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Abstract

Our goal is to develop effective islet grafts for treating type 1 diabetes. Since human islets are scarce, we evaluated the efficacy of a
microencapsulated insulin-secreting conditionally transformed allogeneic B-cell line (BTC-tet) in non-obese diabetic mice treated with
tetracycline to inhibit cell growth. Relatively low serum levels of tetracycline controlled proliferation of BTC-tet cells without inhibiting
effective control of hyperglycemia in recipients. There was no significant host cellular reaction to the allografts or host cell adherence to
microcapsules, and host cytokine levels were similar to those of sham-operated controls. We conclude that encapsulated allogeneic -cell
lines may be clinically relevant, because they effectively restore euglycemia and do not elicit a strong cellular immune response following
transplantation. To our knowledge, this is the first extensive characterization of the kinetics of host cellular and cytokine responses to an

encapsulated islet cell line in an animal model of type 1 diabetes.

© 2005 Elsevier Inc. All rights reserved.
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Type 1 diabetes mellitus (TIDM) results when pancreat-
ic B-cells are destroyed or absent, leading to a decrease in
insulin production and secretion [1]. The long-term conse-
quences of TIDM may include cardiovascular disease, ret-
inopathy, neuropathy, renal disease, limb loss, and other
debilitating chronic symptoms [2]. One goal of treating
T1DM is to control the disease symptoms associated with
hyperglycemia, ideally keeping the blood glucose level
between 80 and 200 mg/dl. Islet cell transplantation is
one option for treating TIDM. Since development of the
“Edmonton Protocol” [2], transplantation of human islets
has been clinically successful, however long-term freedom
from the need for exogenous insulin has not been achieved
in the majority of cases [3]. Furthermore, the supply of
available human islets is inadequate to treat all of the
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new cases of TIDM diagnosed annually. As alternatives,
allogeneic B-cell lines or porcine islet xenografts potentially
may be used.

A major challenge in the application of cell therapy to
T1DM is to prevent immunological rejection by the recipi-
ent. In addition to allograft rejection, transplanted islets
are also subjected to autoimmune rejection, since spontane-
ously diabetic hosts are already primed to destroy islet
B-cells [1]. To protect transplanted islets from host immune
responses, immunoisolation has been employed, using
encapsulation in alginate-PLL microcapsules that reduce
direct contact with host effector T cells and anti-graft anti-
bodies [4]. The selective membrane permeability of our
alginate-PLL microcapsules excludes larger molecular
weight proteins, such as host immunoglobulin, but allows
free diffusion of insulin [4].

Encapsulated porcine islets have been used experimen-
tally and may be promising for the treatment of TIDM
in the future [5]. Porcine islets normalize blood glucose
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when implanted into diabetic animals but unfortunately,
transplantation between widely discordant species is com-
plicated by the problem of xenograft rejection [6] and
remains controversial because of the potential risk of intro-
ducing new animal pathogens into the human population
[7]. Allogeneic cell lines may be used experimentally as an
alternative to freshly isolated islets to model the functions
of the pancreas. An advantage of cell lines is that they have
the ability to proliferate allowing easy amplification in cul-
ture to provide a sufficient number of cells for transplanta-
tion [8]. However, the potential for uncontrolled growth is
problematic for encapsulated cell systems, because without
growth regulation, transformed cells grow continuously
developing large clusters of cells, resulting in expansion
and eventual rupture of the capsules [9]. In addition, if
encapsulated islet B-cell lines overgrow in transplant recip-
ients, the production of high levels of insulin may cause
hypoglycemia, a more serious clinical condition than
hyperglycemia.

In order to prevent problems associated with excess pro-
liferation of transplanted cells, a mechanism is required to
prevent cellular overgrowth [9]. For this reason, Efrat et al.
have developed growth-regulated conditionally trans-
formed allogeneic B-cell lines (BTC-tet) derived from the
expression of the SV40 T antigen oncoprotein under con-
trol of the bacterial tetracycline-resistance operon regulato-
ry system [10]. In the presence of tetracycline, growth arrest
is induced because production of the oncogene is repressed
[10]. The effects of growth regulation on the long-term met-
abolic and secretory characteristics of alginate-PLL encap-
sulated BTC-tet cells were evaluated in vitro for 68 days
[11]. The results showed that the growth of alginate-encap-
sulated BTC-tet cells could be controlled in a dose-depen-
dent manner by continuous exposure to tetracycline
in vitro. The authors concluded that if a sufficient concen-
tration of tetracycline could be delivered to the encapsulat-
ed cells to regulate their growth, the regulation was not
detrimental to their insulin secretory function [11]. After
transplantation into syngeneic mice with streptozotocin-in-
duced hyperglycemia, replication of PTC-tet cells was
inhibited by administration of tetracycline in drinking
water [9]. The growth-arrested cells responded to hypergly-
cemia by a significant increase in insulin secretion, showing
that growth-arrested BTC-tet cells maintain insulin produc-
tion and glucose-induced insulin secretion in vivo [9]. How-
ever, to our knowledge no previous studies have measured
serum concentrations of tetracycline in the recipient and
correlated them with regulation of BTC-tet cell growth
in vivo to determine the effective dose of the conditioning
agent to administer to the recipient.

Therefore, while in vitro and in vivo studies of BTC-tet
cells have been previously reported [9,11], we are the first to
evaluate the correlation between serum tetracycline levels
and proliferation of this conditionally transformed (-cell
line, as well as its ability to normalize blood glucose levels
in vivo. In addition, we are the first to extensively charac-
terize the kinetics of the cellular and cytokine immune

responses in spontaneously diabetic NOD mice transplant-
ed with encapsulated allogeneic BTC-tet cells.

Materials and methods

Animals. Eight-week-old adult NOD/LtJ mice (H-2¢7) (Jackson Labs,
Bar Harbor, ME) were housed under specific pathogen-free conditions.
The mice were screened weekly for diabetes using urine glucose strips
(Roche Diagnostics, Indianapolis, IN) and subsequently treated with
insulin until transplantation [5]. Forty-one mice were deemed diabetic
(blood glucose levels exceeded 250 mg/dl for three consecutive days).
Thirty-seven of the mice were transplanted with encapsulated BTC-tet
cells, and four mice received non-encapsulated BTC-tet cells. Ten addi-
tional NOD mice were used as sham-transplanted controls, and five more
NODs were used as controls for serum tetracycline levels in normal,
untreated mice. All procedures were conducted according to the Guide-
lines of the Committee on Care and Use of Laboratory Animals, Institute
of laboratory Animal Resources (National Research Council, Washing-
ton, DC).

BTC-tet cells. Murine PTC-tet cells (H-2¥) were kindly provided by
Shimon Efrat (University of Tel Aviv, Israel) [10]. The cells were cultured
at 37°C, 5% CO, in Dulbecco’s modified Eagle’s medium (Mediatech,
Herndon, VA) containing 20 mM glucose, 15% (v/v) equine serum
(Hyclone, Logan, UT), 2.5% (v/v) fetal bovine serum (Hyclone), 100 U/ml
penicillin, 100 ng/ml streptomycin, and 6 mM L-glutamine (Sigma, St.
Louis, MO). Cells from earlier passages were chosen for use in experi-
ments, and when the cells had been passaged 55 times, they were dis-
carded. For encapsulation, the adherent cells were removed from the flasks
using 0.25% trypsin with EDTA (Mediatech, Herndon, VA), resuspended
as single cells, washed to remove all serum, and counted.

Encapsulation and transplantation. BTC-tet cells were encapsulated in
alginate beads using 2% low viscosity sodium alginate (ISP Alginates, San
Diego, CA) with a guluronic acid content of approximately 41%. The
beads were gelled in 1.1% CacCl, and then coated with double PLL walls.
These microcapsules are about 900 pm in diameter and exclude IgG
(MW = 146,000-165,000) but not hemoglobin (MW = 68,000) [4]. Reci-
pient NOD mice (n = 37) were transplanted i.p. with 9 x 10° encapsulated
BTC-tet cells in a volume of 0.5 ml via midline celiotomy. Transplanting
this relatively large number of insulin-secreting cells resulted in prompt
reversal of diabetes within 2-3 days. Four of these mice were sacrificed on
day 1 post-transplantation as controls for surgery-related inflammatory
responses. Ten additional NOD mice received Hanks’ balanced salt
solution (HBSS) i.p. and were sacrificed 12-14 days later as sham-treated
controls. Non-encapsulated BTC-tet cells (8x 10%) were transplanted
under the renal capsule (n = 2) or i.p. (n =2) and were sacrificed 17-27
days later as controls for the effectiveness of encapsulation. Beginning on
Day 2 post-transplantation, mice were given drinking water ad lib con-
taining 4 mg/ml tetracycline (Sigma) with 2.5% (w/v) sucrose. The tetra-
cycline water was replenished twice weekly.

Serum tetracycline assay. Groups of NOD mice were sacrificed at day 0
and then at weekly intervals for 8 weeks following transplantation. The
numbers of mice per group were: 5 control mice (Day 0), 6 mice (Days 7—
9), 4 mice (Day 14), 3 mice (Days 19-22), 4 mice (Days 26-29), 4 mice
(Days 33-34), 4 mice (Days 39-42), 4 mice (Day 49), and 4 mice (Days 50—
56). Blood was drawn via intracardiac puncture, centrifuged at 1200 rpm
for 10 min, and serum was removed for the tetracycline assay. A tetra-
cycline sensitive strain of Bacillus cereus (ATTC, Manassas, VA) was
prepared as previously described and used in an agar-well diffusion assay
to determine the concentration of tetracycline in the serum samples [12].
The B. cereus stock suspension was seeded into nutrient agar (Difco,
Spark, Maryland) and poured into Petri dishes (Kirby-Bauer,
150 x 15 mm, Fisher Scientific, Pittsburgh, PA). After solidification,
4.5 mm wells were punched in the agar using sterile technique, and serial
dilutions of tetracycline (0.12-6.25 pg/ml) were added to the wells for use
as standards. Undiluted serum from mice was added to separate wells. The
plates were incubated at 37 °C for 16-22 h, and zones of inhibition of
B. cereus growth were measured around the wells [12]. The concentration
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of tetracycline in murine serum was determined by comparing zones of
inhibition around test samples with the zones of inhibition around known
tetracycline concentrations.

Histology and immunohistochemistry. Encapsulated BTC-tet cells were
harvested from the peritoneal cavities of mice by peritoneal lavage, and a
sample of the capsules was placed in a small Petri dish with Hanks’ bal-
anced salt solution (HBSS) and visualized by light microscopy to evaluate
capsule integrity and host cell attachment. The remaining microcapsules
were fixed overnight in 10% neutral buffered formalin (Fisher Scientific),
transferred to 70% ethanol, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (Sigma) for histological evaluation.

Flow cytometry. Peritoneal cells (PEC) were pre-incubated with Mouse
Fc-Block (Pharmingen, San Diego, CA) to prevent non-specific binding of
antibodies. All PEC were bone marrow-derived as judged by staining with
antibody to the CD45 leukocyte common antigen. The PEC were stained
with PE-conjugated anti-CD11b mAb (MAC-1) (Pharmingen) in combi-
nation with FITC-conjugated antibodies to CD3, CD4, CDS8, CDI19 or
Ly6G (Pharmingen). Conjugated matched isotypes served as negative
controls. Anti-CD11b was used in combination with anti-Ly6G (Gr-1) to
identify neutrophils [13]. Macrophages were characterized by their
expression of MAC-1, high autofluorescence, and their phagocytic activ-
ity. The antibodies were diluted in staining buffer (PBS, pH 7.4, containing
1% BSA and 0.1% sodium azide) to <1 pg/50 ul/10° cells. The cells were
incubated for 30 min on ice, in the dark, washed three times in staining
buffer, and fixed in 1% paraformaldehyde. Analysis was performed on a
FACScan Cytometer using Cellquest software (Beckton-Dickinson, San
Jose, CA) and the data were further analyzed using FlowJo software (Tree
Star, San Carlos, CA). Forward angle and side light scatter were used to
exclude dead cells.

Cytokine ELISA. To collect the peritoneal fluid, mice were injected i.p.
with 10 ml HBSS containing 0.06% BSA, 10 mM Hepes, 2 mM L-gluta-
mine, 50 U/ml penicillin, 50 pg/ml streptomycin, and 10 U/ml heparin.
Fluids were aspirated from the peritoneal cavity and centrifuged
(1200 rpm, 7 min) to remove PEC and encapsulated cells. Supernatant
fluids were stored at —20 °C until cytokine ELISAs were performed.
Peritoneal fluids were assayed for cytokines using paired mAbs specific for
1L-2, IL-4, IL-5, IL-10, TNF-a, IFN-y (PharMingen), IL-6, IL-12, and
activated TGF-B (R&D Systems, Minneapolis, MN). Biotinylated Abs
were added and detected with avidin peroxidase (Vector Laboratories,
Burlingame, CA) plus 2,2 azino-di-[3-ethyl-genzthiazoline sulfonate] sub-
strate containing H,O, (Kirkegaard & Perry Laboratories, Gaithersburg,
MD). The colorimetric reaction was read at 450 nm using an automatic
microplate reader (Molecular devices, Menlo Park, CA). The concentra-
tions of the cytokines were calculated from the standard curve of the
appropriate recombinant cytokine.

Statistical analysis. All data were analyzed using the GraphPad InStat
program (GraphPad Software, San Diego, CA). The statistical significance
of differences in quantitative variables between groups was analyzed by
unpaired (two-tailed) Mann—Whitney ¢ tests with Welch correction. The
statistical significance of differences among more than two groups was
analyzed by the Tukey—Kramer Multiple Comparisons Test (parametric
ANOVA). P values <0.05 were considered significant.

Results

Restoration of euglycemia in diabetic NOD mice
transplanted with encapsulated BTC-tet cells

Spontaneously diabetic NOD mice were transplanted
i.p. with encapsulated BTC-tet cells, and graft function
was monitored by measuring random blood glucose con-
centrations. Prior to transplantation, the NOD mice were
hyperglycemic, but within 2448 h following transplanta-
tion, blood glucose levels were normalized. The blood glu-
cose levels remained within normal ranges (80-200 mg/dL)
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Fig. 1. Blood glucose levels of NOD mice transplanted with encapsulated
BTC-tet cells i.p. NOD mice (rn=33) were transplanted i.p. with
encapsulated BTC-tet cells and continuously treated with 4 mg/ml
tetracycline in the drinking water beginning on day 2 post-transplantation.
Random blood glucose levels were monitored to determine graft function.
Solid round symbols represent individual mice sacrificed on a given day.
All mice were normoglycemic at sacrifice.

until the time of euthanasia in all mice, indicating that the
BTC-tet cell allografts were functioning (Fig. 1). None of
the mice rejected their grafts during the 8 weeks of the
study. In contrast, when NOD mice were implanted with
non-encapsulated BTC-tet cells either under the renal cap-
sule or i.p., the mice remained hyperglycemic until they
were sacrificed 17-27 days later with non-functioning
grafts.

Effect of tetracycline on BTC-tet cell growth in vivo

The purpose of this experiment was to measure the con-
centration of tetracycline in the serum of recipient mice
after administration of 4 mg/ml tetracycline in drinking
water. This experiment was also designed to determine
whether exponential growth of the encapsulated cells could
be inhibited by these levels of tetracycline in the serum.
Thirty-three mice were transplanted with encapsulated
BTC-tet cells and groups were sacrificed each week for
eight weeks. At the time of sacrifice, microcapsules were
harvested for histological evaluation, and the concentra-
tion of tetracycline was measured in the serum. Insignifi-
cant levels of tetracycline were detected in the serum of
control mice (n=5) given no tetracycline water (Fig. 2).
When less than 4 mg/ml tetracycline was administered to
the mice, the levels in the serum were undetectable by
our methods (data not shown). However, when mice were
given 4 mg/ml tetracycline in drinking water continuously,
the tetracycline levels in serum of individual mice ranged
from 120 to 300 ng/ml. There were no significant differenc-
es in tetracycline concentrations in the serum in relation to
the number of weeks the animals were involved in the study
(Fig. 2).

To determine whether the levels of tetracycline in the
serum correlated with inhibition of growth of the encapsu-
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Fig. 2. Serum tetracycline levels in 33 transplanted NOD mice and five
non-transplanted controls at time of sacrifice. Groups of mice were
sacrificed at day 0 and then at weekly intervals for 8 weeks following
transplantation. The numbers of mice per group were: 5 mice (Day 0), 6
mice (Days 7-9), 4 mice (Day 14), 3 mice (Days 19-22), 4 mice (Days 26—
29), 4 mice (Days 33-34), 4 mice (Days 39-42), 4 mice (Day 49), and 4
mice (Days 50-56). Blood was collected via intracardiac puncture and
centrifuged at 1200 rpm for 10 min. The serum was removed and
tetracycline concentrations were measured as described in Materials and
methods. Serum tetracycline concentrations (ng/ml) were plotted against
time (weeks) of administration of tetracycline to the mice in drinking
water. Bars represent mean values + SD.

lated BTC-tet cells, the microencapsulated cells were ana-
lyzed by light microscopy and by histology. At all time
points from Day 0 until week 8, the majority of capsules
were intact without significant evidence of breakage, and
the morphology of the BTC-tet cells appeared normal by
light microscopy. Colony growth was observed during
the first two week post-transplantation by light microscopy
(Fig. 3) and by histological analysis (Fig. 4). After the first
two weeks, there was insignificant additional growth in
most capsules, suggesting that proliferation of the cells
was inhibited by serum levels of tetracycline in the range
of 120-300 ng/ml. However, at later time points a few rare
colonies of cells could be detected that continued to grow
in spite of tetracycline treatment (Fig. 4, Day 56, inset).
The majority of capsules showed little or no evidence for
fibrosis or overgrowth by host peritoneal cells (Figs. 3
and 4), but occasionally capsules were found with some
host cell attachment (Fig. 4, Day 19, inset). These rare inci-
dents of capsule overgrowth by host cells did not have a
detrimental effect on the function of the grafts or the health
of recipient NOD mice.

Evaluation of peritoneal cellular infiltration and cytokine
secretion following transplantation of encapsulated fTC-tet
cells

The purpose of this experiment was to characterize the
peritoneal cellular infiltrate following i.p. transplantation
of encapsulated BTC-tet cells in diabetic NOD mice treated
with tetracycline. For these experiments, groups of trans-
planted diabetic NOD recipients were sacrificed each week
for 8 weeks after transplantation and peritoneal cells and
fluids were removed by lavage. The phenotypes of the

Fig. 3. Representative light micrographs of encapsulated BTC-tet cells
retrieved from the peritoneal cavity of transplanted diabetic NOD
recipients. Four NOD mice were transplanted simultaneously with
9% 10° BTC-tet cells from a single encapsulation procedure. Freshly
microencapsulated, non-transplanted BTC-tet cells from the same encap-
sulation procedure are shown as Day 0. The 4 mice were sacrificed at
various time points post-transplantation (Days 14, 33, 39, and 49), and all
microcapsules were harvested and visualized by light microscopy (40x).

peritoneal cell populations were determined by flow cytom-
etry, and the numbers of CD3" T cells, CD4" T cells,
CD8" T cells, CD19" B cells, macrophages, neutrophils,
and eosinophils were quantitated. Controls included peri-
toneal cells from 10 NOD mice given sham surgery and
sacrificed on days 12-14 post-transplantation and four
NOD mice transplanted with encapsulated BTC-tet cells
and sacrificed on day 1 post-transplantation.

Significantly elevated numbers of peritoneal cells were
found in recipients of encapsulated BTC-tet cells on day 1
post-transplantation (15.1 4 2.8 x 10°) compared to sham-
operated controls on days 12-14 (3.5+2.6x10° P<
0.001) and transplant recipients during weeks 1-2
(3.7+ 1.4x10° P <0.001), weeks 3-4 (6.4+2.3x10°,
P <0.05), and weeks 5-6 post-transplantation (3.0 + 0.6 x
10°, P <0.001). During the first 24 h after transplantation,
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Fig. 4. Histological analysis of representative encapsulated BTC-tet cells
retrieved from the peritoneal cavity of transplanted diabetic NOD
recipients. Four NOD mice were transplanted simultaneously with
9% 10° BTC-tet cells from a single encapsulation procedure. The mice
were sacrificed at various time points (Days 8, 14, 19, and 56),
microcapsules were harvested, prepared for histology, stained by
hematoxylin and eosin, and visualized by light microscopy (40x and
100x inset).

large numbers of host macrophages and neutrophils were
recruited to the peritoneal site, most likely as a result of tissue
injury during surgery (Table 1). However, by two weeks
post-transplantation, relatively low levels of macrophages
and neutrophils (comparable to levels in sham-operated con-
trols) were found in the peritoneal cavities of transplanted
mice (Table 1). Peritoneal populations of CD3" T cells,
CD19" B cells, macrophages, neutrophils, and eosinophils
remained at normal levels during the 8 weeks of study follow-
ing transplantation, with the exception of slightly elevated
numbers of CD4" T cells and CD8" T cells at three to four
weeks post-transplantation (Table 1).

The levels of 10 different cytokines (IL-1B, IL-2, 1L-4,
IL-5, IL-6, IL-10, IL-12, IFNy, TNFa, and TGFB) in per-
itoneal fluids of NOD mice transplanted with BTC-tet cells
were measured over the course of 8 weeks post-transplan-
tation. In recipient NOD mice, significant levels of 1L-2,
IFN-y, IL-4, IL-5, IL-6, IL-10, IL-12, and TNFao were
not detected at any time point. Very low levels of 1L-1f
(85 £ 43 pg/ml) were found in the peritoneal fluid during
weeks 1-2 post-transplantation, when neutrophils and
macrophages were present, but IL-1B decreased thereafter,
becoming undetectable by weeks 7-8. TGFB was detected
in peritoneal fluid (300400 pg/ml) each week until the
end of the study, but these levels were not significantly dif-
ferent from control mice sacrificed on day 1 post-
transplantation.

Discussion

The data presented here represent a thorough character-
ization of the peritoneal cellular and cytokine milieu in dia-
betic NOD mice for 8 weeks following i.p. transplantation
with a microencapsulated allogeneic B-cell line, PTC-tet.
Other groups have studied a different mouse insulinoma
cell line (MING6), characterizing its glucose metabolism
and glucose-stimulated insulin secretion [14] and ability
to restore normoglycemia in chemically diabetic mice after
transplantation in various types of alginate microcapsules
that were not found to be overgrown with host cells in vivo
[15]. However, to our knowledge, a comprehensive study of
host immune responses to encapsulated allogeneic trans-
formed cells has not been previously reported. One of the
most significant findings of our study is that the peritoneal
cavities of the recipients appeared to be normal. This result
suggests that transplantation of diabetic recipients with
microencapsulated allogeneic cell lines may be successful
in the future with little or no immunosuppression.

Our results demonstrate that diabetic NOD mice treated
with 4 mg/ml tetracycline in drinking water had detectable
serum levels of tetracycline ranging from 100 to 300 ng/ml.
This concentration of tetracycline effectively controlled the
growth of encapsulated BTC-tet cells in vivo for the dura-
tion of the experiment, up to 58 days, so that the microcap-
sules did not burst or release allogeneic cells into the
peritoneal cavity of recipient mice. During this time period,
all diabetic NOD recipients remained normoglycemic,
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Table 1

Kinetics of peritoneal cell infiltration in diabetic NOD mice transplanted with encapsulated BTC-tet cells

Groups CD3 x 10°? CD4 x 10° CD8 x 10° CDI19 x 10° MAC x 10° NEU x 10° EOS x 10°
Sham controls 0.20 £ 0.04 0.10 £ 0.02 0.04 £ 0.01 1.49 +0.31 1.52 +£0.29 0.02 4 0.01 0.01 £0.00
Day 1 0.20 £ 0.05 0.01 +£0.01 0.07 £0.02 0.34 £+ 0.06 5.99 + 1.43¢ 6.83 4 1.26° 0.01 £0.00
Weeks 1-2 0.08 +0.06 0.06 +0.03 0.01 +0.01 0.33 +0.25 2.80 +2.13 0.06 + 0.03 0.09 +0.09
Weeks 3-4 1.04 £+ 0.61 0.61 +0.36° 0.324+0.17° 2.69 +1.47 1.15+0.38 0.31 +£0.14 0.10 +£0.09
Weeks 5-6 0.24 £0.09 0.15 £ 0.06 0.06 £ 0.02 0.95+0.28 1.56 &+ 0.51 0.70 £ 0.44 0.01 £0.00
Weeks 7-8 0.30 £0.17 0.20 £ 0.09 0.08 +£0.05 1.09 +£0.34 1.79 +£0.49 041 +0.13 0.01 £0.00

 Values shown are mean number of cells (x10°) of each phenotype + SE. The number of cells with each phenotype was calculated by multiplying the
percentage of cells (determined by flow cytometry) by the total number of peritoneal cells harvested from each mouse.
® For CD4™ cells, ANOVA: P = (.0358; Tukey—Kramer Multiple Comparisons Test: P < 0.05 for Weeks 3-4 versus sham-operated controls, Day 1, and

Weeks 1-2 post-transplantation.

¢ For CDS8" cells, ANOVA: P = 0.0141; Tukey—Kramer Multiple Comparisons Test: P < 0.05 for Weeks 34 versus sham-operated controls and Weeks

1-2 post-transplantation.

4 For macrophages, ANOVA: P = 0.0212; Tukey—Kramer Multiple Comparisons Test: P <0.05 for Day 1 versus sham-operated controls and Weeks

3-4, 5-6, and 7-8 post-transplantation.

¢ For neutrophils, ANOVA: P <0.0001; Tukey—Kramer Multiple Comparisons Test: P < 0.05 for Day 1 versus sham-operated controls and Weeks 1-2,

3-4, 5-6, and 7-8 post-transplantation.

suggesting that exposure to tetracycline prevented over-
growth of the cells that could have resulted in the produc-
tion of excess insulin and thus the onset of hypoglycemia in
recipients. The normal blood glucose values detected in
recipient mice throughout our study validate previous
reports by others proving that continuous administration
of tetracycline controls the growth of BTC-tet cells in vitro
[11] and also allows animals to maintain normal glucose
levels following transplantation of BTC-tet cells in vivo
[8-10]. Our study shows that a period of time is required
for tetracycline levels to be effective in controlling prolifer-
ation of this allogeneic cell line in vivo, since colony growth
was observed during the first two weeks post-transplanta-
tion. However, once tetracycline began to regulate cell
growth, further proliferation of the cells was inhibited for
the majority of colonies. The presence of a few colonies
of BTC-tet cells that continued to grow in spite of chronic
tetracycline treatment suggests that non-clonal cells with
slightly different phenotypes may develop over time in vivo.
Knaack et al. [16] reported that clonal BTC-tet cell lines
isolated before passage 20 in culture demonstrated a great-
er stability of phenotype and function than cell lines isolat-
ed after passage 20. This finding suggests that conditionally
transformed cell lines must be carefully characterized
before use in tissue engineered constructs in vivo to assure
safety and efficacy.

Simpson et al. [11] recently showed that continuous
exposure to tetracycline initiated within a day of encapsu-
lation resulted in dose-dependent growth regulation in
vitro. Specifically, in the absence of tetracycline the BTC-
tet cells grew exponentially and the unregulated cultures
had to be discarded by day 40 because excessive cell growth
caused some of the capsules to burst. In contrast, exposure
to 1 ng/ml tetracycline prevented cell growth for 15 days,
but afterwards the BTC-tet cells began to grow within the
alginate beads. A dose of 10 ng/ml resulted in an effective
delay in cell growth for about 40 days, while a dose of
30 ng/ml resulted in a stable metabolic activity and mini-

mal growth as evidenced by histological evaluation. Expo-
sure to 100, 300, or 1000 ng/ml caused a 50% reduction in
metabolic activity within the first 3 weeks of culture. This
reduced metabolic activity was maintained for the remain-
der of the experiment (80 days). Our study compliments
that of Simpson et al. in that we have evaluated the effect
of tetracycline on BTC-tet cell growth within microcapsules
in vivo. We found that a minimal serum level of 120 ng/ml
tetracycline required at least two weeks before becoming
effective in controlling the growth of BTC-tet cells. (Lower
levels of serum tetracycline could not be detected in our
system, and hence could not be evaluated.)

The finding that insulin-secreting BTC-tet cells main-
tained normoglycemia in diabetic NOD mice throughout
the 8 weeks of the study suggests that the mice did not
mount an inflammatory response to this encapsulated allo-
geneic cell line. However, when non-encapsulated BTC-tet
cells were implanted i.p. or under the renal capsule, the
NOD recipients remained hyperglycemic, suggesting that
the allogeneic cell lines were quickly rejected. Many studies
have shown that non-encapsulated allografts are rejected
by a complex immune response involving CD4" T cells,
cytolytic CD8" T cells, and macrophages [17,18]. By con-
trast, none of the encapsulated BTC-tet allografts were
rejected during the 8 weeks of our study, although macro-
phages and neutrophils briefly infiltrated the peritoneal
graft site within 24 h after surgery. Normal levels of
CD4" T cells, CD8" T cells, macrophages, neutrophils,
and eosinophils were found at all time points post-trans-
plantation. The small elevation of T cells at 3-4 weeks after
transplantation was not sufficient to provoke hyperglyce-
mia or graft rejection in any recipients. In addition, dra-
matically elevated levels of products of immune cells
known to be toxic for islet B-cells, such as TNFa, IL-18,
and IFN-y [19], were not elicited by encapsulated BTC-tet
cells transplanted i.p., and none of the other cytokines
studied were elevated above the levels found in sham-oper-
ated controls. These findings provide further evidence that
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encapsulated allogeneic cell lines do not evoke a significant
immune response in diabetic recipients. Although we do
not know whether the surface antigenicity of BTC-tet cells
changes with long-term culture, we do not believe that the
long-term function we observed in NOD mice is due to loss
of antigenicity with time, because this conditionally trans-
formed BTC-tet cell line has been reported to remain phe-
notypically stable up to 60 passages in culture [9].
Furthermore, the immediate rejection of non-encapsulated
BTC-tet cells which we observed suggests that these cells
are highly antigenic.

Studies in diabetic NOD mice are required to address
autoimmune issues, as there is no other animal model for
human type 1 diabetes, except the Bio-Breeding (BB) rat.
As in humans, spontaneous diabetes in NOD mice and
BB rats is the result of humoral and CD4" and CD8" T
cell-mediated destruction of insulin-producing pancreatic
B-cells [20]. NOD mice exhibit a number of immune abnor-
malities including defective macrophage function [21],
defects in the CD4" T cell response to superantigens [22],
low levels of natural killer cell activity [23], deficiencies in
regulatory CD4"CD25"Foxp3 T cell function [24], and
absence of hemolytic complement [25]. In spite of these
deficiencies, NOD mice vigorously reject non-encapsulated
allogeneic murine islets [4], and most investigators agree
that the NOD mouse is an important tool allowing
researchers to gain insights that will lead to effective thera-
pies for type 1 diabetes and other human diseases [26].

Recently, a reversibly immortalized, glucose-responsive
human pancreatic B-cell line (NAKT-15) has been devel-
oped that does not senesce after multiple passages in vitro
[27]. This human B-cell line corrected hyperglycemia for
longer than 30 weeks in streptozotocin-diabetic mice with
severe combined immunodeficiency [27]. These promising
results suggest that a clinically relevant source of B-cells
for transplantation into diabetic human patients may be
developed in the near future. We conclude that although
care must be exercised in selection of a phenotypically sta-
ble cell line and in administering the conditioning agent to
achieve optimum results without adverse side effects, such
as hypoglycemia, encapsulated conditionally transformed
allogeneic cell lines may be useful for the treatment of dia-
betes and other diseases in human patients in the future,
since they do not elicit a strong immune response in the
recipient.
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