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SUMMARY

Surrogate B-cells generated by genetic engineering of non-B-cells to produce
insulin provide an alternative to islet transplantation in cell-based therapies for treating
insulin-dependent diabetes (IDD).  Engineered P-cell surrogates are potentially
autologous, targeted by gene transfer vehicles in vivo or obtained as a biopsy from the
patient and genetically modified ex vivo, and thus gfeatly relax the immune ac;céptance
problems posed by allogeneic and, more so, xenogeneic islet transpléntation. of
particular interest are hépatic cells and intestinal enteroendocrine ‘cells engineered for
| regulated insulin release. The aim of this work was to use these two cell types as targets
to establish a mvethodology and é.trategy for insulin gene delivery as well as for improving
the dynamics of insulin secretion. |

In light of the incorporation of glucose-responsiveness to surrogate f-cells,
transcriptionally regulated hepatic cells have received notable attention. However, these
cells exhibit sluggish insulin. secretion dynamics, which may not be appropriate for
achieving euglycemia in IDD patients. To improve the secretion dynamics, we
engineered the preproinsulin (PPI) mRNA so as to destabilize it through nonsense-
mediated mRNA decay (NMD). When expressed under transcriptionql regulation in
human HepG2_hepatomas_, the engineered PPI mRNA level and the insulin secretion rate
declined faster upon switching off transcription, compared to the non-engirieered control.
This approach provides a simple and straightforward method to improve the dynarﬁics of

insulin secretion from transcriptionélly regulated cells.
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To genetically modify intestinal enteroendocrine cells, we applied recombinént
adeno-associated virus serotype 2 (rAAV2)-based vector to establish an engineered
human enteroendocrine L-cell model with regulated insulin release. Naturally, intestinal
enteroendocrine L-cells are found scattered in the crypts of gut mucosa; they possess a
Aregulafed secretory pathway and produce glucagon-like peptide-1 (GLP-1) which, like
insulin, is released in a fashion closely related to nutrient ingestion and digestion for
normalization of postprandial glycemia. In this research, the engineered L-cell model
responded to stimulation by meat hydrolysate, and simultaneously secreted endogenous
GLP-1 and recombinant insulin. We used a ﬁsioh protein of insuiin and enhanced green
fluorescent protein (EGFP) to reveal the granule—like~ compartments of localization of the
- fusion protein énd assess its co-localjzation with endogenous GLP-1.

- Since only approximately 1% of the intestinal epithelial popﬁlation consists of
enteroendocrine cells, theré exists a significant challenge in idéntiﬁcation of an
enteroendocrine L-cell target for insulin production.  Among the cell lineages in the
intéstinal epithelium, enterocéytes, wﬁich account for digestion and absorption of luminal

nutrients, are the predominant cell type. Here, we examined the selectivity and efficiency .

of rAAV2 transduction in human co-culture models of enteroendocrine L-cells and
enterocytes. Our results showed that rAAV2 can differentially’modif)} enteroendocrine
L-cells in the co-culture environmeﬁt while avoiding a prevailin;g, number of enterocytes.
The rAAV2 transduded co-culture achieved regulatéd insulin release in response to
stimhlation; whereas, a chemically transfected co-culture control failed to respond. This

result constitutes an important step towards finding a suitable gene transfer vehicle for

producing appropriately secreting intestinal epithelium for regulated insulin release.
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Our research has demonstrated the potential of developing appropriate secreting
B-cell surrogates based on engineered hepatic cells and inteétinal enteroendocrine L-cells.
Clearly, the effectivenc_:ss of rAAV2 transduction and nonsense-mediated PPI mRNA
decay will need to be tested in primary cultured cells and in vivo. While there is still
much work to be done, to 'this e__ﬁd, we have made significant strides toward devéloping

methodologies for engineering potenﬁally autologous non-B-cells for treatmenf of IDD.
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CHAPTER 1
INTRODUCTION AND RATIONALE

1.1'Intr’oduct‘ipn'

Diabét_es is a group of diseases characterized by high levels of blood glucose
resulting-from defecfs in insulin pro_duction; insulin action, or both [1]. The prevalence
of diabetes among people under 20 years of age is 0.19% (151,000 pedple). In order to
survive, thése jdvénil"e diabeti(:s must have -‘exogéhous insulin delivered by injections or a
pump. For people of 20 years or older, the prevalence is 8.6% (16.9 millioﬁ); 22% of
them take »exogenou's insulin, and 11% of them take both insulin and oral medications [1].
For patients who have insulin-dependent diabetes (IDD, the diabetics who need
exogenoﬁs insulin) and thus need to take insulin injections or infusioﬁ, it is important to
look for alternatives to improve their life-style and,. more importantly, a better Way of
controlling blood glucbse to prevent long-term complications. .

Other than taking exogenous insulin, a number of strategies have been proposed
of using internal, cell-’baéed insulin deliyery to IDD patients. Figure 1 classifies these
approaches into three categories: islet or pancreas transplantation, stem cell
differentiation for PB-cell replacement, and the develdpment of recombinant B-cell
surrogates.  Among thesé, only allogeneic islet transplantation and pancreas
transplantation have been clinically applied and restored euglycemia. However, after

receiving the allograft, the potentially lifetime immunosuppression is still a big concern,



in pafticular to a young child. In additibn, with limited supply of human tissue, it is
impossible to meet the demand for millions of IDD patients.

Recent advances in molecular and cellular biology have made possible novel
strategies for IDD treatment. . Now, we can conéeive of stem cell differentiation to
replace the damaged pancreatic B-cells by insulin-secreting B-liké 'cells.derived from
embryonic ste'rr»l.‘cgllljs o? adult t_i'g.sllie_‘st_e#n; (fells. 'Qrv, Wt‘; could develop surrogate -cells
~ by genetic enéineerin’g of autologous ceils to_l_prodluce 'inSulin (ngure 1). However, in -
vivo, B-cells are a highl)i kdifferentia'ted cell typ‘e with a sophisticated phenotype including
glucose-sensing apparatus, regulatiad ’secretory pathway, énd the ability to adjust insulin
releaée according to rhéta:bolic cués. Because of these characteristics, investigators have
faced a great challenge in using a single gene- or cell-based approach {0 mimic fhc
intrinsic properties of B-éells. Therefore, it is important that‘multiple directions of p-cell
replacement research proceed simultaneously so as to evaluate different approaches in
parallel and also complement each other, in finding a better way for IDD treétment. ‘

- In this thesis, the endeavor is devoted to increasing.-the knowledge of developing
recombinant P-cell surrogates f.'qu IDD treatment. We genetically modified cells of
hepatic and intestinal enteroendocri;ne o(igihs for‘regulated insulin secretion. Potentially,
these cells can be autologous, targeted by gene transfer vectors or retrieved as a biopsy
from the ‘patient and genetically engineered ex | vivo, and ‘thus relax the immune
acceptance problems existing with allo- and xenogeneic cells.

Genetic _engineering of hepatic éel}s for glucose-responsive .insulin secretion is
considered by several research groups in developing a cell-based thérapy for IDD.

Responsiveness to physiologic stimuli is introduced at the gene transcription level by



using promoters up-regulated by glucose and possibly down-régulated by insulin [2-6].
Based on thié concept, promising results from in vivo rodent models have been reported
[3-6].k However, the sluggishness in secretion dynamics of transcriptionally controlled
cells probably makes this approach inappropriate for glycemic regulation in higher
animals and, eventually, humans. Of particular significance is the slow dynamics of
secretion down-regulatioﬁ, which resuit in the cells secreting insulin long after the
stimulus has been removed and may thus revert diabetes to hyperinsulinemia and
hypoglycemia,. a se;ibus patholdgicél‘.'é:dﬁdition.A To ‘improve the dynamics of insulin
secretion from transcriptionally regulated “cells, research in CHAPTER 3- aims at
modifying the preproinsulin IﬁRNA to l;ecome é labile mblecule, thereby accelerating its
degradation during the down-regulation ‘Qf insulin secretion.

Recenﬂy, the advantages of [-cell surrogates derived from intestinal
enteroendocrine cells have received notable attention because of the unique physiologic
connection of enteroendocrine cells and B-.cells [7-10]. Naturally, enterocn‘docrine celi
families are found 'scattered in the crypts of gut mucosa; they release incretin hormones
such as glucagon-like peptide-1 (GLP-1, from intestinal L-cells) and glucose-dependent
insulinotropic peptide (GIP, from gut K-cells) after a meal to potentiate insulin
production from pancreas [11]. Both incretin hormone and insulin secretion are closely
related to ﬁutrient ingestion and digestion for postprandial glucose normalization [12]. In
CHAPTER 4, we describe the development of genéﬁcally engineered human intestinal
cells for regulated insulin secretion using recombinant adeno-associated virus serotype 2
(rAAV2)-based vectors. We applied rAAV2-mediated insulin gene transfer to

-genetically modify an enteroendocrine L-cell model, the human NCI-H716 intestinal cell



line, for‘regulated insulin release. We aim to use this line as a human cellular modél to
demonstrate that insulin. release from the engineered GLP-I-secreting intestinal cells can
respond to physiologic stimuli. The implications of our findings in using rAAV2 to
produce appropriately secreting enteroendocrine L-cells‘ with regulated insulin release are
included. | | |

To genetically modify gut epithelia, Qiral vectors have shown significant potential
in targeting cells liniﬁg the ‘gastfdintestinal t;act [13-15]. However, since only
approximately 1% of the7 intestinal epfthelial pépulétibn consists of enteroendocrine cells,
there exisfs a signiﬁcantvchallenge in scléct'iilely targeting enteroendocrine L-cells in vivo.
Likewise, it is also difficult to isolate a pure L cell population from intestinal biopsy and
perform ex-vivo somatllc cell géne dehvery The research presented in CHAPTER 5
extends the research in CHAPTER 4 by using in-vitro models to study the specificity and
efficiency of rAAV2-mediated transduction in co-cultures of enterocytes (the
predominant cell type in the intestinal epithelium) and enteroendocrine L-cells. The
uptake and expression of the insulin gene, as well as the conversion of proinsulin to

insulin and the dynamics of insulin secretion were characterized.

1.2 Rationale

This thesis consists Vof three distiﬁct topics and specific aims in CHAPTERS 3, 4
and 5, all foéusing on improving the development of genetically engineered non-B-cells
for regulated insulin secrétion. Each individual chapter contains detailed motivation,
research methods, results and discussion. General information on IDD treatment,

including current therapies, and the gene- and cell-based B-cell replacement approaches



~are reviewed in CHAPTER 2, the BACKGROUND section. Conclusions and _futﬁre
work are described in CHAPTER 6.

The preliminary work leading to the research presented in CHAPTER 3 is
included in APPENDICES A3 to A6, which contain the following: 1) the attempt of
using glucose-responsive Spot 14 promdfer to control insulin expression, 2) the study of
transcriptionally regulatgd prqihsulin sec:reti_on_ frqm myoblasts, 3). the application of
sense—antiéense " mRNA iﬁteraction‘ to .ac‘ce.lératte the insulin down-regulation in
transcriptionally regulated myoblasts, gnd 4) the transition from sense-antisense mRNA‘
.interaction to nonsense-rhediated mRNA decay to destabilize preproinsulin mRNA.

The S14 promoter was. injtially appli‘ed‘ in an attempt to develop glucose-
responsive insulin secretion from recombinant B-cell surrogates. However, this line of
. research was discontinued because our tests of Sl4-directed trénscription indicated little,
if any, glucose-induced activation. The details are describes in APPENDIX A3.

Furthermore, it was realized that even if we were successful at expressing
glucose-regulated insulin transgenes in cell hosts, the sluggishness of secretion up- and
down-regulation would remain problematic. Thus, the next research effort focused on
developing inethodologiés for inéxproVing the insulin ses:retion "d‘ynamics' ' from
transcriptionally regulated cells. Inl the beéinning, we tested‘ the possibility of using
' antisense-mediated mRNA destabiliization tio accelerate insulin down-regulation. An
MMTV (mouse ma_mmafy tumor vims) prc}moter-directed, transcriptionally regulate‘d,\
insqlin-secreting fnyoblasf model ?was deﬁelopéd with both sense and antisense
preproinsulin mRNA expression (A?PENDiX A.4). While attempting to elevate the

sense-antisense interaction by increasing the copy number of the sense template, we



discovered a much easier and mdre efﬁcien‘.[ alternative in destabilizing the preproinsulin.
mRNA molecule by nonseris;e;me"diated mRNA decay (APPENDIX A.5). This finding
led to the research de;cribed in CHAPTER 3, which focused on changing the structure of
preproinsulinimRNA, thu§ inducing‘ zn}pl‘lsense-mediaétedlﬂRNA decay and accelerating
the dbwn—reguIation of insulin secretion from the rééo;11binant hosts.

Although we JWere 'ab.le to geher.ate‘a'more dyﬁamic insulin secretion by using the
destabilized preproinsulin mRNA described in CHAPTER 3, there still existed more than
hour-long delays in fesponse to up- and down;regulation of insulin secretion. Such
dynamics are expected to constitute a problém in achieving euglycemia in higher animals
and in humans. To expedite the response time, cells possess regulated secretory pathway

| are good candidates to be engineered for acute response to stimuli. We therefore focused
on exploring the properties of enteroendocrine cells to develop an acute phase of insulin
release. We expect that the engineered enteroler;docrine cells and hepatic cells can
regulate insulin secretion in short- and long-term fashions, respectively. Our findings -
have led to the concept that a pancreatic substitute based on autologous cells might be a
two-cmﬁpartment tissue, one with peritoﬁeal or hepatic location providing t_he more
~cjonstitutive type of insulin ‘'secretion and the second with upper intestinal location
i : : : 1
p:rovid.ing the more acute type of response. The two COmeMcnts_ Working together may

thus release insulin in a fashion similar to a normally functioning pancreas.
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CHAPTER 2
BACKGROUND

2.1 Ihs_ulin-dependen_t diabétes and éﬁrrént treatment

Diabetes melljtus 1s a group of diseases which have in common the presence of
“high blood su,c;zan aﬁci inéﬁy bfhér me}ébolic abhorfnélities. Two types of diabetes are
cdmmonly found. Type 1 diabetes, also ‘called juvenile-onset diabetes, is caused by
autoimmune destruction of;‘panc'reatié B-cells, which results in insulin deficiency. This
form of diabetes, .b which accountg for roughly 5% to 10% of ‘the overall diabetic
population, usually strikes children. and young adults, who need exogenous insulin
delivery in order to survive [1]. Type 2 diabetes accounts for roughly the other 90% to
95% of diagnosed casés of diabetes [1]. The causes of type 2 diabetes are still a mystery
but the symptoms are characterized By lthe resistance to insulin action on skeletal muscle
and adipocytes [16]. As the. need for insulin rises because of insulin resistance in type 2
_ diabetics, their B-cells first elevate insulin secretion levels to compensate the demand,
and then might gradually lose the Secrétion ability over time and, eventually, the
compensation fails. Patients with insulin-dependent diabetes (IDD) afe those with type 1
and a portion of type 2 diabetes who need exogenous insulin for regulating glucose
homeostasis.

Current treatment of IDD involves multiple insulin injections a day or continuous
subcutaneous insulin infusion (insulin pump), in addition to a frequent inspection of

blood glucose levels [1]. The insulin injections or infusion are cumbersome and



sometimgs they need the patients’ high level of attention and decision-making ability.
Furthermore, due to the fluctuation of physiologic conditions, it is difficult to deitermine
the required insulin dosage, thus causing inefficient control of blood glucose. Although
the current treatment is Weil-accepted by patignts and doctors, it cannot avoid incidences
of hypoglycemia, a lifé-threatening condition. More seriously, due to a poor glycemic
cohtrol, this treétfncnf cannb£ prevén; :;l.ong-term complications such as heart, kidney and
nervous system diseases, stroke and -blindness. Since the current insulin treatment is far
from ‘ideal, additional cell-based the'rapieg Have been proposed to provide a more
physiologic regulation of blood glucose levels. These therapies -include: 1) islet
transpléntation, 2) differentiétion of pancreatic P-cells from stem cells, and 3)

engineered B-ce11 surrogates.

2.2 Islet transplantation

Islet transplantation is gaining- acceptance as a pot_ential therapy for IDD, in
particular to patients prone to hypoglycemic incidents. The successes of islet
transplantations following the “Edmonton protécol,” and the recent ‘follow-up studies
have both shown encouraging results [17-19]. The transplant only takes less an hour to
perform by injecting islets through a catheter into the liver. The success of the Edmonton
protocol primarily depends on appropriate immunosuppression and a new procedure for
~ islet isolation, in .addition to a careful screening of recipients [18]. Howéver, with
millions of IDD patients, it is impossible to satisfy the demand for islets with limited islet
donors (a typical transplant reqﬁires 10% islets from two average—sizéd persons).

Additionally, patients need to face potentially lifetime inimunosuppression. Although



xenogeneic islet transplantation can relieve the shortage of allogeneic iSlets, the
immunological barrier of xenogeneic grafts ‘and the concern of contamination from

animal viruses, such as the'porciﬁevendogenous retrovirus, have halted the progress [20].

2.3 Diffe;"entiatiqn of pan_cre‘fltic;[}-cqlls froxﬁ stem cells

Differentiatipn of embrybnic stem (ES) cells into pancreatic B-cells constitutes an
alternative apperach‘tol relax the limitéd a;/ailability of human tissue.» Differentiation of
human ES cells into insulin_—broducirig cells via the pluripotent human ES cell lines has.
been repoﬁedl | [21-24]. Aci-;i/illnt'ages of ES cells include their proliferation and
differentiation ability. Theoretically, stem cells can be expended in tissue culture
indefinitely, Which solves the problem of cell sourcing. Differentiated B-liké ceils have
been transplanted to type 1 diabetic mice and restored euglycemia [25]. Alihough the
preliminary work of differentiating ES cells into B-like cells is pfomising, a number of
questions remain. First, the general concern of using ES—deﬁved grafts is the
: dévelopment of teratomas frorﬁ undifferentiated cells after implantati.on; this concern is
also applied to the use of ES-derived B-cells. Second, implantation of B-cells alone is
different compared with the implantation of islets. Although pure B-cells can replace the
function of islets in terms of insulin secretion, it is unclear how the B-cells’ phenotype
would change after 1osing their cell-cell contact witﬁ the non-B-cells in the islets,
especially for those ES-derived cells, whiéh probably possess less phendtypic stability.
Third; in type 1 diabetics, differentiated B-cells would still féce autoimmune rejection, as

is the case with islet allografts, and lifetime immunosuppression is a big concern.
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Regeneration qf p"a‘ncréati.c' 'B”-célls from adult tissue stem cells raises hope of
producing insulin-secreting cells from an_autologous source [26]. In this sceﬁario, the
. f)atients’ own stem cells are ‘(‘1'i.ff<"3.rentiét?ed to resﬁire the damaged P-cells. Recent reports
of differentiation of adult hepatic stem celis into B-like cells and the success of using
pancreatic ductal epithelvia‘ cells from mi;:é to produce fu_nctional islets are encouraging
[27,28]. The question of applying adult tissue stem cells is their limited proliferation
capacity, which prevents them from large-séale preparation. Nonetheless, this property
could also be good as it reduces the risk of unregulated cell growth following
implantation. Other than the slow rate of proliferation, the slow rate of differentiation of
adult stem cells also needs to be improved before further applications. Again, like ES-
derived B-cells, the differentiated B-cells from adult tissue stem cells would face the

potential problem of autoimmune rejection in vivo in type 1 diabetic subjects.

2.4 Engineered p-cell surrogates
The concept of using genetically engineered surrogate B-cells for IDD treatment
started in 1983 when Moore et al. [29] transferred preproinsulin cDNA to the mouse
“pituitary AtT20 cell line: The engineeredlAt'I“20 cells produced proinsulin, Which was
sorted to secretory granules and converted to insulin; upon stimulation, regulated insulin
secretion was observed. Since then, engineered B-cell surrogateé have been derived from
a variety of cell types, including fibroblasts [30], skeletal muscle ’cells [31,32], hepatic
cells [2-6] and endocrinél cells of different origins [7-9,33-36]. To summarize endeavors

in this field during the past 20 years, the implemented approaches consist of three major
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steps: 1) modification of insulin gene, 2) delivery of insulin gene, and 3) regulation of -

insulin secretion.

2.4.1 Modificatio of insulin gerie

Insulin consists of polypeptide chain A (21 arnino acids) and polypeptide chain B
(30 amino acids), connected by covalent disniphide bonds. These two chains are derived
from proinsulin, which 1nc1udes a polypeptlde C between the A and B chains. Proinsulin
is derived from prepromsulm the product after transcrlptlon and translation of 1nsu11n
gene. Preproinsulin carries a secretory signal peptide at the N-terminus to direct its
intracellular traffic in B-cells.. Following oiosynthesis, preproinsulin is cleaved to leave
proinsulin during transport into the endoplastic reticulum. Proinsulin is further processed
in secretory grannles by prohormone convertases 1/3 (PC1/3) and 2 (PCZ) to remove the
C peptide and form the mature insulin. PC1/3 cleaves proinsulin at the B-C junction after
Arg-32, and PC 2 cleaves at the C-A junction after Arg-65 [37].

Since convertases PC1/3 and PC2 are expressed primarily in neuroendocrine cells,
~ alteration of B-C, C-A junction sites is necessary to facilitate proinsulin processing in
other cell types, e.g.‘ hepatocytes, fibroblasts and myoblasts, which do not possess a
regulated secretory pathwéy. Yanagita [38] modified the proinsulin sequence at the B-C
and C-A junctions by creating tetrabasic amino acid residues Arg-X-Lys (or Arg)-Arg,
thereby allowing the ubiquitous proteolytic enzyme, furin, present in the constitutive
- secretion pathway to process proinsulin to insulin. This modification is particularly

important for non-islet tissues to generate mature insulin; however, for endocrine cells,
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'such as pituitary cells or enteroendocrine cells which carry PC1/3‘and PC2, the
modiﬁcation is not necessary. |

Expression of mutated insulin in the B chain at the 10th position allows an
elevation of recombinént‘insulin’produvction in engineered mammalian cells, as well as
generates a fnbdiﬁed fdfrn of insuIin with higher activity [39,40]. The His B10-to-Asp
mutat@on increased accumnlation of insulin in cellular models, probably by improving the
stability of the insulin molecule [41]. Expression of the B10 mutated insulin gene \nas
able to elevate insulin produetion .Vin'cultures of primary rat myoblasts (roughly 6-fold)
[42] as well as human embryonic’kidney cells (HEK293 cell line, 10-100-f01d) [43]. The
applieation of BlOImutated ‘insnlin gene greatly increases the insulin production
efficiency in. the recombinant hosf, which is particularly u;eful in increasing the
sensitivity of quantifying insulin secretion from engineered B-cell surrogates. This
mutation was also applied in the studies described in CHAPTERS 3, 4 and 5. The
- sequences of the native and mutated preproinsulin peptides and cDNAs are listed in

Appendices A.1 and A.2.

2.4.2 Delivery of insulin gene

| Delivery of insulin gene to mammalian cells has been performed by viral systems
as well as by non-viral gene transfer systems. Before the rapid progress of viral delivery
systems in late 1990s, most of the engineered B-cell surrogates were generated via non-
- viral systems such as, liposome, cation-based gene delivery, electroporation, or gene gun
method [44]. Direct intravenous injection of liposome-enclosed plasmid.DNA resulted in

- insulin exvpression' in the liver of rat [45]. Intramuscular injections of naked plasmid
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DNA have been shown to result in local expression of insulin in skeletal muscle [46,47].
Although the non-viral delivery‘ methods are simple and do not induce immunologivc
fesponse, their gene transf;é; efficiency is relative low [48]. Usually the transgene
~ exhibits transient expression because the gene of interest cannot efficiently integrate with
the host chomosoﬁe. | o

The commonly applied viral gene transfer systems are: retrovirus, lentiyirus,
adénovirus and adeno-asgbciéted virus. Tﬁeir advantages and disadvantages in gene
delivery are summarized in Table 1 [49-56]. Generally, viral systerﬁs are more efficient
in gene transfer than non-viral systems. Kéy issues in applying viral systems to IDD |
treatment include: safety, the ability to fransduce non-dfviding cells, and the ability of
maintaining stable expression. Among these, the safety issue has been pivotally enhanced
- by recent adverse events of retrovirus inducing a lymbhoproliferative disorder in treating
‘ éevere combined immunodeficiency (SCID)-XI diseasé, and of adenovirus causing a

patient death [49].

2.4.2.1 Adeno-associated virus vectors

In CHAPTERS 4 and 5, we app]ied'reCOrﬁbinant adeno-associated virus serotype
2 (rAAV2)-based vector for insulin gehe transfer to intestinal ‘enteroendocrin_e L-cells.
Adeno-associated serotype 2, a member of parvovirus, is one of the most promising viral
vectors, which have demonstrated its clinical applications in terms 'of : its non-
pathogenicity and broad tissue tropism. In addition, AAV2 does not induce cytotoxic
effeéts, cause little, if any, immune response, and has the uﬁique poténtial of integrating

into a speciﬁc region of chromosome 19. Nonetheless, with a small packaging capacity
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(< 5 kb), rAAV2 qannot carry a lengthy gene of interest, or multiple gene elements to
regulate transgene exp}ressi‘on [57,58]. This deficiency is partially relieved when Vr'AAV2
is applied to insulin gene transfer. This is because the preproinsulin cDNA only containé
111 -codoh's, i.e. 333 base paifs o‘f,jnuclveoticvle.s,. which takes less than 10% of the capacity.
Another important feature of rAAV2-mediated transgene expression is the expected
prolonged transgene expression, as previously demonstrated with other genes and cell
hosts [57]. This property is 'espxet:ially imﬁortant for treating a cmonic disease like
diabetes. Based on these, the rAAVZ"—me"c.lilated insulin gene delivery has been recognized

as a method of gene-based therapy of IDD [4,8,56,59].

2.4.3 Regulation of insulin secretion

The critical part in developing B-cell surrogates for IDD treatment is gchieving
the "property of régulated insulin secretion from the recombinant host. Cells with
constitutive insulin release will be dangerous in vivo because of the risk of generating
hyperinsulinemia and hypoglycemia, a serious pathologic condition. Physiologicalfy, B- -
cells are differentiated to possess regulated insulin production and release in response to
physiological cueg. Therefore, if »is_ W§rthwhile to review the details of how B-cellé

~control insulin biosynthesis and secretion.

2.4.3.1 Regulation of insulin production and secretion in p-cells
The glucose-stimulated insulin s»ecret‘ion has been extensively studied, due to its
importance in regulation of blood gl@cose levels. When f-cells are pre-incubated in

glucose-free or hypoglycémic culture medium and are then exposed to higher levels of
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glucose, they exhibit a biphasic‘secretory response. The first phase of secretion consists
of rapid insulin rélease fro'r.‘nvivntl‘raéellljllar stores and l.asts‘ for 5-15 minutes. The second
‘phase is characterized -by a steadily incfgasing secretion rate Qvér a period of several
hours, which is due to ihéreased'ins‘iﬂin_‘biosynthesis [60]. In normal B-cells, secretion
occurs at a minimal, basal level ét glucose conc_entrations below 4 mM, it increases with
the glucose concentration for 1evels between 4 and 15 mM,-and it becomes saturated at
~ concentrations above 15 mM. Half-maximal résponse is observed at § mM
Figure 2 is a cartoon representation of B-cells’ insulin production from gene to
granules.  Extracellular glucose concentration can control each step of insulin
biosynthesis (tfanscription, translation, and post-translational mbdiﬁcation) andv
exocytosis. In the transcription step, the insulin prbmoter is around 400 bb and
remarkably complex, with multiple.sequvenceb eléments along its length [61]. Because
each of these sequence elements forms a recbgnition site for binding of B-cell
transcription factors, a transcriptional activétion complex can only be formed by binding
of the promoter and a unique set of transcription factors in the B-cell nucleus [61,62].
ThlS uniqueness makes the ihsulin promoter hard to\ be applied to npn-B-cells for. insulin
bibsynthesis contrpl. |
| Short-term (less than 2 h) gluéose-stimulated proinsulin biosynthesis is mainly
regulated at the translational level [63-641. Up to 10-fold increase of proinsulin
biosynthesis induced by glucose cén be observed in 1 hour. Only 2- to 5-fold elevation in
preprdinsulin mRNA levels is seen around 60-90 minutes [65,66]. Although in the short
term prepr.oinsulin. mRNA levelé do not change much in response to :glucose,' the

translation of preproinsulin mRNA increases significantly as a result of enhancing: (i) the
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ratio of _membrane-bouncl 'i)olysomal pool of preproinsulin mRNA (the major site of
proinsulin blosyntheSIS in B-cells) to the free preprornsuhn mRNA in the cytosol [67], (ii)
prepromsulm mRNA stabrllty [68] (111) translat1on 1n1t1atron [69], and (1v) translation
elongat1on [69,70]. Since an increased promsuhn biosynthesis needs an increase on
. conversion of proinsulin to rnsulm the Bkcell regulates the biosynthesis of prohormone -
convertase enzymes PC1/3 ‘and PC,2' by glucose stimulation also at the translation level
along with that of proinsulin [71].

- The- control of glucose-stimulated insulin rele‘ase from granules is generally
accepted to occur via ATP-sensitive potassium channels, which couple cell metabolism to
electrochemical activity [72,73]. Pancreatic B-cells use glucose transporter isotype II
(G'LUTZ) and glucokinase to control the first two steps of gljcolysis, thus regulatlng cell
metabolisrn. These two enzymes are called the sensoring apparetus of glucose, both have
high Michaelis constant (Km; GLUT2 ~ 17, glucokinase ~ 8) [74,75] which can change
the rate of glycolysis according to physiological glucose levels. | So, when .the
surrounding glucose - concentration rises, the glucose uptake rate and the metabolic
activity of the B-cell also increase This results in an increase of the intracellular ATP or

‘ .

of a combination of ATP-related compounds Wl’llCh in tum closes ATP- sensitive
[ l

potassium channels. The closure of ATP sensrtlve potass1um channels produces a
membrane depolarization, which ’a‘ctivates VOltage-dependent Ca®* channels, increases

Ca®" influx into the B-cell, and triggers the acute phase of insulin release [76].

2.4.3.2 Regulation of insulin secretion from engineered B-cell surrogates
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Although B-cells are complicated and difficult to mimic, significant progress has
been made in using transcription and exocytosis to regulate recombinant insulin secretion

from f-cell surrogates.

2.4.3.2.1 Transcriptionally regulated insulin secretidn from engineered hepatic éells
Transcriptionaliy regulated insulin release has been developed primarily in
hepatic cells as a strategy for ID.DT treatment. The advantages of targeting liver as the
insulin-secreting surrogate orgaﬁ are: 1) liver is the major target for insulin action, and
actively participates in regulating glucose homeostasis via the cbunteractive balance
between glycogenesis, and glycogenolysis/gluconeogenesis; 2) hepatocytes posséss
- glucose-sensing ability involving the glucokinase and" glucose trans:pbrter type 2
(GLUT2), which is similar to that of B-cells; and 3) several liver-specific gene elements
kcoupled with carbohydrate metabolism have been identified, which include glucose-
responsivé enhancer/promoter that can be applied to direct insulin gene expression [77].
Many liver-specific genes have been found to -respond to an increase of plasma
glucose by up-regulating their transcriptional activity, which _include genes encoding L-
type-pyruVate kihase (L-PK) [78-80], gl_ucose-6-ph0sphatase (G6Pase) [81]; Spot 14 [82]
and phosphoenolpyruvate carboxykinase (PEPCK) [83']. The enhancer/promoter regions
of these genes were applied in the li{/er with an intension to control the insulin transgene
expression thereby up- and down-regulating insulin release according to glucose levels.
Lee et al. [4] and Chen et al. [6] directly applied L-PK promoter and G6Pase promoter,
respectively,’to drive transgenic insulin expression ih the liver. Thulé et al. [2,3]

connected glucose-responsive elements from L-PK gene into the insulin-suppressive
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basal promoter of the rat _insnlin—like growth factor binding protein-1 gene to prdduce a
promoter that is aetive in hepatocytes, inhibited by insulin and stimulated by glucose. Lu
" etal. [‘54,84] applied theu connection of PEPCK promoter and thymidine kinase promoter,
or B-actin promoter (as a basal nromotet) toeontroli insulin gene transcription which can
bev up-regulated b& cAMP and down-regulated by insulin. By doing 4so, these
investigators.reported inductivon of insuiin secretion in rodent models, in‘ primary cultures
of hepatocytes, or in cultures of hepatoma cell lines. Signiﬁcantly, in vivo hepatic insulin
transgene expression has demonstrated its effectiveness in correcting streptozotocin
- (STZ)-induced diabetic rodents, and non-obese diabetic (NOD) mice [3-6].

Although publications describe the potential of hepatic insulin pfoduction for IDD
treatment, concefns have been raised on the sluggish dynaniics of transcriptionally
regulated insulin [85,86]. Of particular importance is the slow secretion down-regulation,
which results in the cells secreting insulin long after the stimulus has been removed and
may thus revert diabetes to hyperinsulinemia and hypoglycemia, a serious pathological
condition. It has been pointed out that preproinsulin (PPI) mRNA, the intermediate
molecule encoding the insulin peptide, is the key for the slow dynamics. When
' transcription is activated via physiodlldg‘ic :stinluli, PPI mRNA leyels‘ are elevated and more
preproinsulin is translated for d}oWn-stream:processing. Howev_er, when transcription
stops, the down-regulation of preproinsulin neogenesis strongly depends on the stability
of PPI mRNA. It has been demonstrated that, after being synthesized, PPI mRNA is very
| stable over a period of 24 h in both nrinqary B-cells and transformed [ cell ltnes [65,87].
Although the half;ltfe of PPI mRNA is shorter in recombinant hepatocytes and

hepatomas (around 6 to 9 h) [88,89], its time-frame is still too long for applications in
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higher animals and hﬁxﬁanﬁ. "fo expedite the dynamics of secretion down-regulation,
translation needs to stop soon after transéription has been turned off.

To ;éliéve this; ‘cru-c'i'allfliﬁrnitatiOn,.PPI: mRNA needs to be destabilized before its
application in regulation of insulin secretion. The topic of modulation of mRNA stabjlity,
in general, is currently under intense investigation [90-92]. Specifically with PP mRNA,
to accelerate the turnover rate, the use of antjsense RNA [93] or connecting the insulin
gene with the 3’-1:1ntransv,1abted' region (3’-UTR) of some labile mRNAs, subh as those
encoding cytokines, have been considered [77]. In CHAPTER 3 of this thesig, we repoft
a novel way to destabilize PPI mRNA through nonsense-mediated mRNA decay (NMD)
‘and investigate its effect on the dynamics of insulin secretion from a recombinant human

_hepétoma cell line.

2.4.3.2.1.1 Nonseﬁse-mediated mRNA decay
Gene expression requires delicate coordination and integration of multiple
processes such as transcription, splicing, po]yadenylation and translation. Substantial
activities of gene expression happen routinely in cells, thereby incidents of mistakes are
inevitable. Many of the erro:ré 1eéd to premature frénslatidn termin'ation,‘ also called
nonsense mutation, in \&hich ECase a stop codon forms in the middlei of an mRNA
molecule. Nonsense mutatifoé ,ican also be introduced by DNA replication while cells
divide, and it has been estimatéd that nonsense mutation accounts for roughly 30% of
genetic diseasés [94]. The tn.micfated peptides encoded by the mutant mRNA éan be very

reactive and potentially toxic to the host cell; therefore, perhaps through evolution, a
|
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mechanism called mRNA sur\'.eillanée,'or nonéehse-mediated mRNA decay, has evolved
to target the unfinished mRNA molecutoand accelerate its degradation [95].

Although researchers ha:ve' focosed on mRNA surveillance and NMD for years,
details of how a'nonsenSe mutant mRNA is marked are still under investigation. Studies
have shown that during the splicing of an mRNA in the nucleus, proteins are deposited in
20-24 nucleotides upstream of the exon-exon junction to form the exon-exon junction
complex (EJC) [96]. The EJC is though to enhance mRNA export, and in addition it
might also serve as an mRNA marker [97]. It has been hypothesized that the first round
of translation can displace EJC proteios; thus if translation stops prematurely in the
middle of the transcript leaving the EJC proteins downstream of the nonsense codon
untouched, EJC proteins can recruit the cells’ surveillance machine for mRNA
degradation [98]. However, recent data show that mammalian mRNAs lacking introns‘
downstream of the nonsense codon can also be degraded via NMD [99]. Also, splicing
of downstream introns is not always required for NMD [100], and downstream introns
are not always sufficient to Specify NMD [101]. In CHAPTER 3, our results do not fall

into the model that the EJC initiates NMD, but supports the idea that introns may not

absolutely required for NMD [99] Detalls of the dlfference between the native

preproinsulin (PPI) mRNA and the englneered PPI mRNA through NMD are dlscussed
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24322 Regu‘lated. insulin secretion i:"ljom pituitary cells through exocytosis
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In parallel with the engineerirflgj of hepatic cells for insulin production, other
investigators are targeting endocrine célls which possess the regulated secretory pathway

to control insulin release. In transgenic mouse models and cell lines, recombinant
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pituitary cells have been shown to respond to secretagogues with acute release of insulin
through exocytosis [33 35]. Slnce p1tu1tary cells lack responsiveness to postprandial
stimuli, attempts have been made to engmeer glucose responsweness by expressing
glucokinase (GK), or the type II glucose transporter GLUT2 or both, in these cells [36].
' Also, recently, Wuet-al. [34] engineered pitnitary cells to express glucagon-like peptide-
1 (GLP-1) receptors on the cell surface in response to the postprandial GLP-1 release
from the gut. However, since pituitary cells naturally do not participate ln glucose
. rnetabolism in the body, recombinant pituitary cells secrete not only insulin but also their
endogenous hormones such as adrenocorticotropic hormone, and serious disorders may

result if these hormones are abnormally up-regulated after meals.

2.4.3.2.3 Regulated insulin secretion from enteroendocrine cells through exocytosis
Recently, the advantage of targeting intestinal enteroendocrine cells for regulated
insulin release llas received notable attention [7;10]. ‘The intestinal enteroendocrine
system, consisting of endocrine cells in the lining of the gastrointestinal tract, is the
largest system of endocrine cells in the body in terms of the cell number and the variety
of hormones released [102]. Incretin hormones such"as glucagon-like peptide-1 (GLP-1)
and glucose dependent 1nsul1notrop1c polypeptlde (GIP) are naturally released from ‘
1ntest1nal enteroendocrlne L- cells and gut K-cells after a meal to potentiate insulin
secretion from the pancreas. K-c;ells‘are mostly found in the upper part of the digestive
tract (stomach, duodenu_rn and jejunnrn), and L-cells Vare located primarily in tlle lower

gut (jejunum, ileum and colon) [lzll].f iIn humans, the secretion dynamics of GLP-1 and

- GIP closely parallel those of insulln, in the sense that all of them rise a few minutes after
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glucose ingestion, and return to ‘bvas'al‘ levels in 2-3 h depending on the glucose dosage [12,
also in Appendix A8]. Chueng et al. .[7]v_explored this unique connectidn between
incretins and Ai_‘nsu!i'n-, a_ind Lusqd a traﬁSgenic mouse model to demonstrate that regulated
insulin release from recbndbinant- gut K-cells in vivo can restore euglycemia in type 1
diabetic mice. Nonet'héles_s,’ an effective gene transfer method for delivery of insulin
gene to somatic enteroendocrine cells still needs to be developed.

In CHAPTERS 4 and 5 of this thesis, we present a methodoldgy which can
efficiently transfer the insulin gene to somatic enteroendocrine cells, speciﬁcally to the
enteroendocrine L-cells. The enteroendocrine cell families contain different cellular sub-
lineages. It has been hypothesized that they are all derived from multi-potential stem
cells in crypt of Lieberkuhn. The same stem cells also give rise to other cell types in the
intestinal epithelium such as enterocytes, goblet cells and Paneth cells [103,104]. After
differentiation, the enteroendocrine lineages, including L-cells, are mostly localized
around the crypt area, while other lineages might undergo terminal differentiation as they
migrate to the villus tip or thé bottom crypt. The apical microvilli of L-cells reach the
intestinal lumen, suggesting they can sense luminal concentraﬁon of dietary nutrients;
their secretory vesicles reside next to the baéal Iamina, offering evidence of the L-cells’
abil_lity to discharge their granular contents into circulation [105]. The GLP-1 released
from L-cells is a potent secretagogue towards pancreatic B-cells vfor insuiin secretion.
The therapeutic effect of GLP-1 on treating type 2 diabetes has been widely recogﬁized
and is under intense investigation [106-108]. Cléarly, this underscbres the compatibility
of GLP-1 and insulin in regulating glucose homeostasis, and the potential of developing

GLP-1 secreting L-cells as B-cell surrogates for IDD treatment.
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In addition to the enteroendocrine families, there are three other main celluiar
lineages in the gut mu.cosa, in‘clu'ding enteroéytes; goblet cells and Paneth cells [109].
Among these Ceils, tl:le: ér.itéré)éy{es, | thch "ac:count for digestion‘ and absorption of
luminal nutrients, are the p_redominant cell type. Gut epithelium’is primarily composed
of enterocytes forming a »b'arri‘é‘f with tight j;unctions to separate the gut lumen from the
basolateral domain. Because the 'e'nteroenc‘iocri_ne cells constitute only 1% of the
intesti‘nal epithelium population, it is difficult to identify an enteroendocrine target in
vivo or in isolated mucosal cell culture. Also, tov génetically modify énteroendocrine L-
cells, inevitably, the gene transfer agents will interact with the surfounding enterocytes.
In CHAPTER 5, the details of using co-culture models to evaluate the se'lectivityA and
efficiency of rAAV?2 transduction to target L-cells are presented. The use of additional

elements to possibly further enhance the specificity of transduction is discussed.
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CHAPTER 3

" Preproinsulin mRNA Engineering and its Applicatidn to the Regulation of Insulin

~ Secretion from Human Hepatomas

3.1 Abstract
Cell-based therapies for treating insulin-dependent diabetes (IDD) can provide a
more physioldgic regulation of blood glucose levels in a less invasive fashion than daily
insulin injectiohs.- Promising cells include non-B-cells genetically ehgineeréd to secrete
in;sulin in response to physiologic cues; responsiveness can be introduced at thé
transcriptional level to regulate preproinsulin (PPI) mRNA biosynthesis. However, these
cells exhibit sluggish secretion dynamiéé, which are not appfopriate for achieving
‘euglycemia in higher animals anci, eventually, humans. Ip this work,_we'have. engineeréd
the PPI mRNA so as to destabilize it through nonsense-mediated mRNA>décay (NMD).
'When expressed under transcriptional regulation in HepG2 hepatomas, the engineered
PPI mRNA level ahd the insulin secretidn rate declined faster upon switchi.ng off
tréﬂscriptidn, compa'red to the ohé;cdpy non-engineered bcqntrol. Our work provides a
simple and straightforward method to improve the dynamics of transcriptionally
regulated insulin secretion, which can be a useful tool in developing cell-based therapiés "

for IDD.

3.2 Introduction



Genetic engineering of non-p-cells for glucose-responsive insulin secretion offers
signiﬁcant promise in developing a ce_llébased.t}‘lerapy for insulin-dependent diabetes.
Responsiveness to physiologic stimuli is ,intro.du-ced et the gene transcription level by
using promoters up-regulated by glucose and possibly down-regulated by insulin [2-
6,32]. Based on this concept; glucese-_regulated insulin expression has been achieved in
streptozotocin (STZ)-induced - diabetic rodents [3-6,32]. Although these results are
promising, the sluggishness in secretion dynamics of transcriptionally controlled cells
makes them inappropriate for glycemic regulation in higher animals and, eventually,
humans. Of particular significance is the slow dynamics of secretion down-regulation,
~which result in the cells secreting insulin long after the stimulus has been removed and
may thus revert diabetes to hyperinsulinemia end hypoglycenﬁa, a serious pathological
condition. | |

It has been suggested that the prolonged stability of preproinsulin (PPI) mRNA
causes the sluggishness of secretion ddwn—regulation [77,86]. Although prior reports on
the PPI mRNA half-life in non-B-cells are limited, data from normal and transformed -
cells strongly indicate that the stability of PPI mRNA is a limiting factor in expediting
secretion down-regulation. In isolated primary rat islets, the half-life of PPI‘ mRNA was:
estimated to’ be 77 h under high glucose (17: mM) anc?l"~29 h under fldw glucose
concentration (3.3 mM) [87]. In BTC-3 insulinomas, there was ojnly‘margina?l PPI mRNA
degradation over 24 hours after transcription wes s;[opped [6‘5.‘:], iwhile Vt‘he hajlf-life c;f PPi
mRNA in RIN-S_F insulinomas was found to be 58 h and 26 h nnder high (20 mM) and

low (3 mM) glucose concentration, respectively [87].
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Recently,‘ nonséhse-{nediatéci mRNA ‘decay (NMD) has received significant
attention because of its biological'énd medical imp(')rtanéel [95,98,110,111]. Mutant
mRNAs with premature stop codons can be detected by cells via a surveillance
mechanism, and are subjectled to NMD [112,113]. Although NMD has probably evolved
to eliminate e_rratic', ‘mRNAs, it'also offers an interesting_approach to destabilize
genetically engineered mRNA.

In this work, we investigated the destabilization of PPI mRNA through
engineering nonsense-mediated mRNA decay, and its effect on>the dynamics of insulin
secretion from fecdmbinant HepG2 hepatomas. The implications of o‘ur findings in
producing appfopriately secreting non-B-cells with transcriptional regulation. of insulin -

expression are discussed.

3.3 Materials and methods
3.3.1 Plasmids for insulin expression
Vectors A-E in Figure 3 are five plasmids constructed to systematically increase

insulin expression in HepG2 cells. Human preproinsulin ¢cDNA wild-type, furin-

compatible with furin cleavage sites at the B-C and C-A junctions, and furin-compatible

1

with His B10-to-Asp mutation (B10 thju;ration) were all generous gifts from Genentech,

Inc (San Francisco, CA) [43]. Thé fséqluences of the native and mutated preproinsulin

peptides and cDNAs are listed in Apﬁe’ndices A.l and A.2. The backbone of insulin

expression plasmids originated from an 1822 bp Bglll/BamHI fragment of plasmid
pRL/Null' (Promega, Madison, WI). . A 508 bp Xbal/BamHI restriction fragment

: vcontaining both the Simian Virus 40 (SV40) late polyadenylation and SV40 enhancer
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signals froﬁ blasmid pGL3-cc‘>ntr0‘l‘(Pr(5meg‘a) waé used to replace the SV40 late
polyadenylation sig‘ﬁal in pRL/Null to prepare the plasmid with the SV40 enhancer. The
human cytomegalovirus (CMV) promoter used to drive insulin gene was obtained from .
an 883 bp BgllI/Nhel restriction fragmf:nt of plasmid pcDNA3.1(+) (Invitrogen,
Carlsbad, CA). The CMV promoter was connected to the Bglll and Spel sites of
pRL/Null to prepare tbe plasmid with an intron, or to the BglII and Nhel sites to prepare
the plasmid without an intron. Different versions of Xbal/Xbal preproinsulin cDNA
fragment were connécfed to .the backbones using Nhel and Xbal sites.

The backbone of the tet-responsive insulin expression plasmid was obtained from
a 2074 bp Xhol/Xbal fragment of plasmid pRL/Null (Promega). The tetracycline-
responsive promoter was obtained from a 448 bp Xhol/EcoRI restriction fragment of
| . plasmid pTRE2pur (Clontech, Palo- Alto, CA).' This promoter was inserted into the
multiple clqning sites of pRL/Null. For the control plasmid containing one copy of
insulin gene, a 360 bp Xbal/Xbal restriction fragment containing the furin-compatible
insulin gene with B10 matation was connected to the backbone using Nhel and Xbal sites.
(vector F). For the engineered plasmid, two additional copies of the insulin gene were
consecutivgly inserted to the_ lba'c;l;bone. via the Xbal site with the same head-tail
conﬁgur_ation (vector G). Aftér transcription, the engineered PPI mRNA would contain
three consecutive copies of the insulin gene with stop codons in tbe middle of the
transcript. Translation is expected to stop in the middle of the engineered PPl mRNA and
“induce NMD. The Xhol/Xhol restriction fragments of the Clontech plasmids cat#
K1620-A and K1621-A were used to prepare plasmids pTet-Off and pTet-On,

respectively.
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3.3.2 Cell cultur(.av ;lﬁd t;‘ansféction

HepG2 human hepatoma cells (ATCC, Manassas, VA) were grown in DMEM
supplemented with 10% fetal bovine serum, 1.1 mg/ml sodium pyruvate and 100 units/ml
- penicillin/streptomycin ét 37°C in a 5% CO, / 95% air humidified atmosphere.
Approximately 108 cells were seeded in each 9.6 cm? well of 6-well plates and fed with 2
ml of culture medium for 8-12 h prior to transfection. All transfections were carried out
with FUGENE 6 reagent (Roche, Indianapolis, INV) following the manufacturer's
directions. For each well, HepG2 cells were transfected for 24 h with tﬁe plasmid DNA
cocktail (2.1 pg or 2.25 pg) and 6 pl of FUGENE 6 reagent. Unless otherwise specified,
transfected cells were incubated in culture medium for another 24-36 h for recovery.
Cells were then washed and incubated with culture medium for two consecutive 1-h

periods to stabilize insulin secretion before any tests.

333 Systematic increase of insulin expression
HepG2 cells were transiently transfgéted using 2 pg of test plasmid (Figure 3,
vector A, B, C, D or E) and 0.1 pg of piasmid 'pGL3.-Control‘(Promega)- for luciferase
expression as internal standard according fo ‘the procedure described in Section 3.3.2.
Cells were then incubated forll h in culturé medium, which was collected to assay for
secreted insulin. Cells were detached using 2.5 ml 0.25% trypsin solution supplemented

with 5 mg of collagenase type II for luciferase assay and cell counting.

3.3.4 Dynamic insulin expression
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HepG2 cells were transiently cd’-tfénsfected using 2 pg of plasmid pTet-Off (or
pTet-On) and 025 Mg of the. control or engmeered PPI mRNA expressmn plasmid
(Figure 3, vectors F, G). Tet-Off transfected cells in parallel cultures were incubated in
doxycycline (DOX)-free medium or in medium with 1 pg/ml DOX for 24-36 h. Media
were renewed, and cells were incubated for an additional 1 h during which ‘insulin
secretion was measured; cells were then lysed for quantifative mRNA assay. Te study
the dynamics of insulin gene down-regulation, Tet-Off transfected cells were switched
from DOX-free medium to 1 pg/ml DOX medinm for 8 h. Every hour, culture medium
was renewed and collected for insulin assay. Every two hours, cells were lysed for
quantitative mRNA assay. ."To dynamically regulate insulin secretion using Tet-On
.system, Tet-On transfected cells were switched from DOX-free medium to 1 pg/ml DOX
medium for 1 h, washed four-times then incubated with DOX-free medium for 7 h, and
the steps were repeated. Every hour, c_ulture medium was renewed and collected for

insulin assay.

3.3.5 Translation inhibition test

Tet-Off transfected HepG2|cells were washed once and then exposed to DOX-
.free medium nv1th 28 pg/ml cyclohex1m1de for 4 h [99] The time ,Of addition of
cycloheximide-containing medium {was time 0. To resume translation‘ cells were washed '
four times, and then incubated w1th DOX free, cyclohex1m1de-free medlum for two

consecutive 4-h periods. At 0, 4, 8 and 12 h, cells were lysed for quantltatlve mRNA

assay.
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3.3.6. Assays

Firefly luciferése actj\zity frqm_ the internal control vector pGL3-Control was
measured using the luciferase aseay system (Promega) following the manufacturer’s |
protocol and using an LS‘SOOO scintillation counter (Beckman, Fullerton, CA). Secreted
insulin was rheasured by human insulin specific radioimmuneassay (RIA) kit (LINCO
Research, St. Chérles, MI). The primary antibody in the kit cross-reacts with proinsulin
at lees than 0.2%. Radioactivities were determined in 'Auto-Gamma Counting System,
Cobra iI (Packard, Meriden, CT). The change of intracellular PPI mRNA level was
quantified by the TagMan real-time PCR technique ‘(Applied Biosystems, Foster City,
CA). Total RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA); cDNA
was then synthesized using Avian myoblastosis virus (AMV) Reverse Transcriptase Kit
(Promega) to prepare templates for TagMan real-time PCR. The expression levels of PPI
mRNA aﬁd of the internal ‘reference tTA (tetracycline-responsive transcriptional
activator, from co-transfected plasmid pTet-Off) mRNA were measured using probes
labeled with 6FAM™ and VIC™ (Applied Biosystems), respectively, in separate tubes.
The primere aﬁd probes (Table 2) wefe designed using Primer Express software (Applied
Biosystems). Measuring preproinsulin mRNA-FAM and tTA mRNA-VIC permitted
correction of dlscrepan01es from differences in sample preparation and transfection
efﬁmen(:les PCRs were performed with the TaqMan Universal PCR Master Mix and the
ABI PRISM 7700 Sequence Detection System (Applied Biosystems) using the following |
thermal cycle routine: 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 95°C for

15 s, followed by 60°C for 1 min. A comparative threshold cycle (Ct) method (User
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Bulletin Number 2; Applied Biosystems) was used to determine relative gene expression.
Relative quantification of PPI mRNA was done by normalizingvthe PPI mRNA with the
tTA mRNA signal and by assigning a value of 100 to the normalized sample level at time

Z€ro0.

3.4 Results -
3.4.1 Increase of insﬁlin expression from transfected Hep‘GZ cells

Figure 3 shov(zs the plasmids constructed to ifnprove insqlin expression. With the
CMV promoter, vector D resulted in insulin secretion rates of 720 * 130
- fmole/(hre10%ells) from transiently transfectedHepG2 hepatofnas (Figure 4). This was
32.0 + 9.4 fold higher than the secretion rate echieved with the furin-compatible insuliﬁ
gene without any gene attachments (Figures 3 and 4, vector A), and 27.5 £ 8.0 fold
higher 'relative to the wild-type insulin gene with the chimeric intron and SV40 enhancer
(Figures 3 and 4, vector E). However, bec.ause the SV40 enhancer is not compatible with
- the tet-responsive system, vecters applied for tet-responsive insulin expression did not -
contain this sequence, but they did contain the B-C and C-A junction and B10 His-to-Asp

mutations, as well as the chimeric intron.

3.4.2 Preproinéulin mRNA engineering and expression
~ The control and engineered PPI mRNA expression plasmids (vecters F and G,
- Figure 3) were each transiently co-transfected with plasmid pTet-Off in HepG2 cells.

Use of the engineered PPI mRNA decreased the insulin expression level to 109 + 43

frnele/(hr-106cells) from 320 + 55 fmole/(hre10%cells) (n=4) of the control construct, or
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by 66%. Evidently, the decreased stability of engineered mRNA reduced intracellular
mRNA levels and thu; éxpfeésidn, ‘as observed in many other nonsense mutat_ions
[112,113]. However, cells with b(‘)th_‘_c‘ngineered and control plasmids were fegulated ina
similar fashion by DOX (Figure 5). With the control plasmid, transfected cells had a 24.8
+ 5.2-fold higher mRNA expression and a 20.7 £ 3.8-fold higher insulin‘secretion rate in
the absence relative to the presence of DOX. With the engineered plaémid, the
corresponding values Were 20.7 % 3.9-fold higher mRNA and 19.2 + 4.8-fold higher

insulin secretion rate in the absence vs. presence of DOX.

343 Dynamicé of down-regulation of insulin expression

The down-regulation of insulin gene ekpression was tes;ted using the Tet-Off
expression system. In the dynamic test, transcription was down-regulateci by exposing
cells at time zero to culture medium with 1 ug/rﬂL DOX (Figure 6). The engineered PPI
mRNA exhibited a faster decline with a half-life of less than 4 hours relative to the
control which had a half-life of rﬁore than 8 hours. The decline of insulin secretion rate
followed the similar trends. Thus, immunoreactivé insulin can be synthesized from the
engineefed PPI mRNA, and that the dynamics of down-regulation upon switching off
transcription at both the mRNA and secreted protein levels are faster With the engineered

PPI mRNA relative to control.
3.4.4 Regulation of insulin secretion using Tet-On system

Up- and down-regulation of insulin secretion from transfected HepG2 cells was

tested using the Tet-On system, in which DOX induces insulin gene expression. Using 1
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hour of induction in an 8-hour cycle, insulin production from the engiheered PPI mRNA
responded to the transcriptional switches (Figure 7). On the other hand, insulin
production from the control PPI mRNA failed to decline during the 7-hour basal periods

of exposure to DOX-free medium.

345 Translation inhibition test’

A control experiment was performed to elucidate whether NMD was indeed
involved in shortening‘the half-life of the engineered PPI mRNA. Since normal mRNA
and nonsense mutahts are distinguishéd from each other via translation, the effect of
inhibiting translation on the levels of control and engineered PP1 mRNA was examined.
HepG2 hepatomas transienﬂy transfected with control or engineered PPI mRNA under -
Tet-Off control were maintained in DOX-free medium and exposed to cycloheximide at
~ time V0 (Figure 8). The engineered/control PPI mRNA ratio at time 0 was defined as
100%. After 4-h of cycloheximide treatment, this ratio increased to 490% qompared to
the cycloheximide-free culture. Upon withdrawing cycloheximide to fesumc translation,
the engineered/control PPI'mkNA ratio decreased toward the basal level.

3.5 Discussion

caid
i i
¢

Cell sourcing constitutes %afcfrfiﬁcal issue in developing a cell-based therapy for

treatment of IDD. Non-B-cellis,jjatii:frllarily cells of hepatic origin, are considered by

! ok
Hi

several research groups as hosts for recombinant insulin expression under transcriptional

RCRES : = :
regulation [2-6]. A maj‘or.advantage?off these cells is that they are potentially autologous,

retrieved as a biopsy from the patient. A disadvantage is that transcriptionally controlled
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cells exhibit sluggish secretion dynamics énd thus may not be suitable, as such, for
achieving normoglycemia in higher diabetic animals and humans. To expedite the
dynamics of secretion down-fegulaﬁon, translation needs to stop soon after transcription
has been turned .off.

The topic of modulation of mRNA stability is currently under intense
investigation [90-92]. Specifically with PPI mRNA, to accelerate the rate of mRNA
turnover, the use of antisense RNA [93] or connecting the insulin gene with the 3’-
untranslafed .region (3°-UTR) of some labile mRNAs, such as those encoding cytokines,
have been considered [77]. Compared to these, our approach involving NMD is simple
and straightforward. It is also expectéd tO‘Be generic.and applicable to different host
| cells, including primary cells.

NMD improved the secretory reéponse of HepG2- é‘ells but also reduced
intracellular i’PI mRNA levels and thus insulin expression. To ameliorate this problem,
we increased insulin expression before applyingv NMD. HepG2 hepatofnés transiently
transfected With vector D (Figure 3) secreted insulin at a rate of 720 fmole/(hr-106cells),
which is higher than the bvasal insulin secretion rate of 380 fmole/(hr+10%cells) exhibited
by BTC-3 moﬁsé insﬁlinorﬁas [l.l 4].":‘ 1F0r'tef;réspoﬁsive insulin expression, although the
SV40 enhancer was not applled the msuhn secretlon from Tet-Off transfected HepG2 in
‘DOX:free medium was 320 fmole/(hr-106cells) and 109 fmole/(hr'106cells) when the
.control and engineered PPI mRNA, respectlvely, were used.

The specificity of the Tet- Off system and the sub-toxic DOX concentration used
in this study [115] increase the ﬁdehty ‘o_f mRNA half-life measurements compared to

experiments with non-specific inhibitors [116]. One concern in determining insulin
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secretion dynamics with the tet-responsive system is the pharmacokinetics of DOX. It
has been shown that the Tet-Off system and"..its transcription repressor tetracycline can be
ai)plied to measure the stability of a spliced intron with a half-life as low as 6 min [117].
Hence, it appears that tétfacycline QUickly diffuses into cells and blocks transcription.
We expect DOX, a | tetracycline’ isomer and analogue, to have similar kinetics in
regulating insulin gene expression in HepG2. However, the Teverse process of decline of
intracel}ular DOX concentration may be more complicated since, besides diffusion out,
processes such as dissociation of DOX from the DOX-protein complex, distribution and.
accumulation of DOX in organelles, and metabolism of DOX may be occurring and
contributing to the delays in insulin sgcretion down-regulation exhibited by the Tet-On
system (Figure 7). It is possible that with a metabolizable secretagogue, e.g., glucose, the
intfinsic kinetics of transcription are closer to the kinetics of secretion, especially during
the down-regulation process.

In Figure 7, we applied two DOX square waves to induce the Tet-On system, and
obtained a 5-fold increase of insulin secretion from the single copy. plasmid. We have
also perfoﬁned an 8-h induction with the same Tet-On system, and ‘obtained an
approximately 30-fold increase of iﬁsulin secretion. This result is similar to the findings
of Gossen et al. [115] using luciferasé as the reporte:r to test the kinetics of the Tet-On
system. Due to the stability of the one-copy PPI mRNA plasmid, thére was no decline in
insulin secretion rate during the two 7-h DOX-free basal periods. However, the increase
in insulin secretion from the second inducfion was significantly lower than fhe first. If
. the experiment continued in the éame fashion, We would expect the insulin secretion to

not exhibit any net increase after some maximum, as any (small) additional increase in
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secretion rate upon indﬁction would be chpensated by a decline during the spbsequent
basal period.

This work constitutes a ﬁrs;t":step ‘towérds developing potentially autologous,
genetically engineered, transcriptionally controlled non-B-cells for treatment of IDD.
Clearly, the NMD-mediated improvement of secretion dynamics Will need to be validated
in primary cells expressing insulin ﬁndef a glucose-responsive promoter. In this, it is
important that the host cells and the insﬁlin gene be of the same species, as species
mismatch may alter the sfabilityof PPI mRNA'" considerably. | It should be noted,
however, that there exists no evidence that the NMD methodology would ‘ndt be
applicable to primary cells. Finally, the recombinant cells will need to be studied in an in

vivo situation, as the insulin secretion dynamics might be different in culture and in vivo.
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Table 2. Probe and primer sequences for TagMan real-time PCR technique.

Gene Probe and primer sequence (5> — 3°)

Insulin FAM probe: TCCGACCTGGTGGAAGCTCTCTACCTAGTG
Forward: TTTGTGAACCAACACCTGTGC
Reverse: GGGTGTGTAGAAGAAGCCTCGTT

TA VIC probe: CCCGTAAACTCGCCCAGAAGCTAGGTGT
Forward: GGTCGGAATCGAAGGTTTAACA
Reverse: TGCCAATACAATGTAGGCTGCT
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Vector A | PCMV>| Furin | poly(A) |

Vector B| Pcomv >{ Furin/B10 | poly(A) |

Vector C| Pcmv >{ Furin/B10 | poly(A) [ Enhancer |

Vector D | PCMV>‘ Intron | Furin/B10 | poly(A) | Enhancer |

Vector E | Pcmv>{ Intron | Wild-type | poly(A) | Enhancer |

Vector F | Phet >| Intron | Furin/B10 | poly(®) |

Vector G| Ptet >) Intron | Furin/B10 | Furin/B10 | Furin/B10 | poly(A) |

Figure 3. Plasmid structures for systematic increase of insulin gene expression in HepG2 -
cells. Vectors A, B, C, D and E were constructed for evaluating elements that increase
insulin expression. Vector F and G are the tet-responsive plasmids with one and three
copies, respectively, of PPI cDNA.
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Figure 4. Systematic increase of insulin expression from transfected HepG2 hepatomas.
Cells were transiently co-transfected with the test vector shown in Figure 3 (A, B, C, D or
E) and the internal control plasmid pGL3-control. Luciferase, expressed through pGL3-
control, was used to normalize the insulin secretion rate and thus correct for variations in
transfection efficiency. The normalized insulin secretion rate from vector D (highest
insulin expression vector) was assigned a value of 100. Experiments were performed in .
triplicate wells. *, # and ¢ indicate P values < 0.02, and e indicates P value < 0.04. P
values were ca]culated using a one-talled t-test, assuming unequal variances. Bars
indicate standard deviation.
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Figure 5. Regulation of insulin gene expression using Tet-Off system with-control (open
bar) and engineered (closed bar) PPI mRNA expression. tTA mRNA was used as an
internal standard for both quantitative mRNA measurement and insulin secretion rate
measurement. Doxycycline (DOX) repressed insulin gene expression. Each experiment
involved 4 independent tests. * indicates P value = 0.15, and # indicates P value = 0.32.

Bars indicate standard deviations.
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Figure 6. Dynamics of down-regulation of insulin gene expression using Tet-Off system
with control (open circles) and engineered (filled squares) PPI mRNA expression. A:
Down-regulation of PPI mRNA. B: Down-regulation of insulin secretion rate. tTA
mRNA was used as an internal standard for quantitative PPI mRNA assay. In each
independent test, the PPI mRNA was normalized by designating the sample without
DOX treatment (t = 0) as the calibrator and setting it at 100%; insulin secretion rates
were normalized by designating the sample with the highest rate as the calibrator and
- setting it at 100%. After 8-h down-regulation, the control and the engineered PPI mRNA
decreased to 61 £ 8 % (P < 0.007) and 14 £+ 10 % (P < 0.003), respectively, and the
insulin secretion rates to 75 £ 12 % (P < 0.05) and 17 £ 7 % (P < 0.002), respectively.
Each experiment involved 3 independent tests. Bars indicate standard deviations.
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Figure 7. Regulation of insulin secretion from transfected HepG2 cells using Tet-On
system with control (open circles) and engineered (filled squares) PPI mRNA expression.
In each independent test, the insulin secretion rates were normalized by designating the
sample with the highest rate as the calibrator and setting it at 100%. Each experiment
involved 3 independent tests. Bars indicate standard deviations.
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Figure 8. Effect of translation on PPI mRNA stability (evidence of nonsense-mediated
mRNA decay). HepG2 hepatomas were transiently co-transfected with pTet-Off and the
control or engineered PPI mRNA expression plasmid. tTA mRNA was used as an
internal standard for quantitative PPI mRNA assay. In each independent test, the PPI
mRNA ratios (engineered / control) were normalized against the sample without
cycloheximide treatment (t = 0), which was set at 100%. Each experiment involved 4
independent tests. * and # indicate P values < 0.003, and e indicates P value = 0.36.
Bars indicate standard deviations.
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CHAPTER 4

Development of Genetically Engineered Human Intestinal Cells for Regulated

Insulin Secretion Using rAAV-Mediated Gene Transfer

4.1 Abstract
Cell-based therépies for treating insulin-dependent diabétes' (IDD) can provide a
more physiologic regulation of blood glucose leyels ina less. invasive fashion thaﬁ daily
insulin injections. Promising celis include intestinal enteroendocrine cells genetically
engineered to secrete insulin in response to physiologic stimuli; responsiizeness occurs at
the exocytosis level to regﬁlate the acute release of recombinant insulin. In this work, we
established a human cellular mddel to demonstrate that -meat h'ydrolyéate can
simultaneously stimulate glucagon-like peptide-1 (GLP-1, an enteroendocrine cell-
derived incretin hormonej and recombinant insulin secretion from the engineered human
NCI-H716 intestinal cell line. - Cells were genetically modified using the recomBinant
adeno-associated virus (rAAV)-mediated insulin gene transfer. Recombinant cells were
then differentiated to display endocrine features,» in particular the formation of granule-
like compartments. A fusion protein of iﬁsulin and enhanced green ﬂ;iforescent protein
(EGFP) was designed fo reveal the compartments of localization of ﬂil_;e?;ﬁision protein and
4 aésess its co-localization with .endogenous GLP-1. Oﬁr work p;ro‘vidjésy é unique human

PEINE

cellular model for regulated insulin release .through geneticf en fﬁ;éring of GLP-1
- - SRR
secreting intestinal cells, which is expected to be useful for cell-based therapies of IDD.

HEE SO
IR
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4.2 Introduction
Cell-based therapies for treating insuliﬁ-“d‘ependent diabetes (IDD) can provide a
more physiologic regulation of blood glucose levels in a less invasive fashion than daily
insulin injections. Promising cells include non-beta-cells genetically engineered to
secrete insulin‘ in response to physiologic cues [2-7,9]. These cells are potentially
autologous, targeted be gene transfer vectors or retrieved as a biopsy from the patient and
genetically engineered ex vivo, and thus relax the immune acceptance problems existing
with allo- and xenogeneic cells. |
Enteroendocrine cell families, which are scattered in the lining of the digestive
tract, are- good candi‘dates 'to be engineered for regulated insulin secretion
[7,9,10,118,119]. Incretins such as glucagon-like. pepﬁde-l (GLP-I) and glucose-
dependent insulinotropic polypeptide (GIP) are naturally released from enteroendocrine
L- and K-cells after a meal to petentiate insulin production from pancreas [11]. Incretin
and insulin secretions are closely related to nutrient ingestion and digestion for
normalization of postprandial glycemia. Based on this, Cheung et al. [7] used a .

transgenic mouse model to show that regulated human insulin production by the

genetically engineered GIP-secreting gut K-cells is sufficient to correct streptozotocin
(STZ)-induced diabetes.

To genetically medify enteroendocrine cells for IDD treatment, it is essential to
have a reliableb gene deliver method, which should efficiently ‘transfer the insulin gene,
maintain stable insulin expression in the host cells, and cause little, if any, immune
response in the patient. Among the available gene transfer feehniqﬁes, the recombinant

adeno-associated virus, or rAAV, -based vectors are currently generating promising
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Vresults in phase II clinical tri‘faisinvélvzing targeting the epithelial tissues of the lungs for
treating cystic fibrosis [120]. Thus, rAAV is an intriguing gene delivéry vehicle for
targeting other tiésues. In this work, we applied rAAV-mediated insulin gene transfer to
genetiéally modify a model cell type, the human NCI-H716 intestinal cell line, for
regulated insulin release. This line is derived from a poorly differentiated caecal
adenocarqinoma [121], and has been described to exhibit enteroendocrine L-cell-like
characteristics, in particular formation of secretory gramiles and regulated GLP-1
secretion after differentiation [122-124]. We aim to use this line as a human cellular
model to demonstrate that insulin release from the éngin‘eered GLP-1-secreting intestinal
cells can respond to physiologic stimuli. The implications of our findings in using rAAV
to produce appropriately. secreting <.non-[3-cells. ‘with regulated insulin release are

discussed.

4i3 Materials and methods
4.3.1 Cell culture

Human NCI-H716 cells (ATCC, Manassas, VA) were grown in suspension in
RPMI 1640 rriedium supplemented With 10% fetal bovine serum and 100 units/ml
penicillin/stfeptomﬁin for proliferation and. maintenance. Adhesion and endocrine
differentiation were initiated by growing the cells on Matrigel (Becton Dickinson,
Bedford, MA)-coated | tissue culture surfaces in differentiation medium (DMEM
supplemented with 10% fetal bovine serum) [122-124]. Human embryonic kidney 293
(HEK293) cells (ATCC) used fc‘>r~ AAYV production and human HT-1080 fibrosarcoma

cells (ATCC) used for AAV titer determiriétion were grown in DMEM supplemented
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with 10% heat-inactivated fetal bovine serum and 100 units/ml penicillin/streptomycin.

Cell cultures were all maintained at 37°C in a 5% CO, / 95% air humidified atmosphere.

4.3.2 Recombinant AAYV vector plasmid

Figure 9A shows the structure of the rAAV vector plasmid constructed for insulin
and EGFP expression. 4The backbone of the plasmid origiﬁated from plasmid pAAV-
MCS (Stratagene, La Jolla, CA), which contains inverted terminal repeats (ITRs) of AAV
serotype 2 (AAV2). Human preproinsulin vCDNA with the His BlO-to-Asp'mutation
(B10 rﬁutation) was a generous gift from Genentech, Inc (San Francisco, CA) [43]. The
5'-end of this gene was connected to a chimeric intron obtained from plasmid pRL/Null
(Promega, Madison, WI) for optimal splicing.I The 3'-end of this gene was connectéd toa
fragment originated from plasmid pGL3-control (Promega) containing Simiah Virus 40
(SV40) late polyadenylation signal for transcr_iption termination and SV40 enhancer to
elevate gene expression. The human cytomegalovirus (CMV) promoter providedvby the
backbone plasmid pAAV-MCS was used to constitutively drive the insulin gene
expression. To include an EGFP expression cassefte for reporter assays, a gene fragment
containing EGFP ¢DNA and a synthetic intron from p}asmid  pEGFP-IRESpuro
(Clontech, Palo Alto, CA) was connected to the SV40 promoter (origi;;atéd from plasmid
pGL3-control) then inserted to the 3'-end of the insulin ekpression cassette. The human
growth hormone (hGH) polyadenylation signal provided by the backbone plasmid
pAAV-MCS supported transcription termination of EGFP expression. The finished

construct contained insulin and EGFP expression cassettes flanked by AAV2 ITRs.
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4.3.3 Recombinaﬁt AAY vector prpduction, purification, titration and transduction
Production of the rAAV vector, AAV/insulin/EGFP; encoding insulin and EGFP
expression cassettes was accomplished using the AAV Helper-Free System (Stratagéne)
as described in the manufacture’s protocol. Briefly, sixty 100-mm dishes of
approximately 70% confluent, low-passége HEK?293 cells were co-transfected with the
constructed insulin and EGFP expression plasmid (Figure 9A), plasmid pAAV-RC
(Stratagene) and plasmid pHelper (Stratagene). Transfections were carried out with |
FUGENE 6 reagent (Roche, Indianapolis, IN) following the manufacturer's directions.
For each 100-mm dish, HEK293 cells were transfected with 2.5 pg of each of the three
plasmids and 15 pl of FUGENE 6 reagent. Transfected cells were harvested 3 days aftef :
transfection.  Purification of rAAV particlés followed the protocol developed by
Auricchio et-al. [125] using a single-step heparin ¢olumn chromatography. Titration of
infectious TAAYV particles (infectious units) was performed by fluorescence-activated cell
sorting (FACS) following the protocol offered by Stratagene (Instruction Manual of AAV
Helper-Free System) usin‘g HT-1080 cells as targets for transduction. FACS analysis was
| carried out usiﬁg a Becton Dickinson LSR benchtop flow cytometer (BD Bioscience,
Lexiﬁgton, KY). The numberlbf inf;‘é’cﬁous units per.ml of viral stock was approximately
7x10’. Transdﬁctioh of” NCI'-‘H’-7i’6' cells was performed in suspension using a
multiplicity of infection‘(MOI) of 10 infectious units per cell in a 6-well-plate with 108
ceils/well. Prior to transdugti_on, NCI-H716 éells wefe_centrifuged; washed with L-RPMI
(RPMI supplerhented with 2% FBS) then centrifuéed'again. A viral suspension prepared
in L-RPMI was added to the cell pellet, mixéd, then passed through a 21G needle several

times. The cell-virus suspensioh was transferred to a 6-well-plate with 1.5-ml suspension
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per well. After 2-h incubation at 37°C, 1.5 ml of H-RPMI (RPMI supplemented with
18% FBS) wer.e.added to each well. Images of EGFP expression in NCI-H716 cells were
taken 3 days after transduction using OLYMPUS IX70 fluorescence microscope (Lake
Success, NY). Transduction efficiencies were determined at the same time using FACS

with EGFP as the reporter.

4.3.4 Immunochemical staining of insulin/proinsulfn

AAV/insulin/EGFP  transduced ~NCI-H716 cells were examined by
immunochemical staining for insulin expression 3 days after transduction. Prior to the
staining procedure, aggregates of transduced cells were disrupted‘by .passing the cell
suspension through a 21G needle several times. Cells were then seeded on a pply-L-
lysine coated 4-chamber slidg,’ fixed with 4% paraformaldehyde and permeabilized with |
~ 0.5% Triton X-100 in .PBS. The DAKO ARK kit (DAKO, Carpinteria, CA) and mouse
monoclonal anti-human insulin/proinsulin antibody (Sigrﬁa, cat # 1-2018; diluted 1:1000)
weré applied to detect the presence of insulin/proinsulin in the fixed monolayer following
the manufacturer’s directions. “This kit incorporates the avidin-biotin complex with

peroxidase and uses diaminobenzidine as the chromogen. |
; §
l

4.3.5 Secretion studies
AvThree million of | AAV/insu_lin/EGFP transduced _NCI-H7161: cells were

differentiated byw,igr'(_)wivng,: ogi ._:I\./I‘a}tr'igél-coated,k 60-mm cul;t'u.re wells m 4 ml of

3

differentiation medium for two days.” The culture medium wasthen switched to basal

medium [DMEM (GIBCC,' cat# 23800-022, Grand Island, NY) supplérhented with 5

!
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mM glucose and 1.%‘fe'.[a1 bovi:rie semmj ov‘.erhig;ht Before secretion studies. Oﬁ the day
of the experiment, parallel cultures were washed and incubated in basal medium for two
consecutive 1-h periods to stabilize the basal secretion§ of insulin and GLP-1. The
secretion test was initiated by incubating stabilized monolayers in basal medium for one
hour to determine the'Basal secretion rate. Monolayers were then exposed to 2% (w/v)
meat hydrolysate (Sigma, cat. # P-7750, supplemented in basal medium) to stimulate
GLP-1 and insulin secretion (test) or maintained in basal medium (control) for one hour.
Culturés were then wasﬁed three times with basal medium and maintained in basal
medium for another four hours. .Every hour, the culture medium was renewed and |

samples were collected for insulin, proinsulin and GLP-1 assays.

4.3.6.Assays

Insui_in and proinsulin concentfations were measured by human insulin specific
radioimmunoassay (RIA) kit (LINCO Research, St. Charles, Mi, cat. # HI-14K) and
human proinsulin RIA kit (LINCO résearch, cat. # HPI-15K), respectively, according to
the manufacturer’s protocols. The human insulin specific RIA kit cross-reacts with
proipsulin at less than 0.2%. Th¢ hpfjrian"prbinsulin RIA 'cro;ss-reéjét_s With human insulin
at less than 0.1%. Radioactiviticj:s v&?:re determined 1n Auto-Gémmaﬁ Counting System,
Cob?a IT (Packard, Meriden, CT). G.L_,P-l concentrgtion was measﬁréd by GLP-1 ELISA
kit (LINCO research, cat. # EGLP-BSK). This kit measures-oniy dcti\:/e forms of GLP-1,
i.e., GLP-1 (7-36) and GLP-1 (7-37), and does not cross-reaéf with other forms of GLP-1,

including GLP-1 (1-36), GLP-1 (1-37), GLP-1 (9-36) and GLP-1 (9-37) (manufacturer’s
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specifications). ‘The fluorochrome génerated from the ELISA assay was quantified using

a Spectra Max Gemini plate reader (Molecular Devices, Supnyvale, CA).

4.3.7 Expression of insulin-EGFP fusion protefn

Figure 9B shows schematically the rAAV vector plasmid designed for the
expression of insuli‘n-EGFP fusion protein. The backbone of the plasmid is the same as
the plasmid in.Figuré 9A except the gene of interest is insulin-EGFP fusion ‘protein.
EGFP encoded from the plasmid‘pEGFP—NZ (Clontech) is located at the C terminus of |
preproinsulin.  Figure 9C shows the DNA sequence at the junction of preproinsulin-
.-EGFP cDNA fusion and the restriction enzymes used for the connection of preproinsulin
cDNA and EGFP cDNA. Production, puriﬁcaﬁon and titration of the rAAV vector,
AAV/FUSION, encoding the insulin-EGFP fusion protein for infecting NCI-H716 cells
followed the same procedure as previously described for preparation of

AAV/insulin/EGFP.

4.3.8 Fluorescence microscopy of insulin-EGFP fusion protein and GLP-1 staining

AAV/FUSION transduced then diffefeﬂtiated NCI-H716 cells were detached and
seeded on a poly-L-lysine coate‘d. 4;<i:hamber glass slide. Seeded cells were imaged
~ immediately by the OLYMPUS gI?(?O fluorescence microscope, or fixed (4%
paraformaldehyde in PBS) for confo:c’al microscopy, or ﬁxed and permeabilized (0.5%
Triton X-100 in PBS) for GLPfl stair}ing. GLP-1 staining was achieved by incubating
the monolayer with primary antibody, frab'bit-anti-GLP-l (Aviya, San Diego, CA; diluted

1:50), at 4°C overnight then revealed with TRITC-conjugated anti-rabbit IgG (Sigma;
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diluted 1:160).  Localization of t.he insulin-EGFP fusion protein and GLP-1
immunofluorescence staining was performed using a Zeiss LSMS510 laser-scanning
,confocal microscope (Carl Zeiss, Thornwood, NY).” An-argon laser at 488-nm and a 505-
530-nm filter were used for detecting insulin-EGFP fusion protein. A helium/neon laser

at 543-nm and a long pass 585-nm filter were used for TRITC detection.

4.4 Results
4.4.1 AAV/insulin/EGFP transduction of NCI-H716 cells

Human ‘intestinal NCI-H716 cells grown in suspension as ﬂoatihg aggregates
were transduced with the rAAV vector,' AAV/insulin/EGFP, before differentiation.
Twenty—fbur hours after transduction, some EGFP-positive cells could be identified under
the fluorescence microscope. Figure 10 shows a typical result of EGFP expréssion in
cells 3 days- after transduction. To quantify the transductioi; efficiency, fluorescence-
activated cell sorting (FACS) was applied to detect EGFP-positive cells. FACS énalysis
indicated that the percentage of EGFP-positive cells in a pool of transduced éells was
31% - 43% with an average Qf 37+ 5% (n¥4); the latter can be considered as the average
transduction efficiency. To furthqr qlilaracterize ‘the insulin expression, insulin: and
proinsulin in transduced cells were ilﬁmﬁnochemically stained as shown in Figure 11. A
brown-colored precipitate indicates fhe ixiltracellular presence of insulin and/or, proinsulin

antigens. These res_f]ltS show that the insulin and EGFP genes were successfully

expressed in NCI-H716 cells via rAAV-mediated gene transfer.
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4.4.2 Regulated GLP-1 and insulin secretion from the AAV/insulin/EGFP
transduced and differentiated NCI-H716 cells

Endogenous GLP-1 and recombinant insulin secretion was studied from
transduced, differentiated cells by exposing them to a square wave of 2% meat
hydrolysate (MH) for 1 hour. MH has pres/iously been shown to induce a 5-fold increase
of GLP-1 release over a 2-h period [122]. Figure 12 shows the MH profile and the GLP-
1 and insulin secretion rates, averaged over 1-h periods. GLP-1, insulin and proinsulin
assays were all performed on the same samples collected duringthe secretion study. A
4.2-fold ( 1.1, n=4) increase of the GLP-1 secretion rate was achieved with MH
stimulation. Upon removal of MH, the GLP-1 secretion rate quickly decreased toward
the basal level. The insulin release exhibited similar kinetics as the GLP-1, with a 2.7-
fold (£ 0.4, n=4) increase after the stimulation (Figure 12B).  Since the
radioimmunoassays used to measure the concentrations of insulin and proinsulin are
- highly specific (see Materials and Methods for cross-reactivities), it was possible to
estimate the conversion of proinsulin’ to insulin by calculating the ratio

(insulin)xlOO%/(insulin+proinsulin) using the amounts of secreted polypeptides. An

approximately 80% conversion of’ promsulm to msulm was cons1stently maintained
throughout the test (F1gure 12C),: 1ndlcat1ng that the engmeered NCI-H716 cells possess
the necessary proteolytic enzymes to pfoeess promsuhn to immunoreactive insulin.

Table 3 compares the insulin secretion rates from engineered NCI-H716 cells,
mouse B-TC3 insullnomas [114], and enéineered, insulin-secreting mouse pituitary AtT-

20 tumor cells [126] Both the basal and stimulated insulin secretion rates from

recombinant NCI- H716 cells are lower by roughly an order of magnitude than those from
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B-TC3 cells, but they are comparable to .the insulin secretion rates from engineered AtT-

20 cells.

" 4.4.3 Intracellular localization of insulin-EGFP fusion proteih and of GLP-1
| A control experiment was performed to reveal the secretory granules in the
engineered NCI-H716 cells using the insulin—EGFP fusion proteih. The plasmid
constructed for the production of the rAAV vector, AAV/F USION, encoding the insulin—
EGFP fusion chimera is shown schematically in Figure 9B. This plasmid was designed to
: teg EGFP at the C terminus of preproinsqlin by fusing the 3’ end of the preproinsulin
cDNA with the 5’ end of the EGFP cDNA (Figure 9C). By this design, we expeeted that
the secretory signal peptide from preproinsulin would direct the intracellular traffic of the ‘
fusion protein to the seoretory granules, and the EGFP could reveal the localization of the
fusion protein. |
| The AAV/FUSION transduced and differentiated cells were first examined by a
conventional fluorescence microscope after being seeded on a poly-L-lysine coated glass
slide (Figures 13A and 13B). In cells expressing insulin~EGFP fusion protein, small
~ vesicular structures -inside the cells can be vi'spalized as shown in Figure 13B. Figure -
14A shows a confocal laser-sc’anﬁihg‘fhiCrograph of a'single cell in the fixed moholayer
expressing the 1nsu11n—EGFP fus10n proteln The granule-llke companments were clearly
| revealed 1n31de the cell »ThlS kmd of corrlpartment cannot be visualized in the.
AAV/insulin/EGFP transduced then dlfferentlated cells which express separately insulin

and EGFP ThlS is because EGFP naturally does not 1nclude any secretory peptlde s1gna1

in its protein sequence; thus EGFP was homogeneously distributed in the cytosol, as
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shown in Figure 14B. Figure 14C is a éonfocal laser-scanning micrograph of two cells
expressing the insulin~-EGFP fusion pbrotein; Figure 14D shows tile same two cells
observed for GLP-1 staining. The co-l‘ocalization of green (Figure 14C) and red (Figure
14D) fluorescence demonstrates the co-.localization of recombinant insulin;EGFP fusion
protein and endogenous GLP-1 in the granule-like compartments. These findings provide
evidence that the. engineered NCI-H716 célls possess secretory -' granules after
| differentiation, and that these granules are available for storage of endogenous GLP-1 as
| well as recombinant insulin. This is_consistént with the Similarity of GLP-1 and insulin

secretory responses against MH (Figure 12).

.4.5 Discussion

A cell-based therapy of IDD based on autologous cells relaxes the immune
acceptance requirements posed by allogeneic and, more so, xeriogeneic islets and B cell
.lines. A limitation of this aiaproach, however, consists of achievin‘g- appropriate insulin
secretion dynamics from engineered cell hosts. Recently, cells of enteroendocﬂne'origin
are receiving increased attention ciue to their potential for fast release of recombinant
insulin in response to physiologic stimuli [7,9,10,118,119]. In this work, we examined
the genetic engineering of the human NCI-H716 intestinal cell line aé an enteroendocriile |
L-cell mi)del for regulated insulin release. We.demonstrated that rAAV can transduce
and express the insulin gene in these celis which, after differentivation, secrete endogenous
GLP-1 and recombinant insulin with the same acute dynamics following stimulation by

MH. In accord with this, a fusion insulin/EGFP chimera was found to co-localize with
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endogenous GLP-1 in the same granule-like compartments displéying the endocrine
features of the cells.

After meals, dietary nutrients stimulate GLP-1 secretion mainly from the lower
gut (jejunum, ileum, colon and rectum) where L-cells are relatively abundant [127-128].
Specifically, oral administration of glucose has shown a dose-dependent effect on
circulative GLP-1 levels and parallel secretions of GLP-1 and insulin in humans. Both
hormones rise within a few friinutes after glucose ingesti(.)n, and return to the basal levels
in 2 to 3 h depending on the glucose dosage [12, also in Appendix A8]. In this study, our
engineered L-cell model demonstrated an acute release of both the recombinant insulin
and the endogenous GLP-1 against stimulation.. Cultures prombtly responded to MH
stimulation and up-regulated insulin and GLP-1 release within 1 h; once MH was
removed, insulin and GLP-1 release decreased-to eséential]y basal levels also within 1 h.
Interestingly, the proinsulin conversion to insulin remained consistently high at 80%,
indicating that there is a sufﬁcientl concentration of proteolytic enzymes r¢cognizing
proinsulin in the vesicular structures where proins‘ulin localizes. In the enteroendocrine
cell model of this study, the correspondence of GLP-1 and insulin release against MH
stimulation actually resembles the parallel secretion of postprandial GLP-1 and insulin in
healthy humans. Thus, for IDD {reatrﬁent, we expect that the engineered L-cells will
quickly adjust between'pre- and postprandial conditions to meet the different insulin
demands.

To genéticallly modify gﬁt epitheiia; viral vectors have shown signiﬁcént potential
in targeting cells lining ‘the gastrointestinal tract [13-15]. In particular, rAAV vectors

have been used to infect gut epithelia through oral gavage administration resulting in
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phenotypic change in a rat model over a 6-month period [15]. L-cells face the gut lumen,
so it is expected that they could be directly accessed 'via noninvasive administrations in
the gastrointestinal tract. However, since only about 1% of the intestinal‘epithelial
population éonsists of enteroendocrine cells, there exists a significant challenge in
selectively fargeting L-cells to express insulin. Recent work by Nian et al. [129] using a
transgenic mouse model to demonstrate that the human proglucagon promoter regulates
tissue-specific gene expression in L-cells opens the possibility that recombinant insulin
expression can be limited specifically in L-cells via the selective activity of the
proglucagon promoter.

d In parallel with the engineering of enteroendocrine célls for regulated insulin-
release, other investigators are using promoters up-regulated by glucdse and possibly
down-regulated by insulin to drive insulin expression in liver or muscle cells [2-6].
Using these glucose-regulated - transgenes, insulin expression has been achieved in
streptozotocin (STZ)-induced diabetic rodents with promising results. However,
transcriptional regulation of-insulin ekpression results in sluggish secretion dynamics
which may not be appropfiate fbr glycemic regulation in higher animals and, eventually,
humans. Destabilization of preproinsulin mRNA by nonsense-mediated decay improves
the secretion dynamics from'transcriptlidnally regulated cells but not to the point of
achieving an acute ‘s.ecifetory responseg[8§]. In a different approach, investigators are
engineering insulin expression in other,;andocrine cells, such as pituitary cells, which
- possess the r;gulatqd seérétioh patl:l»way;-thi'svis ‘done in both transgenic mouse models
“and cell liﬂes [33-36]. Recombinant pituitary cells respond to secretagogues with acute

release of the insulin through exocytosis. Since pituitary cells lack responsiveness to
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postprandial stimuli, attempts have been macie to engiheer glucose responsiveness by
expressing glucokinase (GK), or the type II-glucose transporter GLUTZ2, or both, in these N
cells [36]. Howéver, recent data have shown that this approach may lead to glucose-
induced toxicity and result in glucose-dependent apoptotic cell loss [130]. In addition,
recombinant pituitary cells secrete not only insulin but also their endogenous hormones,
and serious disorders may result if these hormones are abnormally. up-regulated after
meals.

Since an average person releases about 0.5 ~ 0.7 units of insulin per kg per day
[131], the number of engineered L-cells needed to Vprodu’ce the same amount of insulin is

estimated as 7.9 x 10'° to 15.8 x 10" cells for a 70-kg person, after doing the following

calculation:
0.5 ~ 0.7 unit 6 x 108 fm(?le % 70 kg
_day xkg unit : 1
=1.1~1.6 x 10" "cells,
fmole h _ e
—_——x 24

10% cellsxh .a/

where 79 fmole/(10%cellsxh) is the basal insulin secretion rate of recombinant NCI-H716

cells. In another calculation to estimate the number of engineered L-cells to maintain the

basal insulin level in the body, the dynanﬁic inéulin balance can be wr'itten as:

A(Ve)/ M=Nxq-kx Ve,

where A(Vc) is t.};e (tz-}.lal.rige‘ of .insuli‘n amou_ntl \in thek body over time period At; N is the
number of cells; q is tlﬁe ‘speciﬁc insulin sécretion réte; and k is the reaction constént of
" insulin degradation. First order degradation of insulin in the body is assumed. We also

assume 150 fmole/ml of basal insulin level in the circulation, 5 L of blood and 5-min
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half-life of insulin [12, 131]. To obtain the reaction consiant k of insulin degradation, we
do the following calcula’gien:

A(Ve)/ At=-k x Ve,

where zero generetion of insulin and only insulin degradation occurs. Integrating, we
obtain In(Vc/Veo) = -k x t, where Vc/Veo is 1/2 when t = 5 min; therefore, k is 0.139 |
min™ or 8.34 h”'. Assuming insulin concentration reaches. steady state at the basal level,
the number of required engineered L-cells to maintain the basal insulin level is:

N=kx Vc/q=(8.34 h' x 5 L x 150 fmole/ml x 1000 ml/L) / 79 fmole/(10°cellsxh) = |
7.9 x 10" cells. The result is within the range of the first estimation, thus validating the
approximate equivalence of the two approaches. Following the second approach, we
estimate the number of enteroendocrine L-cells in the body by doing the following
calculation:

In(Ve/Veo)=-k’ xt = k’ = 8.34 h'!, where k’ 1s the reaction constant of GLP-1
degradation and we assume 5-min iialf-life of GLP-1 in the circulation [105], and N” (the
number of 'L-eells in the bedy) =k’ x V¢’ / q"=v (8.34 h' x 5L x 1 pmole/L) / 9.5
pmoie/(106cellsxh) = 44 X 10?- c;elvls} (es;nming 1 pmole/L of the basal GLP-1 level, 5 L
of blood [12] and the averaéed basal GLP-1 secretion rate, 9.5x10 pmole/(10° cellsx}i),.
obtained via th}e .sec.reti__on;‘stndy of NCI-H7_16 cells in the result seciion), which is less
than the number required to maintain tlie iiasal insillin level by a factor of éS ~ 36. Thus,
to overcome the deﬁcienc')'{, a higher insulin §ecretion rate from the engineered L-cells is
necessary to reduce the required L-cell number. Potentially,.this could be done by

improving the transduction efficiency, such as using a higher viral titer as well as
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multiplle transdﬁctions, which would increase the percentage of transduced cells and the'
gene dosage per cell. | |

In summary, we have estabiished a regulated insulin-secreting cellular model by
rAAV-rriediated insulin gene transfer to a human GLP-1:secreting intestinal cell line. |
Results demonstrated similar secretion dynamics of recombinant insulin and endogenous
GLP-1. Our study thus suggests that engineering intestinal L-cells to produce insulin
may constitute a feasible approach for IDD treatment in terms of the dynamic response

and the compatibility of GLP-1 and insulin in glyc'emic normalization.
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Table 3. Comparison of insulin secretion rates. BrcAMP: 8-bromo-cyclic AMP.

Engiﬁeered,human Mouse B-TC3 Engineered mouse
NCI-H716 cells insulinomas [114] pituitary AtT-20 cells -
[126]
basal.  stimulated - basal stimulated basal  stimulated
0%MH 2% MH 0 mM 25 mM 0 mM 5 mM
glucose glucose BrcAMP BrcAMP

. Insulin secretion rate 79 & 204 (44, 384 (= 3930 (£ 264,

60 360

[fmole/(10% cellsxh)] 29, n=4) n=4) 210, n=4) n=2)
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\. PPl | SV40 | Svao : hGH
ITR| Pcmv / intronf v | poly A enhancer'PSV‘:O/ EGFP cDNA (intron|  TE7  [ITR

Sv40 | Sv40 hGH

poly A |enhancer| poly A ITR

ITR PCMV/iniroﬂ PPI-EGFP fusion cDNA

C

last 10 codons of preproinsulin cDNA stop
Pvull codon

5 CTC TAC CAQ CTG GAG AAC TAC TGC AAC TAG |3

5'|GGG CCCQGGG ATC CAC CGG CCG GTC GCC ACC ATGGTG|3’

Smal EGFP

. . start >
.adapter before EGFP start codon in plasmid pEGFP-N2 codon

Figure 9. Structures of the rAAV vector plasmids for expression of insulin and EGFP
(A), and insulin-EGFP fusion protein (B). (C), DNA sequence at the junction of the
preproinsulin-EGFP fusion ¢cDNA in (B). Pwull restriction endonuclease was used to
generate a preproinsulin ¢cDNA fragment with a 3'-blunt end. Smal restriction
endonuclease was used to generate an EGFP cDNA fragment from plasmid pEGFP-N2

with a 5'-blunt end. The two blunt ends were then ligated to generate a chimeric fusmn'

cDNA encoding 1nsu11n-EGFP fu51on protein. PPI: preproinsulin.

65



-

LN B g fen sl 1]

M & b PP NS O S 1S

NS é’{:‘{?‘ -',":’ 2 RRTe éfl

OSSO e

TGy g\g\ S i
I o N

T

Figure 10. Phase-contrast (A) and fluorescence (B) micrographs of the
AAV/insulin/EGFP transduced NCI-H716 cells in suspension. (A) and (B) were taken
under the same view. EGFP used as a reporter for rAAV-mediated gene transfer. Bar =
100 pm.
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Figure 11. Immunochemlcal staining of insulin/proinsulin in the AAV/msu]m/EGFP
transduced NCI-H716 cells (A) Control: parental cells without transduction. (B) Test:
cells transduced with AAV/insulin/EGFP. Use of avidin-biotin complex with peroxidase
and 3,3’-diaminobenzidine as the chromogen resulted in a brown-colored pre01p1tate at

the antigen site. Bar = 100 um.

67



A -~ MH: 2%
D8 mrow
= ‘
=53 thr  1hr 4hr
cO%F &0
o5~
oo 50
ORE 40
G 85 ap
R
28 20
0
Tig W i‘l l‘1 o
gJxs 0
OV§ 6
Tme(h)
B ~ MH: 2% |
_9_(_:§ MH: 0%
£33 . 1hr 4hr
C-E-F 4m
O%~ ‘
©=2E aw :
O ©'6 '
T
o
S5 c 10
CE’,B L L) L] 1] 1]
- 2 1 2 3 4 5 6
Time (h)
C MH: 2%
g% 0% |
~n 1hr 1hr
o.c 100
©e 8
cC 60
o::
g 07
0.E 20
Z9
sa 0
O's
lme(h)

Figure 12. Secretion study of the engineered NCI-H716 cells against MH stimulation. -
Solid bars (test) are for monolayers incubated in the basal medium for 1 h, exposed to
MH for 1 h, then switched back to the basal medium for another 4 h. Empty bars (control
are for monolayers treated with basal medium throughout the test. In each independent
“test of (A) and (B), the GLP-1 and the insulin secretion rates were normalized against the
1-h sample, which was set at 100%. (C), conversion of proinsulin to insulin. During each
1-h period of the secretion study, proinsulin and insulin concentrations in the samples
were determined by promsu]m and the insulin’ radioimmunoassays each with very low
cross-reactivity against the other species (see Materials and Methods). The percent
conversion of proinsulin to insulin was calculated as (insulin)x100%/(insulin+proinsulin)
Each experiment involved 4 1ndependent tests. Bars indicate standard deviations.
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Figure 13. Phase-contrast (A) and fluorescence B) micrographs of the same
AAV/FUSION transduced, differentiated NCI-H716 cells. Arrows in (A) indicate cells
with strong fluorescence, which appear clearly in (B) where they are also indicated by
arrows. A typical fluorescence-positive cell is enlarged and displayed in the corner of
(B). More fluorescence-positive cells could be seen under the same view by adjusting
the focus; these appear vaguely in the background of (B). Insulin-EGFP fusion protein
was used to reveal the secretory granules in the engineered cells. Secretory granules
appeared as green, small vesicular structures inside the cells. Bar =10 um.
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Figure 14. Confocal laser-scanning microscopy of the engineered NCI-H716 cells. (A) A
single AAV/FUSION transduced, differentiated NCI-H716 cell. Dense-core, granule-
like compartments can be clearly identified. (B) A single AAV/insulin/EGFP transduced,
differentiated NCI-H716 cell. EGFP homogeneously distributed in the cytosol. (C) and
(D) are views of the same AAV/FUSION transduced, differentiated NCI-H716 cells
expressing insulin-EGFP fusion protein (green fluorescence) and immunostained for
GLP-1 (red fluorescence). (C) and (D) were taken under the same view using different
fluorescence detection settings (see Materials and methods). Co-localization of insulin—
EGFP fusion protein with GLP-1 is demonstrated by the green: fluorescence in (C)
occupying the same compartments as the red fluorescence in (D). Bar =2 pm.
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CHAPTER 5

Differential rAAV?2 Transduction Efficiencies and Insulin Secretion Profiles in Pure

and Co-Culture Models of Human Enteroendocrine L-Cells and Enterocytes

5.1 Abstract

Cell-based therapies for treating insulin-dependent diabetes (IDD) can provide a
more physiologic regulation of blood glucose levels in a less invasive fashion than insulin
‘injections. Previously, we developed an engineered vhuman enteroendocrine L-cell rvnodeli
for regulated insulin release via recombinant adeno-associated virus serotype 2, or
rAAV2, transduction. The aim of this study was to evaluate the efficiency and selectivity
of rAAV2-mediated insulin gene delivery to"enteroendocrine L-cells in co-culture with a
prevailing number of enterocytes, which are the predominant cell type in intestinal
epithelium. We tested rAAV2 transducfion in pure énd co-éﬁlture models of human cell
lines of enterocytes (Caco-2 and T84 cells lines) and enteroendocrine L-cells (NCI-H716
cell line). Non;viral, chem}cél-mediétéd 'transféction was used as a control. Transduced
éndb transfected co-cultures were subjeé;eq to iﬁsulih secretion studies. In pure cultures,
rAAV?2 exhibited low transduction efﬁ%iéncy towards both Caco-2 and T84 enterocytes,
as opposed to a strong reporter expres!sion' in permissive NCI-H716 L-cells. In co-
cultures of NCI-H716 L-cells and Caco-2 or T84 entérocytes, rAAV2 exhibited
differential transduction efficiency with a strong preference towards NCI-H716 L-cells.

The rAAV2 transduced co-culture achieved regulated insulin release against stimulation,

whereas the chemically transfected co-culture failed to respond. This study demonstrated
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that rAAV2-mediated insulin geﬁe transfer can differentiate human intestinal cell types in
vitro, in particular enterocyte and ente'roe'ndocrine.L cell lines. We consider the AAV2 .
‘vector a useful tool in developing enteroendocrine L-cell specific insulin gene delivery
for IDD treatment, in terms of AAV2 avoiding enterocytes and targeting selectively L-

cells.

5.2 Introduction

Surrogate f-cells generated by genetic engineering of non-f-cells to produce
insulin provide an alternative to islet transplantation in cell-based therapies for treating
insulin-dependent diabetes (IDD).  Engineered [-cell surrogates are potentially
~autologous, targeted by gene transfer vehicles in vivo or obtained as a biopsy from the
patient and genetically modified é‘x vivo, and thus greatly relax the immune acceptance
problems posed by allogéneic and; more So, xénogeneic islet transplantation.

A variety of cell types have ‘bee'n engineered to pfoduce insulin, including
fibroblasts [30], hepatic cells [2-4,6], muécle cells [5,31] and endocrine cells of different
okriginsi [33-36]. . While ﬂéyelolpjng réqubinant_ B-cell surrogates, the advantages of
targeting intestinal enteréendoc;il;e cells Havé :réceived notable attention [7-10].
Naturally,. enteroendocrine .cell families are :foﬁnd scattered in the crypts of gut mucosé;
they rélease incretin hormones such as glucagqn;like peptide-1 (GLP-1, frorri intestinal
L-cells) and glucosegdcpenden{ insulinvotrOpic’ polyﬁ_eptide (GIP, from gut K-cells) aﬁer a
meal fo potentiate insulin production from pancreas [i 1]. Bofh incretin hormone and
. insulin secretion are closely related to nutrient ingestion and digestion for normalization

of postprandial glycemia [12]. Because of the unique connection between incretins and
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insulin, engineering of enteroendocrine cells for reguléted insulin secretion constitutes a
feasible approach for IDD treatment in terms of the dynamic release of insulin, as well as
the compatibility of incretins and insulin in glycemic nonhalization.

Although promising results from in vitro and in vivo models have demonstrated
the potential of using the engineered enteroendocrine cells to correct IDD [7-9], the
identification of an enteroendocrine cell target for insulin production remains a big hurdle.
This is because only approximately 1% of the intestinal epithelial population consists of

| enteroendocrine cells; therefore, there exists a significant challenge in selectively
targefing enteroendocrine cells ih vivo. Likewise, it is also difficult to isolate a puré
enteroendocrine population from intestinal biopsy and perform ex-vivo sématic cell gene
delivery. |

Along the digestive fract, the intestinal epithelium consists of four major cell
types: enterocytes, goblet éells, Paneth cells and enteroendocrine cells. Among these
cells, the enterocytes, which account for digestion and absérption of luminal nutrients,
aré the predominant cell type. Because of the prevailing eﬁterocytes ih the gut epithelium,
any method intending to modify enteroendocrine cells .will inevitably interact with~the
surrounding enferocytes. Previously, we applied rAAV2-mediated transduction to
establish a recombinant human" ehteroehdocrine L-cell model with regulated insulin
release [8, or CHAPTER 4]. However, it is’ unclear whether tﬁe same process remains
effective under the preseh(_:“é of.a majority éf _enterocytes. Here, prior to in-vivo
experiments, we studied the efficiency and speéiﬁcity of rAAV2-mediated transduction
in co-cultures of human enterocyte and enteroendocrine L-cell lines. The uptake and

f

expression of the insulin gene, as well as the conversion of proinsulin to insulin and the
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dynamics of insulin secretion were characterized. The implications of our findings
towards using rAAV2-mediated gene transfer to produce appropriately secreting,

potentially autologous enteroendocrine L-cells for IDD treatment are discussed.

5.3 Materials and methods
5.3.1 Cell lines and culture conditions

Human Caco-2 cells (ATCC, Manassas, VA; an enterocyte model" [132]) and
Human HT-1080 fibroblasts (ATCC) were cultured in Dulbecco’s modification of
Eagie’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
nonessential amino acids. Human T84 cells (ATCC; an enterocyte model [133]) were
cultured in a 1:1 mixture of Ham’s F12 medium and DMEM supplemented with 5% of
FBS. Human NCI-H716 cells (ATCC) as the enteroendocrine L-cell model [122,134]
~were grown in suspension in RPMI medium supplemented with 10% FBS. Adhesien and
endocrine differentiation of NCI-H716 cells were initiated by groWing the cells on
Matrigel (Becton Dickinson, Bedford, MA)-coated surfaces iﬁ DMEM supplemented

with 10% fetal bovine serum [124]. Human embryonic kidney 293 (HEK293) cells

(ATCC) used for TAAV?2 produeiien.were grown in DMEM supplemented with 10%>
heat-inactivated FBS. Co;cultures of NCI-H716 cells and Caco-2 cells were grown in the
Caco-2 culture rvn'edium‘; ce-eultures of NCI-H716 Acel'ls and T84 cells were grown in the
T84 cultu're medium. Growth media were all supp‘lemented with 100 U/ml penicillin and
100 pg/ml streptomycin. . Cell cultures were all maintained at 37°C ina 5% CO, / 95%

air humidiﬁed atmosphere.
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5.3.2 Plasmids and Virus

The rAAV vector plasmid, bInsdlin-EGFP (Figure 15A), carrying the expression
cassettes ‘of insulin (CMV-driven) and EGFP (SV40-driven), was constructed as
previously .described [8, or CHAPTER 4]. This plasmid was used with two other
plasmids, pAAV-RC (Stratagene, La Jolla, CA) aﬁd pHelper (Stratagene), for rAAV2
- production following the manufacturer’s protocol (AAV Helper-Free System, Stratagene).
Puriﬁcation‘ and titration of rAAV2 were performed as lpreviously described [8, or
CHAPTER 4]. Plasmid plnsulin-EGFP, albne, was also used in FUGENE6 (Roché, '

Indianapolis, IN)-mediated transfection as a control.

5.3.3 Co-culture systems

Two co-culturé systems of enterocyte and enteroendocrine L cell lines Were
 applied. In the first co-culture system, a total of 2.5 miilion NCI-H716 L-cells and
enterocytes (Caco-2 cells or T84 cells), were mixed in a ratio of 1:10 and seeded onto a
35-mm tissue-culture dish. dne: day later, the co-culture was washed twice using culture

medium. Unlike énteroCytes, NCI-H716 cells attached poorly to tissue culture plastic;

therefore; after the washing step,:more than‘SQ% of NCI-H716 cells wére detached and
removed. ‘The rérhaining NCI-H716' cells withi enterocytes were then subjected to
transduction or tralléfecfion as described below..

In the second co-culturé system, serial seeding of Caco-2 enterocytes and NCI-
H716 cellé tb a ‘3\5-mm'tiss‘u>e-'cullt1ire dish ;;Qas applied. First, a _5-mm cloniﬁg disc

(Scienceware, Pequannock, NJ) was used to transfer Matrigel to the center of a 35-mm

dish. This created a Matrigel-coated circular area for the adhesion of NCI-H716 cells
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[124]; the ratio of tBe Matrigel-cqated regibn to the surface area of a 35-mm dish is 1/49
(Figure 15B). The disﬁ was then placed in a 37°C incubator for 1 h.  One ml of the
Caco-2 culture medium was added to the dish, and care was taken not to wet the disc
region at the center. One hour later, the culture medium was replaced by a suspension of
2.5 millidn Caco-2 cells iﬁ 1 ml culture medium. Again, care was taken not to wet the
disc region, so Céco-2 cells grew around the 'Matrigel disc, but not into the disc region.
Twelve ‘hoursv later,. the disc Was removéd and a suspension of 2 million NCI-H716 cells
in 1.5 ml medium was added to the dish and covered the entire surface. The dish was
then placed in a 37°C incubator for settling and adhésion of NCI-H716 cells to the
Matrigel. Ten minutes later, the unattached cells were re-suspended by tapping and
swirling the dish. Following another 10 min of settling and adhesion, the unattached cells
were removed By washing with culture medium twice. Approximately 0.5 - 1 x 10° NCI-
H716 cells adhered. Pure culture cdﬁfrols .were »prepared in the same way, i.e.,
enterocytes arbund é diSc ;anfi enter(')endf)cfi‘rie ce}ls by themselves in the disc area only.
Transduction and tfén'sfection of the co-cultul;es (Figure. 15C) and of the pure culture

controls were performéd one day later.

5.3.4 Transduction and transfection

Recombinant AAV2 transduction of the pure cﬁltures of Caco-2 cells, T84 cells
~ or HT-1080 cells was done in a 35-mm tissue culture diéh at 60% to 80% of confluency
using a multiplicity of infection (MOI) of 10 infectious units per cell. Transduction
~ followed the procedure suggested by the Instruction Manual of AAV Helper-Free System

(Stratagene) for HT-1080 transduction, except that genotoxic agents, hydroxyurea'and
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sodium byruvate weré not added. Transducﬁon,of the pure culture of NCI-H716 cells in
suspension uéed a MOI of 10 as previously described [8, or CHAPTER 4]. Transduction -
of the co-culture of ente‘rocytes and NCI-H716 cells followed the same procedure as that
for the pure cultures of ehterpcytes.

Plasmid transfection was carried out with FUGENEG6 reagent (Roche) following
the manufacture’s directions for adherent cells (Caco-2, T84, HT-1080 cells and the co-
cultures) or suspension cells (NCI-H716 cells). For each transfection of cells in a 35-mm

dish, 5 pg of the plasmid DNA and 12 pl of FUGENES reagent were used.

5.3.5 Immunofluorescent staining

| Caco-i cells and HT-1080 cells were seeded on 2-well chamber slides and
cultured ovérﬁight. NCI-H716 cells were seeded to poly-L-lysine-coated 2-well chamber
slides right before ‘the experiment.: Recorﬁbinant AAV2 transduction of cells on the
slidés \A‘/as‘performéd ata 3 7°C incubator for25 h. -Cells were then washed with culture
mediurr;, fixed ‘with 4% pérafqrmaldehydg in PBS for 15 min, permeabilized with 0.5%
Triton X-100 in PBS forvI\O min! :and ’lt;lockéd in 10% horse-serum PBS for 1 h. Mouse
A20 mionoclonal antibody against the intact particle of AAV2 (Maine Biotechnology
Serviceé, Portland, ME; dil.utedwl:S') Wa; it;cubated with fhe monoléyer‘ at 4°C ovemight,
then revealed with fI"RITC-copjuga’qe@ igo‘at-,anti—mouse IgG (Sigma; diluted 1:30).
Visualization of the AAV2 immunofluorescent staining wés performed using a Zeiss
LSM510 laser-scanning confocal microscope (Carl Zeiss, ThomWood, NY). A
helium/neon laser at 543-nm and a long-pass 560-nm filter were used for TRITC

detection.
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5.3.6 Secretion st'udy

The co-culture prepared by serial seeding of Caco-2 cells and NCI-H716 cells, as
well as the corresponding pure culture controls were subjected to rAAV2 transduction or
FUGENE6-mediated transfection for insulin expression. Two days llater, the culture
medium was switched to basal medium [DMEM (GIBCO, cat.# 23800-022, Grand Island,
| NY) supplemented with 5 mM glucose and 1% fetal bovine serum], and cﬁltures were
incubated overnight. On the day of the experiment, parallel cultures were washed and .
incubated in basal medium for two hours to stabilize the basal secretion of insulin. The
secretion test was initiated by incubating stabilizedvmonolayers in basal medium for two
hours to determine the basal secretion rate. Monolayers were then exposed to basal
medium supplemented with 2% (w/v) meat hydrolysate (Sigma, cat. # P-7750) to
stimulate insulin secretion for two hours. Cultures were finally washed three times with
basal medium and 'incubated in basal medium for another two hours. When switching
medium from one type to.another, samples were collected for insulin and proinsulin

assays.

5.3.7 Analytical techniques

| EGF? expression wag visgalized usiﬁg g,'ZeiSs LSMS510 laser-scanning confocal
microscope (Carl Zeiss) with an argon laser at 488 nm and a band-pass 500-550-nm filter.
' Fluorescence-activéted. cell sorting (FACS) analysis was carried out using a Becton
Dickinson LSR benchtop flow cytometer (BD Bioscience, Lexington, KY) with aﬁ argon

laser at 488 nm and a FITC window to detect EGFP. Insulin and proinsulin
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concentrations were measured by human insulin-specific radioimmunoassay (RIA)
(LINCO Research, St. Charles, MI, cat. # HI-14K) énd human proinsplin RIA (LINCO
research, cat. # HPI-15K), respectively, accbrding to the manufacturer’s protocols. The
human insulin—speciﬁc RIA cross-reacts with human proinsulin at less than 0.2%,
whereas the human proinsulin RIA cross-reacts with human insulin at less thén 0.1%
" (Manufacturer’s specifications). Radioactivities were determined in Auto-Gamma

Counting System, Cobra II (Packard, Meriden, CT).

5.4 Results
5.4.1 Recombinant AAV2 transduction in pure cultures

The ability to transduce NCI-H716, Caco-2 and T84 cellé by AAV2 was first
investigated in pure cultures using the viral vector derived from plasmid pInsulin-EGFP
(Figure 15A). Human HT-1080 fibroblasts, known for their permissiveness to AAV2
transduction, were used as positive controls. The transduction efficiency, indicated'by
EGFP expression,.was visuélized by confocal microscopy and quantified by FACS. As
seen in Figure 16, NCI-H716 and HT-1080 cells expressed EGFP strongly, indicatingk
permissiveness to rAAVé ftransdug:t,ion.‘ On the other hand, the Caco-2 and T84 éell
cultures exhibitéd only qurge 'greé{;l: ﬂi;qf¢scence; indicating low transduction efﬁcien%:ies.
FACS analysis sﬁowed'that enteroci:'ytes Were traﬁédﬁced at leés than 1% on average (0.9
+ 0.5% for Caco-2 and:?.O.’/‘ + 0.3% for T84, n = 3), whereas NCI-H716 cells were

transduced at approximateiy 37% (£ 5%,n=4).

5.4.2 Chemical reagent (FUGENEG)-mediated transfection in pure cultures
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In parallél with rAAVZ—mediated transduction, FUGENE6-mediated transfection
with plasmid pInsulin-EGFP (Figure 15A) was ﬁsed as control. Results are silown in
Figure 17. NCI-H716 L-cells exhibited little permissiveness to FUGENEG transfection
.(Figure 17A), lower than to rAAV2 transduction (Figure 16A). On the other hand, Caco-
2 and T84 enterocytes were both efficiently transfected and expressed EGFP (Figures
17B and 17C). This ﬁnding shows that the low EGFP expression in» enterocytes after
rAAV2 transduction (Figure 16B and 16C) was caused by the low perr.nissiveness of
these cells to rAAV2, and not by the low expression of the EGFP cassette. HT-IOSO cells '
“were transfected efficiently with FUGENES6 (Figure 17D), similar to rAAV2 (Figure

16D).

5.4.3 Immunofluorescent staining of transduced monolayers

The staining of AAV2 particles‘ in transduced mo}nolayers supported the
hypothesis that AAV2"has‘dAi>fferer‘1t entry efficiencies in Cacd—2 relative to permissive
~cells. Figures 18A and 18B show that, i;l permissive NCI—H716 L-cells and HT-1080
fibroblasts, ér:ltry," endocytosis and aggregation of AAVZ have taken place 2.5 h post-
transductioﬁ. | ‘.In ‘.copmp_arison,h 1n the trénsaﬁcgd -Caco-2 monolayer, the ﬂLvlo'rescencé’
signals of AAV2 cépsids did not revéai siirinilar'a:ggregation (Figure 18C); in fact, the
immunoﬂuorescent staining of transduceci Ca0052 célls was indistinguishable from that of

untransduced controls (Figures 18D).

5.4.4 Recombinant AAV2 transduction and FUGENES6 transfection in co-cultures |
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Althoug‘h‘ N-CI-H716 L-cells are permissive to rAAV2 transduction in the pure-
culture condition, ‘it is unclear whether L-cells can be effectively transduced when
surrounded by a large number of low-permissive ehterocytes. To tesf this, the two in
vitro co-culture systems described in Materials and Methods were used. The first system,
consisting of a monolayer of NCI-H716 cells and Caco-2 or T84 enterocytes randomly
dispersed at a rafio of 1:50 to 1:100, was transduced by rAAV2 in experiments and was
transfected by FUGENES in parallel controls. Figure 19 shéws the two different patterns
of EG_FP expression in the two culturés. In the rAAV2-mediated transduction (Figures
19A and 19B), only a limited number of cells waé transduced to exhibit green
fluorescence; most of them were spherical, identifiable as NCI-H716 L-cells by
comparison with the cells in* Figure -16A. = On the other hand, in the. FUGENE6-
transfected cultures, a greater number of éells expressed EGFP (Figures 19C and 19D),
and these cell élﬁﬁtéfg‘ép}v)earelcl;mbr.p}lglpgicaliiy Similar to enterocytes transfected under
pure-culture conditions (Figures 17B énd 17C). "These findings indeed indicate that
rAAV2-mediated gehe ‘transfer avoids thé ‘low-permissive enterocytes and selectiveiy
targéts NCI-H716 L-cells in this cb-culture system, whefeas specific targeting of L-cells
cannot be achieved"Wfth.i};efﬁén#{iiral; FUG'ENE&m'ediated géne transfer.

The second co-culture systém consisted of a 5-mm island of NCI-H716 L-cells on
Matrigel in a 35-mm dish surrounéled bir énterocytes. In this system, the L-cells were
strongly attached and easily wifhétood the washing and mixing steps in the insulin
secretion studies. Figure 15C sho?vs this co-culture system one day after the.seeding was
completed. Results from tranéghjction by rAAV2 and traﬁsfection via FUGENE6,

visualized using confocal microscopy, are shown in Figure 20. Similar to what was
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found with the previous co-culture system (Figure 19), rAAV2 transduction was able to
preferentially modify NCI-H716 L-cells at the central island, whereas FUGENEG6-
mediated transfection mainly modified Caco-2 enterocytes in the surrounding area with

very low efficiency towards the L-cells (Figure 20).

5.4.5 Insulin secretion proﬁles. of transduced and transfected co-cultures
Recombinant insﬁlin secretion waé studied from rAAV2-transduced co-cultures
and pure cultures, as well as from FUGENE6-trgnsfected co-cultures and pure cultures.
Monolayers were exposed :[o basal medium for 2 hours, followed by medium with 2%
meat hydrolysate (MH) for 2 hours té stimulate insulin sgcretioﬁ, followed by 2 houfs of
basal medium.. MH has previously been shown to be a secretagogue to parental and
recombinant NCI-H716 L-célls aﬁd .i?nduvce'acute release of endogenous glucagon-like
peptide-1 (GLP-lj and‘j récombinant insulin [8,122]. Figure 21 shdws the insulin
secretion rates and the qoﬁvers‘ioﬁ rétio of proinsulin to insﬁlin, averaged over each 2-h
- period for both the co-cultures and the pure culturé controls. Measufements of insulin
and proinsulin were both péfformed on,fthe s'a&xe samples collected during thé secretion
study. MH éxposure.increaseci the il;)'skulin Scéretion rate to (1‘.73 +0.22)-fold and (1.99 +
0.38)-fold of the basal rate for the rAAV2-transduced NCI-H716 L-cells and the co-
culture, respectively. On the other’ h;nd, the insulin released from rAAV2-transduced
Caco-2 cells was too low to be deteéfed (Figure 2_1A). In comparison, FﬁGENE6-
transfected Caco-2 cells and the co-pultﬁre failed to respond to MH stimulation; and the
insulin released from the transfecté;djNCI-H716 L-cells was too low to be quantified

(Figure 21B).
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Since the radioimmunoassays used to.determine the insulin and proinsulin
.‘ concentrations are highly specific (see Materials and Methods for cross-reactivities), it
was possible to estimate the conversion of proinsulin to insulin by calculating the ratio
(insulin)x100%/(insulin+proinsulin). Previously, we have shown that NCI-H716 L-cells
possess the necessary proteolytic enzymes to process promsuhn to immunoreactive
1nsu11n [8 or CHAPTER 4]. Here, we found that rAAV2-med1ated insulin delivery can
.target NCI-H716 L-cells in the co-culture and achieve an average of 66 = 12 %
conversion of proinsulin to insulin over the 6-h secretion study, similar to the conversion
achieved in pure NCI-H716 cell cuitures (76 £ 6 %,k Figure 21C). In comparison,
FUGENE6-mediated transfection only generated an average of 25 £ 3 % and 28 *+ 3% of
proinsulin conversion over the same period of study from the transfected Caco-2 pure
culture and co-culture systems, respectively (Figure 21D). This low conversion ratio
indicates that Caco-2 cells do not express any significant levels of endoproteases

converting recombinant proinsulin to immunoreactive insulin.

5.5 Discussion

Celi-based the;;pies with enteroendodrine cells engineered to secrete insulin have
been con51dered asa potentlal treatment of IDD [7 10] With regard to enteroendocrine
L-cells in partlcular advantages include: l) the1r endogenous incretin hormone, GLP-1, is

| compatlble with insulin in regulating gluCose homeostasis; 2) L-cells, like pancreatic -
. S PR
cells, carry prohormone convertases 1/3 and 2 [135], which are necessai’y for the post-

translational processing‘of proinsulin to insulin; and 3) the engineered L-cells respond to

physiologic stimuli and secrete recombinant insulin with the same kinetics as endogenous
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GLP-1 [8, or CHAPTER 4]. The obstacle of this approach, however, is the speciﬁc
targeting of L-cells wﬁile performing the insulin gene delivery. In this work, we
examined the selectivity and ,efﬁciency of rAAV2 transduction in hﬁman in-vitro models
" of enteroendocrine L-cells and entefocytes. Results demonstrated that rAAV2 can
genétically modify NCI-H716 L-cells in the co-cuitufe environment in spite of a
prevailing number of Caco-2 or T84 enterocytes. 'The rAAV2-transduced co-culture
achieved regulated insulin release in response to stimulation; on the other hand, the co-
culture subjected to non-viral chemical-mediated transfection failed to generate such a
response..

Recombinant AAV2 is capéble of fransgene delivery to a broad spectrum of host
| cells, but the transduction efficiency may vary widely [136-138]. The different efficiency
towards L-cells and enterocytes identified in this study was not due to the expression
cassette, as evidenced by the results from the chemical transfection. Rather, by
comparing the virus immunostainfng in transduced monolayers of | enterocytes and
permissive cells, the different efﬁc‘iency appears to be due to an inefficient binding and/or
endocytosis of rAAV2 in enterocyies. Clearly, to understand the differences in AAV2 -
transduction éfﬁqiency among ‘varioué cell types, the bé)pu]ation size and distribution of
AAV2 surface recéptors, as well as thé 'AAV2 intracellular trafficking dynamics, need to
be characterized. |

It has Been proposed that different cell types in the intestinal epithelium, includiﬂg
enterocytes and éhter'o'endzocriné" cells, are derived from a multi-potehtial stem cell‘
population found at or near the base of crypt of Lieberkuhn [139,140]. The enterocyte

lineage undergoes terminal differentiation as the cells migrate from the crypt to the villus
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tip,_ whereas the enteroendocrine lineage, including L-cells, remains localized around the
crypt area. To selectively modify enterocytes or a sub-lineage of enteroendocrine cells,
transgenic mice derived from mouse embryos transfected with a cell-specific promoter
driving the expression of the.transgene have frequently ’been applied [7,129,141].
However, for somatic gut epithelium, further studies are needed to elucidate the
interaction between cell lineages and gene transfer agents in order to develop an:
appropriate vehicle for intestinal gene delivery. |
In this research, we demonstrated that TAAV?2 can efficiently transduce L-cells
whirle avoiding a predominant number of éhterocytes. However, there are many other
cell. types in the mucosa and in the surrounding tissues that we did not include in our
-simplified vin vitro system. Indeed, administration of rAAV2 through oral gavage to the
rat small intestine indicated that the viral particles were capable of crossing the
epithelium barrier apd infecting tﬁe lamina propria [15]. This result is consistent with a
low rAAV?2 permissiveness of enteroéytes relaﬁve to other cells in the lamina propria, e.g.
fibroblasts, élsa dem'(.)‘nlstra“[ed.in :thi’s stlidy' (Fig;re i6). Since fibroblasts lack a regulated -
sécretory pathway and do not express thé prohormone convértases for proinsulin to
insulin prdcessing, the potential pehef;ation pf insulin-encoded rAAV2 to the lamina
propria would l_i_kely cause unregulated p’roinsil_jllirﬂn production. To avoid this undésired
event, édditionél stfategies need to’ be’im:plezmentéd for targeting L-cells for insulin
expression to the exclusion of connective,tiissue. This could be accomplished by
enriching L-cells in isolated primary mucosal ciulture [142], transducing them by _rAAV2

* ex vivo, then implanting them back to the host. *:A challenge here would be to ensure that,
A |
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follbwing implantation, L-ceils remain responsive to postprandial signalvs and.retain their
endocrine phenotype, including secretion of GLP-1 and insulin in the blood.

A significant advantage offered by rAAV2-rhediated insulin gene delivery is the
expected prolonged transgene expression, as p_reviéusly demonstrated with other genes
and cell hosts [143]. This feature is especially important for treating a chronic disease
like IDD. However, since the gut epithelium renews frequently, it is possible that
transduced L-cells might gradually lose their transgené expression due to their limited
life-span. A possible solution to this problem consists of using rAAV2 to target mucosal
stem cells. Previous result_s with peroral TAAV2 administration to rats demonstrated
phenotypic change of infés{inal mﬁcdsa over a period qf 6 months [15]. Although direct
experimental confirmation is lacking, it appéar_s that in the study of During et al. rAAV2
was able to infeé'tl mucosal stem (")ré pfog‘énitor _célls to achieve the prolonged transgene
expression in vivo. To transduce mucosal stem cells and maintain insulin production
exclusively in the L-cell 'l.ineage, insulih geng expression Will need to be directed by an L-
cell specific promoter, such as :the proglpcagon promoter [129],\ so as to prevent
nonspecific and urir.c\agulateda proinSulin/iﬁsulin secretion from other cell lineages in the
epithelium. |

“This study constitutes an important étep towards finding a suitablé gené transfer
vehicle for producing appropriately secreting intestinél epifhelium for regulated insulin
release.  The rAAV2-mediated insulin gene transfer offers the advantage of selectivity
and efficiency, as indicated by our results, and "expécted long-term duration. Clearly,
these characteristics will need tp be tested in primary cultured cells and in vivo. In this, it

should be noted that results from animal models cannot always be applied to humans
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because the species mismatch often alters the physiology of intestinal cells as well as the

results of rAAV2 transduction.
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. SV40 SV40 . hGH
A |ITR PCMV/mtron cll;}:IIA poly A enhancer'PSV";O/ EGFP cDNA fintron| %0 [ITR

Figure 15. (A) The rAAV2 vector plasmid, pInsulin-EGFP, for expression of insulin and
EGFP. ITR: inverted terminal repeat. PPIL: preproinsulin. (B) Coating Matrigel at the
center of a 35-mm tissue-culture dish via a cloning disc (white, round paper). Disc
diameter: 5 mm. (C) Co-culture of NCI-H716 L-cells and Caco-2 enterocytes, one day
after seeding. The position of the image is indicated by the box in (B). Magnification:

x4,
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Figure 17. Chemical reagent (FUGENEG)-mediated transfection in pure cultures of (A)
NCI-H716 cells, (B) Caco-2 cells, (C) T84 cells and (D) HT-1080 cells. Reporter: EGFP.

Bar =50 pm.
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Figure 18. Immunofluorescent staining of AAV2 particles in (A) transduced NCI-H716
cells, (B) transduced HT-1080 cells, (C) transduced Caco-2 cells, and (D) parental Caco-

2 cells without transduction. Bar =20 pm.

91



Figuré 19. Recombinant AAV? transduction and FUGENE6-mediated transfection of the
co-culfure with randomly mixed NCI-H716 L-cells and enterocytes. (A) rAAV2-
transduced co-culture of NCI-H716 cells and Caco-2 cells. (B) rAAV2-transduced co-
culture of NCI-H716 cells and T84 cells. (C) FUGENEG6- transfected co-culture of NCI-
H716 cells and Caco-2 cells. (D) FUGENE6- transfected ‘co- culture of NCI-H716 cells

and T84 cells. Reporter: EGFP. Bar = 50 pm.
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Figure 20. Recombinant AAV2 Vtrlahsduéti'on and ‘FUGENEG-mediated transfection of the
- co-culture with NCI-H716 L-cells- and Caco-2 enterocytes in defined regions. (A)
rAAV2-transduced co-culture. (B) FUGENEG6-transfected co-culture. Reporter: EGFP.

Bar =200 pm. :
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK'

6.1 Conclusions

The development of recombinant B-cell surrogates for IDD treatment has been
investigated over the last two decades. In this thesis, we have established intriguing
technologies thét add insight to this field. First, we have engineered preproinsulin
mRNA so as to destabilize it through nonsense-mediated mRNA decay (NMD). The
engineered preproihsulin mRNA carries three insulin gene copies with stop codons in the
middle of the mRNA molecule to induce NMD. In human hepétomas, when expressed
under tréngcriptional regﬁlatioﬂ, the 1 e“nginee‘rerd ‘preproinsulin mRNA level and the
insulin sécretion rate declined faster upon switching off transcription, compared to the
one-copy non-engi:neered‘ controi\. This work proifides a simple and straightforward
method to destabilize mRNA, specifically the preproinsulih mRNA. This methodology is

expected to be generic'and applicable to different host cells, including primary ceils.

In the second part of this thesi_s, we explored a suitable cell type for regulated
insulin release. In this, an engineered human intestinal enteroendoqrine L-cell model, the
NCI-H716 cell line, was established to demonstraté that recombinant insulin and
endogenous GLP-1 can simultaneously be released upon stimulation. Cells were
genetically modified by recombinént adeno-associated virus serotype 2 (rAAV2)-Based
vector and then were differentiéted to display endocrine features, in particular the

formation of granule-like compartments. A fusion protein of insulin and enhanced green
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fluorescent protein was designed to reveal the granule-like compartments and the co-
localization of fusioo protein with eodogenous GLP-1. This study suggests that
engineering of intestinal enteroendocrine L-cells for reghlated insulin release consﬁtutes
a feasible approach for IDD -treatment,' in terms of the dynamic release of recombinant
insulin as well as the compatibility- of GLP-1 and insulin in regulating glycemic
homeostasis. |

In the final portion;‘ we - inyestigated rAAV2 transduction in distinguishing
different intestinal cell t.ypes, speciﬁcéliy 4the enterocyte and enteroendocrine L cell lines.
The selectii}ity and efﬁciehcy; of rAAV?-mediafed gene tfansfer toward enteroendocrine
L-cells, as opposed to ’enterocytes‘, were demonstrated by co-culture models of
enteroendocrine L-cells with a prevailing number of enterocytes. Upon stimulation, the -
rAAV?2 transduced co-culture éeh‘ieved‘reguléted insulin release; whereas, the .chemicall).' _
transfected controls failed to respond.  This 'study ‘suggests that the AAV2 vector is a
valuable tool in developing enteroendocrine L-cell bspeciﬁc insulin gene delivery in terms

of AAV2 avoiding enterocytes and targeting selectively L-cells.

6.2 Future work
6.2.1 Regﬁlation of insulin secretion via insulin biosynthesis

Although we were able to shorten the half-life vof preproinsulin (PPI) mRNA from
more than 8 h to roughly 3 h (Figure 6A), the dynamics of transcriptionally controlled
insulin secretion are still too sluggish to be satisfacfory for regulating glucose
homeostasis because of the serious lag time before and after stimulavtion- (Figure 7). The

under production of insulin in the beginning of stimulation will create a window of
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hyperglycemia; Whereas, when stimulation is removed, the long-lasting insulin
produbtion due to the prolonged activity of PPI. mRNA would cause dangg:rous
hypoglycemia episodes.” It is possible to further engineer PPI mRNA to becor_ne‘a labile
molecule with its half-life within minutes instead of hours. However, since insulin -
. production rates are correléted to PPI mRNA levels, the decreage bf PPI mRNA stability
‘would reduce the levels of insulin production. In this, how to achieve fast secretion
dyriamics_'and maintain enough insulin production from transcriptionally regulated cells
represent a big challenge.

Alternatively, usir;g ;tfanslation td modulafe insulin biosynthesis so as to regulate
insulin secretion is a possible direction. - In this, it is expected that without the .
involvement of bl;p-_ and ddvsfﬁ-reéuiaﬁéxi of ’)the léng half-life PPI mRNA, the secret_ioh
dynamics of translationalcontrol would be faster compared to those of transcriptional
control. It is known that, at' Ath‘e fféﬁslationél i;:vel, glucose stimulates proinsulin synthésis
up to 10 fold withiq one hour in B{-c;e_lls[S?]i “Although this induction is B-cell specific,
‘recently a more géneric translatidﬁal éI;hancer, ‘the 5°-UTR (un‘-tranvslated region) of .
human mRNA encoding Hsp70, haé been identified [.1444]. Since the liver naturally
responds to glucéée stimulation, it would be of interest to identify glucos.e-regulated
translatioﬂal elements in hepatic cells and test any translational enhancer for elevation of -

prepfoinsulin mRNA translation.
6.2.2 Regulated insulin release from intestinal enteroendocrine cells

Intestinal enteroendocrine L- and K-cells are suitable targets for insulin gene

transfer because incretin secretion from L- and K-cells is compatible with insulin in
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postprandial secretion dynamics as well as in physiologic effecté. Currently, no other cell
types have been identified with similar characteristics. However, because gut epithelium
renews frequently, L- and K-cells have limited life-span in mucosa. In order to maintain
‘a constant insulin release, it is necessary to target mucosal stem cells for insulin gene
transfer. In this, an additional strategy is needed to use L- and K-cell specific promoter to
conﬁne insulin gene expression in these two cellular lineages to prevent nonspecific and
- unregulated insulin or proinsulin secretion from other cell types in the gut epithelium.
The L-éell specific proglucagon pr'omote.:r'and the K-cell specific GIP promoter
have both been identified and applied to derive transgenic mice for t'issue-sp‘eciﬁc
transgene expression [7,130]. However, to genetically modify somatic gut mucosal stem
cells, the challenges are: 1) a direct administration of gene transfer vectors in vivo would
be interfered By differentiated cells iﬁ the gut épithelium as well as by other cell types in
the surrounding tissues, which WOﬁld cause low levels of gene transfer efficiency to |
mucosal stem‘ cells [15]; 2) currently, the;e are no differentiation markers for gut mucosal |
stem cells, therefore no tools are available for'identiﬁcation and isolation of mucosal
stem cells for ex-vivo.ssmatic cell gléne‘ délivery ‘[145]; and 3) if mucosal stem cells can
be isolated and genetically quiﬁed ex vivo, the engraftment of engineered cells to the
recipient’s mucosal wal.l wc;uld still be challenging. Alternatively, a proof-df-concept
experiment caﬁ be; COh&uééed bby iéoiéﬁng and traﬁsducing intestinal crypts (rich in stem
éells) ex vivo, and then implanting them subcutaneously in an immunocompromised
mouse for ster cell differentiation [145] as well as transgene expression to evaluate the
gene transfer efficiency and cell-specific activity of proglucagon or GIP promoter.

Clearly, more research- needs to be done in specifying surface markers for stem cell
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identification and isolation, or for the design of ligand-targeting vectors for intestinal

gene transfer [146].
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APPENDICES

A.1 Amino acid sequences of native and mutated preproinsulin

The amino acid sequence corresponding to the ﬁative human preprbinsulin is:
Met—ala-leu-trp-met—arg-leu-leu—pro-leu-leu-ala—leu-leu-ala—leu—trp-gly—pro-asp-pro-ala-
ala-ala-phe-val-asn-gln-his-leu-cys-gly-ser-his-leu-val-glu-ala-leu-tyr-leu-val-cys-gly-
glu-arg-gly-phe-phe-tyr-thr-pro-lys-thr-arg-arg-glu-ala-glu-asp-leu-gln-val-gly-gln-val-
glu-leu-gly-gly-gly-pro-gly-ala-gly-ser-leu—gln-pro-leu-ala-leu-glu-gly-ser-leu-gln-lys-
arg-gly-ile-val-glu-gln-cys-cys-tﬁrJser-ile-cys-ser-leu-tyf-gln-leu-glu-asri-tyr-cys-asn-(*).
‘The asterisk (*) indicates .the presence of a termination codon. |

The amino acid ‘s'equcnce‘corresporrldin‘g té tile B1 0' mutated human preproinsulin
is:
Met-ala-leu-trp-met-arg-leu—leu-pro-leuQ1eu-ala—leu-leu-ala—leu-trp-gly-pro-asp-pro-ala-
ala—ala—phe-val-ésh-gln-his-leu-cys-gly-ser-ggrleu-val-glu—ala—leu-tyr-leu-val-cys-giy- :
glu-arg-gly-pﬁé-phe-;[yr-thr-pfo-lz)fé-thr-arg-arg-glu-ala;glu-asp-leu-gln-val-gly-gln-val-'
glu-leu-gly—gly-gly-pro-gly-ala-‘gly-ser-leu-gln-pro-leu-ala-leu-glu-gly-ser—leu-gln—lys-
arg-gly-ile-val-glu—gln-cys-cys-thr-ser:-i1e;cys-‘se'r-leu-tyr-glheleu-glu-asn-tyr-cys-asﬁ—(*).'
The asterisk (*) indicates the presence of a termination codon. The underlined amino
acid residue iﬁdicates the position of mutation in comparison to thé wild-type human
preproinsulin. |

The amino acid sequence corrésponding fo the furin-compatible, B-C énd C-A

junction mutated human preproinsulin is:
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Met—ala-leu-trp-met—arg—leu-leu-pro-leu-leﬁ-ala-leu-leu-ala-leu-trp-gly-pro-asp-pro-ala- v
ala-ala-phe-val-asn-gln-his-leu-cys-gly—ser-his-leu-val-giu-ala-leu-tyr-leu-val-cys-giy-
glu-arg-gly-phe-phe-tyr-thr-pro-arg-thr-lys-arg-glu-ala-glu-asp-leu-gln-val-gly-gln-val-
glufleu-gly-‘gly-gly—pro-gly-ala-gly—se;-leu-gln—prb-leu-ala-leu-glu-gly-ser-a_r"g-glﬁ'-ly‘s'-
arg-gly-i1e-val-glu-gln—cys-cys-thr-ser—ile-cys-ser-leu-tyr-gln-leu-glu-aén-tyr-cys-asn-(*).
The asterisk (*) indicate_s the presence of a termination codon. The sequence of furin
tetrabasic cleavage site his: arg-X-lys (or arg)-arg. The first tetrabasic sequence, arg-thr-
lysfa_rg, is a‘t the B-C' j_unct:i‘o_n of 'p:féproihsulin. ’Thé second tetrabasic sequence, arg-gln-
lys-arg, is vat the C-A junction of pfeproinsuliﬁ. The underlined amino acid residues

 indicate the positioné‘ of mutation in comparison to wild-type human preproinsulin.

A.2 DNA sequences of native and mutated preproinsulin cDNA
The nucleotide sequence of the native human preproinsulin cDNA is:
5’ATGGCCCTGTGGATGCGCCTCCTGCCCCTGCTGGCGCTGCTGGCCCTCTGGG
GACCTGACCCAGCCGCAGCCTTTGTGAACCAACACCTGTGCGGCTCACACCT
GGTGGAAGCTCTCTACCTAGTGTGCGGGGAACGAGGCTTCTTCTACACACCC
AAGACCCGCCGGGAGGCAGAGGACCTGCAGGTGGGGCAGGTGGAGCTGGGC
GGGGGCCCTGGTGCAGGCAGCCTGCAGCCCTTGGCCCTGGAGGGGTCCCTGC
AGAAGCGTGGCATTGTGGAACAATGCTGTACCAGCATCTGCTCCCTCTACCA
GCTGGAGAACTACTGCAACTAG}’-.\ .,
| The nucleotide éequence of | the HIS B10-to-Asp mutated human preproinsulin

cDNA is; -
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5’ATGGCCCTGTGGATGCGCCTCCTGCCCCTGCTGGCGCTGCTGGCCCTCTGGG
GACCTGACCCAGCCGCAGCCTTTGTGAACCAACACCTGTGCGGATCC_G_f_l_(_,‘CT
GGTGGAAGCTCTCTACCTAGTGTGCGGGGAACGAGGCTTCTTCTACACACCC
AAGACCCGCCGGGAGGCAGAGGACCTGCAGGTGGGGCAGGTGGAGCTGGGC
GGGGGCCCTGGTGCAGGCAGCCTGCAGCCCTTGGCCCTGGAGGGGTCCCTGC
AGAAGCGTGGCATTGTGGAACAATGCTGTACCAGCATCTGCTCCCTCTACCA
GCTGGAGAACTACTGCAACTAGS’: . T_he underlined codon indicates the.position of
muta‘tionrin cbmparison to tﬁe wild-type hurﬁan‘preproinsulin.

The nuclé_otide ,.s_ec-lu;egi;e_ of the furin-compatible, B-C and C-A junction mutated
human preproiﬁsulin cDNA is: - o | |
5’ATGGCCCTGTGGAT‘G'CGCCTCCTGCCCCTGCTGGCGCTGCTGGCCCTCTGGG
GACCTGACCCAGCCGCAGCC;l;T;l“G:'l“GAACCA‘ACACCTGTGCGGCTCACACCT
GGTGGAAGCTCTCTACCTAGTGTGCGGGGAACGAGGCTTCTTCTACACACCC

AGGACCAAGCGGGAGGCAGAGGACCTGCAGGTGGGGCAGGTGGAGCTGGGC

GGGGGCCCTGGTGCAGGCAGCCTGCAGCCCTTGGCCCT_GGAGGGATCCC GGC

AGAAGCGTGGCATTGTGGAACAATGCTGTACCAGCATCTGCTCCCTCTACCA

GCTGGAGAACTACTGCAACTAG3’. " The underlined codons indicate the positions of

1

mutation in comparison to the wilH-type human preproinsulin.

i
C
i

A3. Application of the glucose—respoxjsi_ﬁzfiefSpot 14 (S14) promoter
Pk

The S14 promoter has been iclienfiﬁcd as the carbohydrate-responsive promoter
S Sl
that controls the lipogenic Spot 14 pr:(;)tein in hepatic cells. This promoter’s regulatory

mechanisms have been characterized and the segment that encodes this promoter has
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been cloned [147]. Thie promoter reacts to glucose in an up-regulated manner with a
linear transcription activity in respond to extracellular glucose concentrations in primary
rat hepatocytes and in HIT hamster insulinomas [148]. In this research, we intended to
use the S14 promoter to drive insulin gene expression, thus connecting insulin
~ biosynthesis with glucose-responsiveness in recombinant hepatlc cells.

Figure 22A shows the structure of the plasmid, pSl4-Renilla, carrying the rat S14
promoter to drive the expression of the reporter, Renilla luciferase (Promega). Figure
22B shows the confrol plasmid, pSV40-firefly, with a constitutive SV40 promoter to
drive the expression of the second reporter, firefly luciferase (Promega). Plasmid pSV40-
firefly was co-transfected with the test plasmid, pS14-Renilla, thus monltoring non-
specific effects of glucose concentrations on the activity of Slfl promoter. Assays of
Renilla luciferase and firefly luciferase were performed on the same samples by. the dual-
~ luciferase assay system (Promega) Although the glucose responsweness of S14
promoter has been reported [148- 150] .our result in Flgure 23 cannot reproduce the same
activity. In this HIT cells were co-transfected with the test (S14-driven) and control
(SV40-driven) plasmlds when cultured in the DMEM or in the RPMI medium then
switched to different glucose concentratlons In both types of medium (Figures 23A and .
23B), the increased act1v1ty of Renilla lumferase in high glucose concentration 1ndlcates
the elevation of Sl4-direcfed transcriotion_. However, during the same period, the activity
of the constitutively SV40-driven firefly luciferase also increased, therefore one cannot
contribute the elevation of S14-directed tlanecription- to its glucose responsiveness.
Instead, the non-specific effect of glucose was 100 large to differeutiate any specific

- glucose influence on the S14 promoter.
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A.4 Dynamics of proinsulin secretion from transcriptionally controlled recombinant
mybblasts | |

In this study, we test the idea of regulating prbinsulin secretion via transcription in |
recombinant myoblasts. It has been known that transcriptionally controlled cells exhibit
long time lags between induction and initiation of secretion, as well as between removal
of thé inducer énd termination of the secretory response. Such lags are thought to be
inappropn'alte for achieving glucose homeostasis in higher animals and, eventually,
bhumans. To characterize these time lags aﬁd to develop methodologies for tﬁeir reduction
to within acceptable levels, we developed a steroid-inducible gene expression system,
using MMTV (rriouée rpam}mary tﬁmor virus) promoter to control proinsulin secretion via
transcription (Figure 24A). We stably transfected mouse C2C12 myoblasts (ATCC), as a
model cell type, w1ththls 'sy"s'tem. Upon' exposure Sf cells to the agonist dexamethasone,
it took>appr‘oximate1y_4 hours (lag time + re.sponse. time) for the proinsulin secretion rate
to ‘plateau (Figure 25A);' Aupon removal of the agonist, the proinsulin secretion réte
decréased to 25% pf tﬁg maxi‘m-um after 8 hours (Figure 25B).

Our hypothesis 1s thé’F the loqgtlmelag in the down-regulatipn of secretion is due
. to the mRNA pool in the cells, which corilétinues'to be translated after transcription has
stopped. Thus, to expedite the dowr;l-‘reglfllation' dynamics, we double-transfected the
recombinant C2C12 cells with a ‘pla:smidé encoding for the coﬁstitutive expression of |
antisense preproinsulin mRNA (Figurje 241;3). It was found that the antisense expression

]

improved the dynamics of down-reéuliationj and exhibited a fast decline of insulin toward

the basal level after removing the agonistg(Figure 26A); whereas, antisense interaction
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also compromised the specific proinsulin secretion rate (Figure 26B). lThis finding
indicates that an inducible antisense expression system might be helpful in reducing the
antisense interference during induction, while generating the sense-antisense interaction
‘when it is needed, i.e., during the down-regulation phase. However, the indl‘lcible
antisense expression might delay the overall dynamics due to the expected lag time prior
to and subsequent to induction of antisense expression; In addition, technically, it would
be difficult to implement and maiﬁtain two inducible systems at the same time in primary |

cells for future a'pblicaition.

A.5 From sehsé-ahtiééhsé mRNA interaction to nonéense—mediafed mRNA decay

Figure 27 is an early experiment tha; we i)erformed to address a hypothesis, but it
led to the discovery 0f the 'improvement of secretion dynamics by nonsense-mediated
mRNA destabilizatiqn. In this _experiment, we used the Tet-On expression‘system, SO
transcription \;vas dc;wn-regu.lé;téd by renio;/ing cioxycycline (DOX) from the medium.
The figures show the decline of insulin secretion rate, as % of maximum, after removing
DOX at time 0.- |

Our original hypothesis was: Aghtisense expression can accelerate insulin down-
regulation; asr the copy number of ;éenéé :mRNA transcript increaées (from one copy to
three copies), the sense-antisensé infteiraction becomes stronger. and insulin down-
regulation becomes faster. -As sh‘céwnliﬁ Figure 27A, we found that indeed the down-
regulation of insulin secretion was éccelerate_d when the copy number of insulin increased.

Constitutively expressed antisensé; mRNA from CMV promoter had little effect on the

one-copy insulin expression systerh. With the 2- and 3-copy insulin expression systems,
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the decline in the presence of antisense was much faster. However, to our surprise, by
comparing Figure 27A and 27B, the cause of the faster down-regulation did not éome
from the expression of antisense, but from the addition of more sense copies of insulvi‘n
gene to the expression cassette. ‘This led us to realize that the 2- and 3-copy systems have,
intrinsically, a faster decline than thé rone-copy control.

Later, we realized that adding a gene sequence between the translation stop codon
and the polyadéﬁylation' 'sihgna‘lb cani induce ' nonsense-mediated preproinsulin. mRNA
decay.  Compared ,‘with sense-antiseﬁsé;médiafed mRNA decay, this new méthqd
achieves insulin ex‘pressi‘on and the preproinsulin mRNA destabilization in one transgene
expression cassétte. Sense-antisense interaction, on the other hand, needs two expression
cé‘ssettes for eachA of the ‘s‘eﬁ.sé aﬂa 'anti'se‘n.se 'expression, which adds complexity in
fmding suitable expression levels of sense and antisense for maintaining a fast insulin
down-regulation while not silencing the insulin gene expression.

In Figure 28A, we used Tet-Off system to evaluate the down-regulation of insulin’
secretion with different copies (1 to 4) of insulin gene. Transcription was down-regulated
by adding DOX at time 0. Compared with the one-copy control, systems with multiple
copies of insulin gene all show faster decline of insulin secretion. Figure 28B
demonstrates the dynamics of insulin secretion when celis expressing recombiriant.insulin
using the Tet-dn system were exposed to a square wave of DOX induction, which
mimics glucose stimulating the. transcription of insulin gene after a meal. This test
indicates that the responses from the 3- and 4=cop$/ systéms are similar, and they are
faster compared to that of the 2;copy system altﬁough not by a lot. Also, the 4-copy

system is somewhat more difficult to work with due to its size. This result led us to
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‘decide that, for proof—bf—cOncept, it is sufficient to compare'insulin expression between
one-copy (control) and three-copy (test) systems. However, Figure 28 shows that
multiple-copy systems are all very effective at accelerating the down-regulatién of insulin
secretion compared With the cone—cbpy control.

In Figure 29, we evaluate the regulétion of insulin secretion from transfected

' HepG2 hepatomas using the tet-on system., This is similar to Figure 7 in CHAPTER 3

except that the cycle is 2 hours of induction foll@wed by 6 hours of basal conditioné. The

result indicates that insulin secretion. from thé m‘ulvtiple-copy systems can follow the

square waves of DOX induction. On the othc;,r hand, vthe one-copy control failed to do s0.

In Figuré 30, we éonnected inéulin anvdk lucife‘rase cDNA in another attempt to
generate nonsense-mediated mRNA cieéay. Compared with lusing multiple copies of
insulin gene, this approaéh has the: similarity . of creating a distance between the
translation stop codon and the polyadenylation signal. ‘The size of luciferase gene is 1650
bp, compared to 360 bp of insulin gene. Upon switching off transcription, Figure 30
shows the down-regulation of preproinsulin-luciferase mRNA (Figure 30A)b and the
corresponding decline of insulin secretion rate (Figure 3OB) are similar to those from the
v bthree-copy system aé shown previously in Figure 6 (square, CHAPTER 3). This result
indicates that the fast down-regulation of insulin sééfetio"n is not limited to the éystems
with multiple-copy of insulin gene. When insulin gene is connected to a different DNA
sequence, such‘a.s the luciferase gene, a‘ faster down-regulation of insulin expression
occurred, compared to the one-copy insulin control (cirélé, Figure 30)

In summary, these results show ihat: 1) stoppingb. sense preproinsulin mRNA

translation by antisense mRNA is not as effective in down-regulating insulin secretion as
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it is to introduce mRNA destabilization by nonsense-mediated decay; 2) using 1, 2, or 3
copies of the insulin gene downstream of the stop' codon destabilizes the mRNA and
accelerates its degradation following cessation of transcription; however, slightly better
results were obtained using the cénstruct with two insulin gene copies after the stop
codon (3 copies of insulin gene total); and 3) both the luciferase and insulin genes after

the stop codon destabilized the mRNA.

A.6 Real-time PCR technique for preproinsulin mRNA quantification

Reference:
- RNeasy Mini Handbook (QIAGEN)
- Instruction of Reverse Transéription_ System (Promega A3500)
- User Bulletin Number 2: Relative cjuantiﬁcation of gene expression (Applied
Biosystems)
- Primer Express software (Applied'Biosystems)

- Protocol of TagMan Universal PAC Master Mix (Applied Biosystems)

Materials: T
For RNA isolation and purification: RNeasy Mini Kit (QIAGEN)

- Cells grown in monolayers :
- QIAshredder column (QIAGEN cat# 79656) for cell homogemzatlon
- 70% Ethanol
- RNase-free water
- Buffer RLT with 10ul/ml B-Mercaptoethanol
- Buffer RW1
- Buffer RPE with ethanol

For reverse transcription to prepare complementary DNA (cDNA) from mRNA: Reverse

Transcription System (Promega A3500)
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~ - AMV reverse transcriptase
- Recombinant RNasin Ribbnuclease Inhibitor
- Oligo(dT),s primer ‘
- ANTP mixture
- Reaction 10X Buffer
- MgCl,, 25mM

. - RNase-free ‘water

For TagMan real-time PCR: developed Applied Biosystems

- ABI PRISM 7700 Sequence Detection System (Applied Biosystems)

- Primer sets for preproinsulin mRNA and interﬁal standard tTA, tetracycline-

: résponsive transcriptional activator (designed by Primer Express software and
customized by Applied Biosystems, Table 2)

- Probes labeled with 6FAM™ for preproinsulin cDNA and VIC™ for {TA cDNA
(designed by ‘Prirh_er Express Software and customized by Applied Biosystems,
Table 2) ' |

- RNase-free environment: including bench-top, pipettors, tips, microcentrifuge tubes,
- water. -
- - TagMan Universal PCR Master Mix (Applied Biosystems cat# 4304437)
- MicroAmp Optical tubes for PCR reaction (Applied Biosystems cat# N801-0933)

- MicroAmp Optical caps for PCR reaction (Applied Biosystems cat# N801-0935)
- MicroAmp Optical tray retainer (Applied Biosystems cat# N801-0530)
- Support base (Applied Biosystems cat# 4312063)

Procedure #1‘: Total RNA isolation and purification

1. Lyse cells directly in the culture vessel of a 6-well plate by adding 600 pl of Buffer
RLT .supplemented with B-Mercaptoethanol. '

2. Transfer lysate directly onto a QIAshredder column sitting in a 2—ml collection tube
and centrifuge at full speed for 2 min. ,

3. Add 600 pl of 70% ethanol to the h'omogenized lysate and mix well by pipetting.

4.. Transfer the mixture to an RNeasy column and centrifuge for 15 sec at > 8000 g.
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5. Pipet 700 plk of Buffer RW1 onto the column and centrifuge for 15 sec at > 8000 g.

6. Transfer column into a new collecting tube. Transfer 500 pl of Buffer RPE onto the
column and centrifuge for 15 sec at > 8000 g. | ' |

7. Repeat step 6 but centrifuge for 2 min at > 8000 g.

8. Transfer column into a new 1.5-ml collecting tube, and pipet 50 pl of RNase-free
Watef onto the RNeasy membrane. Centrifuge for 1 min at > 8000 g.

9. Dilute 5 pl of isolated RNA with 245 pl of water for quantification. -

10. RNA quantiﬁcatior} using spectrophotometer at 260 nm: 40 pg/ml (conversion factor)
x Aggo x 50 (dilution factor). l

11. Store RNA at -70°C.

Procedure #2: Reverse transcription

1. Prepare a 20-pl feaction of reverse transcription by adding the following reagents in

the order listed.
- MgCl2, 25mM _ 4 ul
- Rever‘se’Transldriptidn 10X Buffer - 2l
- dNTP Mixture, 10mM « o 2l
- Recombinant RNasin® Ribonuclease Inhibitor 0.5 pl
- AMV Reverse Transcriptase (High Conc.) 15u
- - Oligo(dT)s Primer ' ' 0.5 pg
- RNA sample | 1 g
- Nuclease-Free Water to a final volume of ' 20 pl

2. Incubate the reaction at 42°C for 15 min for first strand cDNA synthesis.
3. Heat-inactivate AMV Reverse Transcriptase at 95°C for 5 min, then incubate at 4°C
for 5 min.

4. Store cDNA at -20°C or directly perform real-time PCR.

Procedure #3: TagMan real-time PCR

1. Use Primer Express software to design of the forward and reverse primer sets and the
probes for preproinsulin and tTA cDNAs (Table 2).
2. Order primer sets and probes through Applied Biosystems.
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3. Prepare 10X primer and probe solutions.

4. Prepare a 50-;11 reaction of real-time PCR by adding the following reagents.

- TaqMan Universal PCR Master Mix (2X) 25 pl

- Forwérd primer o 5 pl - (900 nM)

- Reverse primer ‘ _ 5ul (900 nM)

- TagMan probe o . _ 5 p.l‘ (250 nM)
-cDNA sample =~~~ L 5pl (10-100 ng)
- Water : | ' s pl )
- Total : f 50 pl

5. Preproinsulin cDNA and-of the internal reference {TA cDNA were measured,
respectively, in separate tubes.

6. Thermal cycie roﬁtiné: 50°C for 2 min,‘ 95°C for 10 min, and then 40 cycles of 95°C
for 15 sec, followed by 60°C for 1 min.

7. A comparative threshold cycle (Cr) methodh (User Bulletin Number 2; Applied
Biosystems) was used to determine relative gene expression. Relative quantification
of preproinsulin mRNA was done by normalizing the preproinsulin with the tTA
signal and by assigning a yalue of 100 to the normalized sample level, e.g. at time-0

of a dynamic test of insulin down-regulation.

A.7 Production and purification of recombinant adeno-associated virus serotype 2

Reference:
- Production: AAV Helper-Free System (Stratagene)

- Purification: Auricchio et al. [125]

Materials:
- Low passage HEK293 packaging cell line (AEI'CC)
- 100-mm tissue culture dishes
- Culture medium for HEK293 cells: DMEM supplemented with 10% FBS and 1%
P/S | | o
- FUGENES6 compatible culture medium: HEK293 culture medium without P/S
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- FUGENES transfection reagent (Roche)
- AAV2 vector plasmld with transgene expression cassette flanked AAV2 1nverted
terminal repeats (Stratagene)
- Plasmid pAAV-RC (Stratagene)
- Plasmid pHelper (Stratagene)
- Sterile phosphate buffer saline (PBS, Slgma)
-- PBS with 0.1 M NaCl
- PBS with 0.4 M NaCl
i DNase I (Roche) ~; =it
- RNase A (Ro'che)
- Heparin-agarose suspension (Sigma) -
- Deoxycholic acid (Sigfna) A L
- 5-um pore size filter (Millipore)
- 0.8-pum poré size filter (Millipore) *
- Glass column (Sigma C4669)
- Luer Luck (Sigma S7396)
- Filtration membr‘aﬁe (Sigma 7271)
- Glycerol (Sigma)

Procedure:

1.

For one rAAV2 vector preparation, sixty 100-mm dishes of HEK293 cells spht 1:2

were prepared 24 h before transfection.

. When 70-80% confluency was reached, cells were co-transfected with AAV2 vector

plasmid with transgene expression cassette (e.g. pAAV/BlO/EGFP), plasmid pAAV-
RC and plasmid pHelper using FUGENES® (Roche) transfection technique.

. For transfection of each 100-mm dish, 7.5 pg of overall plasmid amount (2.5 pg of

each plasmid mentioned above) and 15-ul FUGENESG reagent were applied.

. The following procedure is to prepare the transfection mixture for six 100-mm dishes.

- Prepare a 50-ml conical tube with 3 ml of DMEM.
© - Add 90 ul of FUGENE 6 reagent to each tube.
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- Mix 15 pg of each plasmid (45 pg total) in a 1.5-ml centrifuge tube, then
-transfer to the DMEM-FUGENES cocktail in the 50-mm tube. |

- Incubate for 30 min. o

- Add 30 ml of P/S-free FUGENEG6 compatible culture medium to the 50-ml tube,
miXx, then transfer 5 ml of the ﬁixture to one 100-mm dish.

- Twelve hours later, add another 5 ml of FUGENE6 compatible culture medium
to each dish. _

- Twelve hours later add 10 ml of HEK293 culture medium to each dish.

- Twenty-four hours later, add 10 ml of culture medium to each dish.

- Twenty-four hours later, harvest transfected cells. |

5. Remove all the culture medium and add 1 ml of DMEM to each dish. Collect HEK293
cells using a cell lifter. :

6. Transfer cbllect_ed cell suépension to tv(/b 50-ml conical tubes (around 30 ml) for 2
rounds of freeze-and-thaw by switching between -70°C ethanol bath and room
temperature water bath. - | . . _: _

7. Transfer 2.5 mg of DNase I and RNase Ato eéch tube, then incubate at 37°C for 30
min. |

8. C‘entrifuge at 3000 rpm (1000, g) at 4 C for 15 min.

9. The supernatant was transferred to a -new tube then add 0.15 g of deoxycholic acid to
each tube (0.15 g /30 ml = 0.5%) then incubate at 37°C for 30 min. |

10. Filter the solution through 5-um filters. |

11. Filter the solution through 0.8-um filters.

12. Eqﬁip a glass column with a Luer lock.

13. Apply 8 ml of a heparin-agarose suspension to the column and allo§v the suspension
solution to flow through. »

14. Place a filtration membrane on the top of the heparin-agarose bedding.

15. Equilibrate the heparin-agarose matrix by allowing 25 inl of PBS to flow through the
column, ' . | '

16. Close the Luer lock, and then apply filtered crude lysate to the column,

17. Open the Luer lock and control the flow speed around 1 drop/sec.

- 18. Wash column twice using 25-ml PBS with 0.1 M NaCl.
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19. Elute virus usi'ng 15-ml PBS with 0.4 M NaCl

20. Discard the first 1 ml flow-through.

21. Collect the rest eluate using a 50-ml conical tube.

22. Add 2.4 ml of glycerol to the viral eluate and mix the soluﬁon.

23. Filter through 0.2-pum membrane.

24. Store the purified viral stock at —70°C.

25. Viral titer can be determined by following the protocol described in AAV Helper-
Free System (Stratagene) , ,

26. Purity of viral preparations can be assessed by Coomassie staining of viral loading on

SDS gel under reducing conditions.
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A.8 Responses of plasma glucose, insulin, GLP-1 and GIP to oral ingestion of

glucose in normal human subjects [12]
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Arrows-indicate the time of oral glucose inges:tio‘n (50 or 100 grams). Experiments
involved eight volunteers. Mean + SEM (staﬁdard error of the mean).
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Figure 22. (A) Plasmld structure of ]the glucose-responswe Sl4 promoter to direct the -
reporter, Renilla luciferase, expression (test). (B) Constitutive (SV40-driven) firefly

luciferase expression plasmid, as the internal control to monitor non- spec1ﬁc effects of -

changes in glucose concentratlons
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~ Figure 23. The S14-directed transcription in HIT hamster insulinomas. HIT cells were
transiently transfected with the plasmids in Figure 22, and then maintained in low or high
glucose concentrations as indicated. Activities of Renilla luciferase (S14-driven, test)
and firefly luciferase (SV40-driven, control) were determined by the Promega dual-
luciferase assay system. (A) Culture medium: DMEM. (B) Culture medium: RPML
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Figure 24. (A) Plasmid structure of the steroid-inducible MMTV promoter to direct the
expression of wild-type human insulin gene. A constitutive expression cassette of human
mineralocorticoid receptor (MR) is also included. MR binds with steroids such
dexamethasone to induce the MMTYV promoter. Total size of the plasmid is 11.3 kb. (B)
Constitutive (CMV-driven) antisense preproinsulin mRNA expression plasmid.
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Figure 25. (A) Step induction and (B) pulse induction of proinsulin secretion from
recombinant myoblasts with steroid-inducible expression system. DEX: dexamethasone.
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Figure 26. Pulse induction of proinsulin secretion from recombinant myoblasts with
constitutive antisense preproinsulin mRNA expression. (A) Y axis: relative proinsulin
secretion rate. In each independent test, the insulin secretion rates were normalized by
designating the sample with the highest rate as the calibrator and setting it at 100%. - (B)
Y axis: specific proinsulin secretion rate.
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Figure 27. (A) Down-regulation of insulin secretion from transfected HepG2 hepatomas -
using Tet-On system with different copies of insulin gene and a constitutive expression of
antisense preproinsulin mRNA (CMV-driven). (B) Control experlments of (A). In this, no

antisense preproinsulin mRNA expression was introduced.
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~ Figure 28. (A) Down-regulation of insulin secretion from transfected HepG2 hepatomas
using Tet-Off system with different copies of insulin gene. Step induction of down-
regulation by adding doxycycline (DOX). (B) Pulse induction of insulin secretion from
transfected HepG2 hepatomas using Tet-On system with different copies of insulin gene.
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Figure 29. Regulation of insulin secretion from HepG2 hepéitomas using Tet-On system

with different copies of insulin gene.
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Figure 30. Dynamics of down-regulation of insulin gene expression using Tet-Off system
with one-copy control (open circles) and chimeric preproinsulin-luciferase (filled squares
mRNA expression. A: Down-regulation of mRNA. B: Down-regulation of insulin
secretion rate. tTA mRNA was used as an internal standard for quantitative mRNA assay
In each independent test, the mRNA was normalized by designating the sample without
DOX treatment (t = 0) as the calibrator and setting it at 100%; insulin secretion rates
were normalized by designating the sample with the highest rate as the calibrator and
setting it at 100%.
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