can be stimulated by
agents such as forskolin or isobutyl methylxanthine
(IBMX) [6, 8], but not by glucose [8]. We found that
stable transfection of AtT-20ins cells with a plasmid
containing the GLUT2 glucose transporter conferred
GSIS, albeit with maximal responsiveness occurring
at a concentration of approximately 50 mmol/l [9]. In-
terestingly, transfection of AtT-20ins cells with
GLUT1 was without effect, despite the fact that un-
transfected cells, GLUT1 transfected cells, and
GLUT2 transfected cells had very similar rates of 5-
3H glucose usage [10]. These results suggest that
GLUT2 has a role beyond its function as a simple
glucose transporter in glucose signalling.

Recently, our attention has turned to the rodent
insulinoma cell line RIN1046–38, which is able to re-
spond to glucose at low passage numbers, but loses
both glucose sensing and expression of GLUT2 and
glucokinase with time in culture [11, 12]. Stable trans-
fection of these or other glucose unresponsive insuli-
noma lines such as RINm5F with GLUT2 results in
restoration of glucose sensing [11, 13]. In our studies
with intermediate passage number RIN1046–38 cells,
restoration of GLUT2 expression was accompanied
by a fourfold increase in glucokinase activity [11].
However, the insulin content of these cells is less
than 10% of normal islets and the magnitude of the
glucose stimulatory effect is relatively small (2.5-
fold). In an effort to improve upon these characteris-
tics, we have developed a strategy for the stepwise
stable introduction of genes relevant to beta-cell per-
formance, a process that we term ‘iterative engineer-
ing’. Rodent insulinoma cell lines engineered to con-
tain multiple copies of the human insulin gene exhibit
an increase in insulin content of more than 10-fold
relative to untransfected cells, and process human
proinsulin to mature insulin with high efficiency [14].
Cell lines that are further engineered to express the
GLUT2 and glucokinase genes demonstrate stable
expression of the three transgenes for the full lifetime
of the lines produced to date (6 months to 1 year in
continuous culture). The multiple engineered lines
increase insulin secretion by 6−8-fold in response to
glucose, effects that are further potentiated in a fash-
ion similar to that seen in beta-cells by agents that
raise cAMP [15]. These responses are clearly larger
than observed in unengineered cells, and perifusion
studies reveal that insulin secretion is sustained in
glucokinase and/or GLUT2 expressing cells more ef-
fectively than in unengineered cells or cells that ex-
press the human insulin transgene alone [15]. The en-
gineered cell lines exhibit a maximal response to glu-
cose at low concentrations (0.05–0.25 mmol/l), but
can be shifted such that their maximal response oc-
curs at 3–5 mmol/l glucose by performing secretion
studies in the presence of 2 mmol/l 5-thioglucose,
which inhibits low Km hexokinase activity and glu-
cose usage by approximately 30 % in these cells [15].
These data suggest that further adjustment of glucose
sensing to simulate the response threshold of the
beta-cell (4–5 mmol/l) should be achievable by stable
suppression of low Km hexokinase activity. We are
currently investigating several strategies for achiev-
ing this goal, including gene ‘knock-out’ by homolo-
gous recombination.

Transplantation of the engineered RIN cell lines
into nude rats reveals that stably integrated trans-
genes are expressed at constant levels in the in vivo
environment over the full duration of experiments
performed to date (48 days) [14]. Several endogenous
genes expressed in normal beta-cells, including rat
insulin, amylin, sulfonylurea receptor, glucokinase
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and the transcription factor PDX-1 are stably ex-
pressed in the insulinoma lines during these in vivo
studies. Endogenous GLUT2 expression, in contrast,
is rapidly extinguished (within 10 days of cell implan-
tation). The loss of GLUT2 expression is overcome in
engineered cell lines in which GLUT2 expression is
provided by a stably transfected transgene [14]. These
results suggest that a potential advantage of the itera-
tive engineering approach may be to preserve stabil-
ity of function and phenotype, particularly in the in
vivo setting. These results provide encouragement
for upcoming studies on insulin replacement with en-
gineered cells in animal models with chemically in-
duced or spontaneous autoimmune diabetes.

The second approach to generation of new cell lines
is to direct expression of a transforming gene, gener-
ally simian virus 40 (SV40) T-antigen, to beta-cells of
transgenic mice via the insulin promoter/enhancer.
Cell lines derived by transgenic expression of T-anti-
gen in beta-cells exhibit variable phenotypes [16–19].
In some cases, these differences have been correlated
with expression of glucose transporters and glucose
phosphorylating enzymes. Efrat and co-workers [16]
have produced a series of such lines known generally
as bTC. Early lines of this type such as bTC-1 and
bTC-3 exhibited some GSIS, but were found to be
maximally stimulated at concentrations of glucose
well below the physiological range. These lines were
later found to have high levels of the low Km glucose
transporter GLUT1 and elevated low Km hexokinase
activity [18, 19]. Subsequently, newly isolated lines
such as bTC-6 and bTC-7 were shown to have a GSIS
response that resembled that of the islet in magnitude
and concentration dependence [19]. These cells ex-
pressed GLUT2 and contained a glucokinase: hexoki-
nase activity ratio similar to that of the normal islet
when studied at low passage number, but with time in
culture GSIS became maximal at low, subphysiologi-
cal glucose concentrations. Accompanying this shift
in glucose dose-response was a large (approximately
6-fold) increase in hexokinase expression. This en-
hancement in hexokinase:glucokinase ratio may in-
crease glucose flux at low glucose concentrations,
thereby explaining the enhanced sensitivity of the glu-
cose-stimulated insulin secretion response. More re-
cently, soft agar techniques have been used to derive
new clonal isolates of bTC-6 cells (such as the clone
bTC6-F7), which appear to retain differentiated func-
tion for longer periods of time in culture [20]. Indepen-
dently, Miyazaki et al. isolated two classes of clones
from transgenic animals expressing an insulin pro-
moter/T-antigen construct [17]. Glucose unresponsive
lines such as MIN-7 were found to express GLUT1
rather than GLUT2 as their major glucose transpor-
ter isoform, while MIN-6 cells were found to ex-
press GLUT2 and to exhibit normal glucose-stimula-
ted insulin secretion. Stable transfection of MIN-6
cells with hexokinase I, but not GLUT1, caused a

leftward-shift in the glucose dose-response curve, fur-
ther underscoring the importance of the low Km glu-
cose phosphorylating enzyme in dictating the thresh-
old for glucose responsiveness [21]. A similar change
in sensitivity to glucose has recently been demon-
strated upon expression of hexokinase I in normal is-
lets, using recombinant adenovirus for efficient deliv-
ery of the transgene to islet cells [22]. It remains to be
determined whether well-differentiated cell lines pro-
duced by transgenic approaches such as MIN-6 or
bTC6-F7 will retain appropriate levels of expression
of glucose transporter and glucose phosphorylating
enzyme isoforms when transplanted into diabetic ani-
mals for long periods of time. In fact, recent studies
show that GLUT2 expression is rapidly extinguished
in islets transplanted into diabetic rodents [23], sug-
gesting that stable expression of GLUT2 in this envi-
ronment may require transfection strategies such as
those employed by our group.

Several recent studies on engineering of non-neu-
roendocrine cell types for insulin delivery deserve
mention. Most of this work has focussed on hepato-
cytes. Delivery of the insulin gene to hepatocytes iso-
lated from a particular patient could be achieved by
surgical resection of tissue, ex vivo delivery of the
gene of interest with a recombinant viral vector, and
reimplantation of the engineered hepatocytes back
into the patient. Alternatively, the gene might be de-
livered to the intact liver by systemic injection or in-
fusion of a recombinant virus . Two recent studies
have reported on expression of the insulin gene in
hepatocytes in whole animals. Valera et al. [24] used
the phosphoenolpyruvate carboxykinase promoter
to direct expression of the human insulin gene in
transgenic mice. These transgenic mice were normo-
glycaemic and normoinsulinaemic. Treatment of the
animals with the beta-cell cytotoxin streptozotocin
resulted in an induction of the human insulin trans-
gene in liver, a tenfold increase in serum levels of hu-
man C-peptide, but only a partial correction of hyper-
glycemia. Kolodka et al. [25] introduced the rat insu-
lin I cDNA into rat liver by performing partial he-
patectomy and systemic delivery of a recombinant
retrovirus. This treatment resulted in a 3-fold increase
in serum immunoreactive insulin and normalization
of fasting but not non-fasting blood glucose concen-
trations. Using an assay specific for free C-peptide
Kolodka et al. [25] reported a 10-fold decrease in the
serum C-peptide to insulin molar ratio in transgenic
animals as compared to normal controls, indicating
that a large percentage of the material expressed in li-
ver remains unprocessed. Because hepatocytes lack
both regulated secretory granules and the peptidases
PC1 (PC3) and PC2 that are responsible for process-
ing proinsulin to insulin, it is perhaps not surprising
that the prohormone conversion and regulated insu-
lin release properties of the normal beta-cell are
poorly replicated when proinsulin is expressed in the
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liver. Recently, the insulin gene has also been ex-
pressed in the HepG2 hepatoma cell line, resulting
in the surprising appearance of vacuolar-like struc-
tures containing material that reacts with insulin anti-
bodies [26]. Whether these structures represent a
storage depot of insulin that can be released in a reg-
ulated fashion or an endocytic compartment destined
for a degradative pathway remains to be established.

In conclusion, important gains have been made in
recent years in identifying and developing cell lines
that can perform key functions of the normal islet
beta-cell, particularly GSIS. In the near future a ma-
jor hurdle faced by groups engaged in both the cellu-
lar engineering and transgenic approaches will be to
establish cell lines that secrete human rather than ro-
dent insulin. While human insulin can be specifically
expressed in non-neuroendocrine cell types such as
hepatoma cells, it is our view that such cells are not
designed for regulated hormone delivery, and that
this approach will have limited applicability. Non-is-
let neuroendocrine cell lines such as AtT-20ins can
also be specifically engineered for human insulin pro-
duction and have the added advantage of the appro-
priate storage and processing machinery, but it ap-
pears that further engineering of these cells to elimi-
nate the secretion of potentially detrimental products
such as ACTH will be required [27]. Thus, an immedi-
ate focus will be expression of human insulin in ro-
dent insulinoma cells and eliminating expression of
the endogenous insulin gene(s). This is necessitated
by the lack of a suitable human insulinoma cell line
for study, although several groups are currently at-
tempting to produce such lines from human islet tis-
sue. It is clear that the recent intense effort in cell de-
sign by genetic engineering will be followed by an
equally active period of animal experimentation,
wherein the formidable challenges of device design
and immunological barriers to transplantation will
be addressed. It is in this phase that the therapeutic
applicability of this technology will be defined.
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