
immunized. Two weeks later, 5 x 106 immune or 
control spleen cells were stimulated in vitro at 37°C 
with 2 x 105 cells of SSP2 clone 3.9 or CS clone 1.5 
(15) that had been treated with mitomycin C (50 
|Ag/ml, 30 min) in 2 ml of Dulbecco's modified 
Eagle's medium complete medium (23). After 6 
days, cells were harvested, counted, and incubated 
for 6 hours at 37°C at various effector/target ratios 
with 5 x 103 51Cr-labeled cells of SSP2 clone 3.9, CS 
clone 1.5, pSV2neo-transfected P815 cells, or nontrans-
fected P815 cells. Percent specific lysis was determined 
as 100 x (experimental release - spontaneous release)/ 
(maximum release - spontaneous release). The sponta
neous release values (medium control counts per 
minute/detergent-release counts per minute) for all tar
gets of all experiments reported in this paper were 
similar (mean ± SEM, 10.34 ± 1.02%). 

14. S. Khusmith et at., unpublished data. 
15. The entire coding sequence of the CS gene of the 

17XNL strain of P. yoelii [A. A. Lai et at., J. Biol. 
Chem. 262, 2937 (1987)] was cloned into the Pst 
I-Eco RI restriction site of the expression vector 
pcDL-SR-a-296 [Y. Takebe et al., Mol. Cell. Biol. 

TH E USE OF CONVENTIONAL INSULIN 

therapy for control of glucose levels 
in diabetic patients is associated with 

a number of drawbacks. These include the 
need for daily injections and a high degree of 
patient compliance with a strict regimen of 
diet and exercise. Furthermore, normoglyce-
mia may still be difficult to achieve, particu
larly in Type I diabetics. Although contro
versial, data suggest that the long-term 
complications associated with diabetes may 
result from this lack of optimal glycemic 
control (1). 

Studies of diabetic patients with pancre
atic transplants indicate that normoglycemia 
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8, 466 (1988)]. This vector contains an SR-ct-
promotor, a splicing site for the SV40 late gene, and 
a polyadenylation signal from the SV40 late region. 
We cotransfected mouse P815 cells (H-2d) with 
plasmid DNA and pSV2neo DNA by electropora-
tion using a Gene Pulser (Bio-Rad) and standard 
conditions [G. Chu, H. Mayakawa, P. Berg, Nucleic 
Acids Res. 15, 1311 (1987)]. Stable cell clones were 
derived as above (11) and screened with MAb NYS1 
(8) to detect CS protein. 

16. We achieved depletion of either CD4 + or CD8 + T 
cells by incubating cells that had been stimulated in 
vitro for 6 days with SSP2 clone 3.9 with either 
anti-CD8 MAb 19/178 (24) or an antibody to CD4 
(anti-CD4), MAb RL172 [R. Ceredig, J. W. Lo-
wenthal, M. Nabhoiz, H. R. Macdonald, Nature 
314, 98 (1985)], and complement (C). 

17. P. Romero et at., ibid. 341, 323 (1989). 
18. M. Sedegah et at., unpublished data. 
19. S. L. Hoffman et at., Science 237, 639 (1987). 
20. A. Malik, J. E. Egan, R. A. Houghten, J. C. Saduff, 

S. L. Hoffman, Proc. Natl. Acad. Sci. U.S.A. 88, 
3300 (1991). 

can be achieved without administration of 
exogenous insulin (2). However, many po
tential problems are associated with the use 
of whole or segmental pancreatic trans
plants. These include the limited availability 
of donor organs, the need to provide drain
age for exocrine systems, and the require
ment for generalized immunosuppression. 
Transplantation of isolated human islet al
lografts offers a partial solution to some of 
these problems, but still involves the use of 
immunosuppression and the difficulties in 
obtaining significant numbers of purified 
human islets. A number of studies have 
focused on approaches designed to decrease 
the immune response to transplanted islet 
tissue. These include modification of the 
donor islet tissue by ultraviolet radiation, 
prolonged tissue culture or use of antisera 
against immunocytes (3), treatment of the 
recipient with antisera targeted at subpop-
ulations of immunocytes (4), and the use of 
immunologically privileged transplantation 
sites such as the brain, testicle, or thymus 
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(5). Although these approaches have shown 
varying degrees of success when used alone 
and in combination in diabetic laboratory 
rodents, convincing proof of long-term effi
cacy in larger animals is generally lacking. 

The concept of the biohybrid artificial 
implantable pancreas was developed so that 
these problems associated with conventional 
pancreas or islet transplantation could be 
overcome. The device utilizes a selectively 
permeable membrane with a nominal molec
ular mass cut-off of 50 kD (6). The tubular 
membrane is coiled inside a protective hous
ing that provides a compartment for the islet 
cells. The membrane is connected at each 
end to a standard (6 mm) arterial polytet-
rafluoroethylene (PTFE) graft that extends 
beyond the housing and is used to connect 
the device to the vascular system as an 
arteriovenous shunt. Blood flow through 
the device from the graft and tubular mem
brane results in exchange of glucose, insulin, 
and factors necessary for sustained islet via
bility across the membrane between the 
circulating blood and the cell compartment. 
Antibodies and lymphocytes responsible for 
immune rejection are, however, excluded 
from the cell compartment (7). This immu-
noisolation facilitates the use of xenogeneic 
islets, which can be isolated in large num
bers. 

Various approaches to the biohybrid pan
creas have been described (8). To establish 
the potential of this type of device as a viable 
therapy for diabetic patients, several critical 
elements must be demonstrated. These in
clude (i) the ability to support long-term 
islet viability and function; (ii) long-term 
patency of the vascular shunt and biocom-
patibility with respect to thrombosis; (iii) 
protection of islet allografts or xenografts 
from immune rejection; (iv) elimination of 
the need for exogenous insulin therapy in 

Biohybrid Artificial Pancreas: Long-Term Implantation 
Studies in Diabetic, Pancreatectomized Dogs 
SUSAN J. SULLIVAN/ TAKASHI MAKI, KERMIT M. BORLAND, 
MICHELE D. MAHONEY, BARRY A. SOLOMON, THOMAS E. MULLER, 
ANTHONY P. MONACO, WILLIAM L. CHICK 

Diabetic complications such as neuropathy, retinopathy, and renal and cardiovascular 
disease continue to pose major health risks for diabetic patients. Consequently, much 
effort has focused on approaches that could replace conventional insulin therapy and 
provide more precise regulation of blood glucose levels. The biohybrid perfused 
artificial pancreas was designed to incorporate islet tissue and a selectively permeable 
membrane that isolates this tissue from the immune system of the recipient. Biohybrid 
pancreas devices containing canine islet allografts were implanted in ten pancreatec
tomized dogs requiring 18 to 32 units of injected insulin daily. These implants resulted 
in good control of fasting glucose levels in six of these animals without further 
exogenous insulin for periods of up to 5 months. 
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Fig. 1. Schematic diagram of the biohybrid pan- 
creas device. The biohybrid pancreas device con- 
sists of an annular-shaped acrylic housing contain- 
ing 30 to 35 cm of coiled, tubular membrane with. 
an inner diameter of 5 to 6 mm and a wall 
thickness of 120 to 140 Km. This provides ap- 
proximately 60 cm2 of membrane surface area and 
a cell compartment volume around the membrane 
of 5 to 6 ml. These devices were 9 cm in diameter 
and 2 cm high and weighed 50 g. Islets were 
seeded into the cell compartment through silicone 
rubber ports that could be accessed for reseeding. 
So that the islets remained distributed throughout 
this compartment, the islets were seeded as a 
suspension in nutrient media containing 1% 
bacto-agar (Difco, Detroit, Michigan). 

diabetic animals as a result of implantation. 
For our studies, islets were prepared from 

either adult mongrel dogs or bovine calves 
(0 to 2 weeks old) by modified versions of 
previously described methods (9). Pancreat- 
ic tissue was dissociated by a collagenase 
digestion procedure, and the islets were 
separated from exocrine tissue on a discon- 
tinuous Ficoll density gradient. The purity 
of the isolated islets, as assessed by diphe- 

nylthiocarbazone staining, amylase activity, 
and light microscopy, exceeded 90 to 95% 
in all preparations (10). Isolated islets were 
then seeded into devices (Fig. 1)  for implan- 
tation in vivo or for in vitro perfusion 
culture. 

A number of experiments were carried out 
in vitro for evaluation of the long-term 
secretion of insulin from islets seeded within 
the device. Assessment of the insulin output 
in response to stimulatory levels of glucose 
(200 mg/dl) from an in vitro device is 
illustrated (Fig. 2A). In perfusion culture, 
the device could support islet function for 
over 9 months, although the level of insulin 
output did show a decrease over the course 
of this experiment. Most in vitro experi- 
ments did not extend this long because of 
technical difficulties in maintaining sterility 
during the large number of manipulations. 
However, data from 1 7  other devices ob- 
tained for periods ranging from 60 to 156 
days (80 -r: 5, mean -t- SEM) were similar to 
the pattern in Fig. 2A in that the secretion of 
insulin peaked within the first 2 months of 
culture and then decreased slowly. 

The ability of these seeded devices to 
maintain insulin secretory activity during 
long-term perfusion in vitro suggested they 
had the potential to provide an in vivo 
implant with reasonable longevity. Further- 
more, the results from the experiments with 
the device were consistent with other data 
from islets cultured in a static incubation 
system that secreted insulin in response to 
glucose for periods exceeding a year (1 1). 

In addition to evaluation of the insulin 

output in the presence of a constant stimu- 
latory glucose level, acute glucose respon- 
siveness was also investigated. Islets re- 
sponded to a shift in glucose concentration 
from 100 to 300 mg/dl with an increase in 
insulin secretion (Fig. 2B). The insulin out- 
put began to increase within 15 min, and the 
peak level, which represented more than a 
tenfold increase in insulin output, was 
reached approximately 60 min after the glu- 
cose level rose to 300 mg/dl. Three separate 
experiments in which this protocol was used 
indicated a 12  & 3-fold (mean & SEM) 
increase in insulin output with a delay of 21 
-r: 5 min before the insulin concentration in 
the perfusate began to increase. An impor- 
tant feature of an artificial pancreas device is 
that insulin responses to glucose are rapid. 
Mathematical modeling of the kinetics of 
the insulin response suggest that the lag 
should be less than 15 min for achievement 
of normal glucose homeostasis (12), so fur- 
ther efforts to reduce the response time may 
be necessary. 

In vivo function of the biohybrid artificial 
pancreas was studied with the use of pancre- 
atectomized dogs, a well-established large- 
animal model for diabetes (2). In normal 
dogs, the fasting glucose levels averaged 91 
-r: 7 mg/dl (mean & SEM, n = 16). After 
pancreatectomy, insulin therapy was de- 
signed to maintain the fasting glucose levels 
below 250 mg/dl. Although not normal, this 
level of hyperglycemia was tolerated because 
tighter control risked hypoglycemia. In the 
initial in vivo studies, single devices seeded 
with canine islet allografts were implanted 

Fig. 2. (A) In vitro insulin output from the 
biohybrid pancreas. Insulin secretion from 1 x 
lo5 to 2 x lo5 canine islets seeded in the artificial 
pancreas device was evaluated in vitro at 37°C in 
a humidified atmosphere of 5% CO, in air. 
Perfusion through the lumen of the fiber was 
through Silastic tubing rather than the PTFE % graft material described for the in vivo devices. 
The Silastic tubing facilitated exchange of oxygen i : % I and CO, and, in contrast to PTFE, was imperme- - 150: 
able to the tissue culture medium used for perfu- B 
sion. Medium [M199/Earle's supplemented with 

. 
5% fetal bovine serum, 20 mM Hepes, penicillin 
(400 IU/ml), and glucose (200 mg/dl)] was recir- 
culated from a 250-ml reservoir at a rate of 10 1 
ml/min with a peristaltic pump (Rainin Inst.). 4 . 5 l  ' I '  

0 100 200 300 0 100 200 300 400 
50 

The medium was changed three times per week 
and samoled at each chance. Determination of Time in culture (days) Time (min) " 
insulin levels was done by a standard radioimmunoassay protocol (16) in 
which the binding was allowed to go to equilibrium during a 16-hour 
incubation at 4°C. 125~-labeled porcine insulin with specific activity of 80 to 
120 pCi/mg was obtained from New England Nuclear. Guinea pig antiserum 
raised against monocomponent porcine insulin was used at a final dilution of 
1:80,000. Free antigen was separated from antigen-antibody complex by 
precipitation with IgGsorb (Staphylococcus aureus protein A, The Enzyme 
Center, Malden, Massachusetts). The limit of assay sensitivity was 25 
microunits per milliliter, and data reduction was done by a log-logit 
transformation of the standard curve by Cobra gamma counter (Packard 
Inst.). Similar results to those illustrated here were obtained for 17 other 
devices (see text). (B) Responsiveness of the biohybrid pancreas to an acute 

change in glucose concentration. This artificial pancreas device was seeded 
with 9.5 x 104 canine islets and maintained in perfusion culture for 43 days. 
To assess responsiveness to acute changes in glucose, the device was removed 
from long-term culture and incorporated into a perfusion system in which 
samples of the perfusate from the device were collected every 2 min and 
assayed for insulin and glucose. The device was perfused with Krebs-Ringer 
buffer (KRB) containing 0.5% bovine serum albumin and glucose (100 
mg/dl) for 4 hours to establish a basal level of secretion. The perfusate was 
then changed to KRB containing glucose (300 mgidl), and the experiment 
was continued for an additional 3 hours. The data shown are representative 
of three experiments done under these conditions (see text). (e, insulin; v, 
glucose.) 

3 MAY 1991 REPORTS 719 



into 12  pancreatectomized dogs (13). Six of 
these implants had a significant effect on the 
exogenous insulin requirements. On the ba- 
sis of the decreases in required insulin, these 
data suggested that the in vivo devices were 
secreting between 15 and 20 units of insulin 
per day. However, the insulin output ob- 
tained from a single device was not suffi- 
cient, in most cases, to replace exogenous 
insulin therapy completely. 

To eliminate the need for exogenous in- 
sulin for animals requiring more than 20 
units of insulin daily, we implanted two 
devices in each of ten animals in the next 
series of experiments. In two instances the 
implant had little effect on fasting blood 
glucose concentrations and the devices were 
surgically removed after 19 and 88 days for 
gross and microscopic evaluation. Each of 
these devices contained a high percentage 
(>SO%) of nonviable islets, but the under- 
lying cause for this loss of viability was not 
apparent. The vascular connections to the 
devices were free of any occlusion, and there 

was no evidence of any immune reaction. In 
one of these experiments the in vitro control 
device also secreted very low levels of insulin 
( 1 4  units per day), suggesting that the lack 
of function was unrelated to implantation. A 
third animal died shortly after surgery be- 
cause of a rupture of the suture line at h e  of 
the anastomoses. 

Implantation of two devices completely 
supplanted exogenous insulin therapy in s& 
of the remaining seven animals (Table 1). 
This includes four animals in which the 
insulin requirement was 30 or more units 
per day. The average fasting glucose values 
ranged from 107 to 168 mg/dl for these six 
implants. In the case of the seventh animal 
(PS35), the implant reduced the insulin 
required to maintain the fasting glucose 
levels in the 200 to 250 mg/d range from 30 
to 14 units per day, but iiwas not sufficient 
to replace the entire insulin dose. This ex- 
periment was terminated and it was deter- 
mined that one of the implanted devices had 
clotted. Termination of experiments PS28 

Table 1. Exogenous insulin requirements and fasting blood glucose (FBG) concentrations before 
and after device implantation. Evaluation of the in vivo function of biohybrid artificial pancreas 
devices was done with adult female dogs (16.5 2 0.7 kg) purchased from Biomedical Associates 
Inc. and housed in compliance with USDA Regulations Part I11 (Animal Welfare Act) at the 
Animal Resources Center facility of the Harvard Medical School. To establish a diabetic model, a 
pancreatectomy that removed at least 95% of the pancreas was performed. Before surgery, animals 
were kept without food overnight but had free access to water. Atropine (0.01 mglkg) and, if 
required, acepromazine maleate (0.5 mglkg) were administered intramuscularly 30 min before 
surgery. Anesthesia was induced with an intravenous injection of 4% Bio-tal (thiamylal sodium, 0.5 
ml/kg) and maintained with 1 to 2% halothane in 100% oxygen given by an endotracheal tube. 
Lactated Ringer solution (50 ml/kg) was given intravenously during surgery. After surgery, 
acepromazine maleate, or Talwin (pentazocine lactate), or both, were given for pain relief if 
necessary. Antibiotic treatment (500 mg of amoxicillin) was given for 3 days postoperatively. 
Pancreatic enzymes were replaced by administration of Viokase tablets mixed with multivitamins in 
the food. Fasting blood samples were taken two to three times per week, and glucose levels were 
determined by means of an Accucheck I1 blood glucose monitor (Boehringer Mannheim, 
Indianapolis, Indiana). A daily injection of porcine Lente insulin (NovoLabs, U-100) was 
administered with the dose adjusted for maintenance of circulating fasting glucose levels below 250 
mgldl. A second surgical procedure was performed 2 to 3 weeks after pancreatectomy in which the 
devices were implanted by end-to-side anastomosis to the external iliac artery and vein by means of 
standard vascular surgical techniques. On completion of the anastomoses, the grafted devices were 
placed between the omentum and anterior abdominal wall and sutured to the abdominal wall to 
prevent migration and kinking of the graft. Pre- and postoperative care was carried out as described 
for pancreatectomy except that aspirin (75 mg) was also administered daily. We determined blood 
flow through the grafted device noninvasively by listening for the sound of flow (bruit) over the 
implant. In each experiment in which devices were seeded for implantation, a control device was 
seeded at the same time for in vitro perfusion culture. Thus, the effect of implantation on islet 
function could be assessed and the potential variability between islet preparations could be 
controlled. Each of the devices was seeded with 160 + 8 x lo3 canine islets per device, and each 
dog received two devices. Values shown represent the means of all determinations made during the 
course of the experiment. 

Before implant After implant 
Duration 

2- Injected Injected of FBG FBG implant Status 
insulin insulin 

(unitsld) (mgld) (unitsld) (mg/d) (days) 

PS22 18 246 0 107 157 Ongoing 
PS23 30 279 0 158 11 Ongoing 
PS26 30 323 0 165 100 Ongoing 
PS28 24 295 0 168 54 Terminated* 
PS30 18 248 0 130 27 Terminated* 
PS35 30 222 15 248 38 Terminated* 
PS36 30 218 0 142 22 Ongoing 

*See text for details. 

and PS30 was due to health com~lications 
rather than loss of device patency or func- 
tion. Each of these animals manifested clin- 
ical signs of infection including fever, respi- 
ratory problems, and weight loss that 
persisted despite antibiotic treatment. Post- 
mortem studies revealed systemic bacterial 
(cocci) infection that appeared to have orig- 
inated at the site of the anastomosis. 

A profile of fasting glucose levels from 
one of the six dogs that no longer required 
insulin after device implantation (PS22) is 
shown in Fig. 3. These data illustrate the 
ability of the implanted devices seeded with 
allogeneic islets to maintain an average fast- 
ing glucose level of 107 ? 3 mg/d (mean -t- 
SEM) for 5 months in the absence of exog- 
enous insulin. During the implant period, 
the fasting glucose levels for this animal 
averaged 107 & 3 mg/d (mean & SEM). 

Despite good control of fasting glucose 
concentrations, additional studies indicated 
that glycemic control in response to a meal 
or an intravenous glucose tolerance test re- 
mained abnormal (14). The rate of glucose 
disappearance from the circulation (K rate) 
measured after device implantation was less 
than 1.0% per minute in each of these 
animals, whereas the rate in normal dogs is 
4.1 -t- 0.2% per minute (mean -t- SEM, n = 

17). This is consistent with the observation 
that there was no significant peak in circu- 
lating insulin levels during the 2-hour peri- 
od after intravenous glucose administration. 
In contrast, normal dogs exhibit a 4.9 -t- 

1.1-fold (mean & SEM, n = 6) increase over 
basal circulating insulin concentrations 
within 10 min. In vitro data (Fig. 2B) 
suggest that islets seeded in these devices 
should respond to sharp rises in glucose 

Time after implant (days) 

Fig. 3. Exogenous insulin requirements and fast- 
ing glucose concentrations before and after device 
implantation. These data were obtained for ani- 
mal PS22, which received two devices containing 
a total of 4 x lo5 islets. As discussed in the text, 
this pancreatectomized dog had required 18 units 
per day of insulin to maintain an average fasting 
glucose of 246 mgldl. After implantation of the 
device, the fasting glucose levels averaged 107 
mgldl in the absence of any exogenous insulin. 
(., insulin; 0,  glucose.) 
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tion. This observation has been charac- gans for treatment of human diseases. 
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tively permeable membrane is at least suffi- Table 1 suggest that devices can control requimd for serum samples could be achieved. The 

detection limit of this assay is 5 microunits per cient to maintain islet function and provide fasting blood glucose concentrations for as The rate was calculated as described in J. 

regulation of fasting glucose levels. Further- long as 5 months, their average duration of S. Soeldner, ~ i a b e t c s  Mellitus: Diagnosis and Treat- 

more, data from both in  vivo and in v i m  function in vivo has not yet been precisely 
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experiments indicate insulin output can con- established. These devices are therefore de- p. 107. 
tinue for at least 6 months. signed to be reseedable through their sili- 15. M-Y. Fan et al., Diabetcs 39,519 (1990). 

In addition to the functional data, histo- cone rubber ports (Fig. 1) in the event that 
16. t~L:y~ :: ~ $ ~ ~ ~ ~ ' S p ~ , " A ~ $ ~  

logical evaluation of 20 devices that were the islets must be replaced periodically. K r o d ,  Eur. J. Immunol. 4,29 (1974). 
removed indicates that the membrane does Clearly, the ultimate therapy for diabetes 17. A. A. Like, M. C. A@, R. N. Williams, A. A. 

Rossini, Lab. Invest. 38,470 (1978). not appear to promote fibrotic or thrombo- should provide glycemic regulation similar 18. We thank K. Sofia (New England Deaconess Has- 
genic responses. A micrograph of a section to that normally provided by pancreatic pital), J. Harvey, J. Staruk and L. LagacC (BioHy- 
of membrane from a device that had been islets. These data suggest that, with im- brid Technologies), M. Appel (University of Massa- 

chusms Medical Center), A. Foley and K. Dunleavy implanted for 78 days illustrates this point provements in device design, the biohybrid (W, R. Grace and and B, WiUiamson 
(Fig. 4). The luminal surface of the mem- artificial pancreas should approach this goal. and K. Andrutis ( T u b  Veterinary School). 

brane, which is in contact with the circulat- In addition, this same technology could lead 
ing blood, has very little fibrin accumula- to the development of other biohybrid or- 15 october 1990; accepted 8 February 1991 
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