
ogous structures and thus apparently have 
evolved their receptor binding activities in- 
dependently. The one thing that appears 
common to these structures is the high 
helical content and the use of residues in a 
helices for receptor binding. 

Note added in prooj The secondary struc- 
ture and topology of the cytokine interleu- 
kin-4 have been determined by nuclear mag- 
netic resonance studies and it appears to 
have the same fold as GM-CSF (32). 
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Maintenance of Normoglycemia in Diabetic Mice by 
Subcutaneous Xenografts of Encapsulated Islets 

The goal of islet transplantation in human diabetes is to maintain the islet grafts in the 
recipients without the use of immunosuppression. One approach is to encapsulate the 
donor islets in permselective membranes. Hollow fibers fabricated from an acrylic 
copolymer were used to encapsulate small numbers of rat islets that were immobilized 
in an alginate hydrogel for transplantation in diabetic mice. The fibers were biocom- 
patible, prevented rejection, and maintained normoglycemia when transplanted intra- 
peritoneally; hyperglycemia returned when the fibers were removed at 60 days. 
Normoglycemia was also maintained by subcutaneous implants that had an appropri- 
ately constructed outer surface on the fibers. 

S ERIOUS COMPLICATIONS INVOLVING 

the eyes, kidneys, and cardiovascular 
and peripheral nervous systems occur 

in individuals with diabetes mellitus. Al- 
though controversial; these diabetic compli- 
cations are apparently related to the inability 
of exogenous insulin therapy to maintain the 
blood sugar within normal limits at all 
times. The goals of islet transplantation in 
the treatment of diabetes are to transplant 
islets early in the course of the disease in 
order to achieve continuous normoglycemia 
and to maintain the islet grafts without the 
use of immunosuppressive drugs. Human 
islet transplants in diabetic individuals who 
receive immunosuppressive drugs for main- 
tenance of kidney transplants can produce 
normoglycemia in the recipients without 
exogenous insulin (1) .  The ideal immu- 
noisolatory device for transplantation of is- 
lets in diabetic individuals would be bio- 
compatible, maintain the viability and 
normal function of the islets, prevent cellular 
immune rejection, exclude antibodies to islet 
cells, maintain normoglycemia in the recip- 
ients, contain sufficient numbers of islets, be 
implanted either intraperitoneally or subcu- 
taneously, and be easily and safely retrieved 
if desired. 

Islet allograft rejection has been prevented 
without immunosuppression by isolating 
the islets from the immune system of the 
recipients with permselective membranes. 
Alginate (a naturally occurring linear poly- 
saccharide extracted from kelp containing 
D-mannuronic and L-guluronic acid mono- 
meric units) was cross-linked with Ca2+ to 
form a hydrogel. Encapsulation of individ- 
ual islets in microspheres of alginate hydro- 
gel with a coating of poly(~-lysine) produced 

a slight prolongation of intraperitoneal im- 
plants of encapsulated rat islet allografts (2). 
The capsules were insufficiently stable and 
biocompatible, a large volume of encapsulat- 
ed islets was needed to achieve normoglyce- 
mia, and all of the encapsulated material 
could not be removed at the end of the 
experiments (3). Modifications in the encap- 
sulation procedure have improved the bio- 
compatibility of the membranes by covering 
the poly(~-lysine) envelope with an outer 
layer of alginate (4). An intravascular device 
that separates the islets from the blood stream 
by permselective membranes was developed 
(S), but blood coagulated in the vascular 
lumen. An improved intravascular device 
maintained normoglycemia for several 
months in diabetic canines that had been 
implanted with two devices that contained 
canine islets (6). 

Hollow fibers formed of poly(acry1oni- 
trile-co-vinyl chloride) (Amicon XM50) 
have been used for encapsulation of neonatal 
mouse islet cells before transplantation into 
diabetic hamsters and for encapsulation and 
transplantation of human insulinoma cells 
into rats (7). The encapsulated islet tissue 
was transplanted into the abdominal cavity, 
and in each of the two studies prolongation 
of survival of the islet xenografts was ob- 
tained in a few animals. Studies of the 
biocompatibility of these fibers have re- 
vealed a slight glial reaction when implanted 
into the brain of rats and only one to two 
layers of fibroblasts surrounded by collagen 
in mice when implanted intraperitoneally 
(8) .  

We studied two types of acrylic copoly- 
mer hollow fibers to determine their efficacy 
in achieving normoglycemia when used for 
encapsulation of Wistar-Furth rat islets. 
~ v p e  1 and wpe 2 fibers were identical , . , . 

P. E. Lacy and A. Gerasimidi-Vazeou, Department of except for their outer surface wall. T~~~ 1 Pathology, Washington University School of Medicine, 
st. Louis, MO 63110. had a totally fenestrated outer wall, whereas 
0 .  D. Hegre, F. T. Gentile, K. E. Dianne, cdular  type 2 fibers had a smooth outer surface 
Transplants, Providence, RI 02906. 

(Fig. 1). Type 1 fibers were formed by the 
*To whom correspondence should be addressed. usual technique of extruding the fibers di- 
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Fig. 1. Partial cross-section- 
al view by scanning elecnon 
microscopy of acrylic copol- 
ymer type 1 (A) and type 2 
(B) fibers. Magnification, 
~ 4 0 0 .  The internal diame- 
ter is 600 pm, and the outer , . 

diameter is 730 pm. Both - _ -- 
fibers consist of a non- - . ,- -  5. - c - . ~ .  

permselective outer surface, 
-- .- -?-% 

a trabecu~ar wall stlua 
for strength, and an inner permselective skin with a nominal molecular mass cutoff of 50 kD. Rejection 
coeficient ? SD of blue dexaan (2000 kD) is 0.99 2 0.05; bovine serum albumin (67 kD) is 0.95 2 
0.05; a-chymoaypsinogen (24.5 kD) is 0.45 2 0.1; cytochrome c (12.5 kD) is 0.20 ? 0.1; and vitamin 
B,, (1.35 kD) is 0.05 -' 0.05. 

300 

1.5r loo ' Glucose (mgldl) 1 loo 

o l . , .  . . . . . . . .  i 
0 40 80 120 

Perifusion time (min) 

Fig. 2. In vitro perifusion comparing insulin 
secretion of rat islets immobilized in alginate gel 
and encapsulated in type 1 acrylic copolymer 
fibers (0) to unencapsulated islets (0). Freshly 
isolated islets were suspended in 1% alginate 
solution and injected into a hollow fiber at a final 
density of 70 islets per centimeter. Unencapsu- 
lated islet controls were hand-picked from the 
same isolation batch. Perifusion media was Dul- 
becco's modified Eagle's medium (Sigma) con- 
taining 10% newborn calf serum and glucose 
[either 100 (basal) or 300 (stimulated) mg/dl]. At 
a perifusate flow rate of 0.5 ml/min, the inherent 
lag of the perifusion system was <30 s. 

rectly into water, whereas the type 2 fibers 
were extruded into a humidified atmosphere 
(9). Rat islets were isolated from male 
Wistar-Furth rats (250 to 300 g) by the 
collagenase technique, separated on a Ficoll 
gradient, and hand-picked with the aid of a 
dissecting microscope (10). In initial stud- 
ies, 1000 rat islets were injected into the 
type 1 fibers, and the ends were sealed with 
a solution of the polymer (11). The fibers 
were placed intraperitoneally into noninsu- 
lin-treated, nonimmunosuppressed, male 
C57BL/6J mice made diabetic by the intra- 
venous injection of streptomtocin (165 mg 
per kilogram of body mass) into the tail 
vein. Nonfasting plasma glucose concentra- 
tions were monitored three times weekly. 
The xenografts produced normoglycemia in 
the recipients for a period of 7 to 14 days, 
and then the mice became hyperglycemic 
again. Although we initially suspected that 
rejection had occurred because unencapsu- 
lated control rat islets that were transplanted 
intraperitoneally were rejected in 7 days, we 

Fibers 
remnved 

Fibers 
removed 

Fig. 3. Nonfasting plasma glucose 
concentrations 2 SD of from five 
to nine diabetic mice after implan- 
tation of type 2 acrylic copolymer 
hollow fibers containing rat islets 
immobilized in alginate. The fibers 
contained either 1000 islets (A) or 
500 islets (B) implanted either in- 
maperitoneally (@) or subcutane- 
ously (0). The recipients remained 
normoglycemic until the fibers 
were removed at 60 days. One re- 
cipient (indicated) in each of the 
four groups became hypergrycemic 
before 60 days. The individual val- 
ues for days of normoglycemia are 
shown in Table 1. 

found from histologic examination of the 
fibers that the individual islets had aggregat- 
ed into large clumps, with only a thin rim of 
viable islet cells around the periphery of 
clumps of necrotic islet cells. 

Because the loss of function of the islets 
was not a result of immune rejection but of 
aggregation of the islets, a search was made 
for a freely permeable matrix that could hold 
the islets apart in the fibers. Sodium alginate 
is compatible with islets (Z), and we there- 
fore used this hydrogel to separate encapsu- 
lated islets without interfering with the 
transport of insulin or numents. The effect 
of encapsulating and immobilizing the islets 
in alginate (12) on the kinetic response of 
insulin secretion from the enclosed islets was 
measured in a rapidly responding in vitro 
perifusion system (Fig. 2). The pattern of 
insulin secretion from the encapsulated islets 
was almost identical to that of unencapsu- 
lated control islets. First-phase insulin re- 
lease of encapsulated isle& was maintained, 
and there was at most a 1- to 2-min delay in 
the return to basal release after stimulation. 
Second-phase release was quantitatively the 
same for both encapsulated and unencapsu- 
lated islets. 

Encapsulated rat islets (500 or 1000) 
immobilized in alginate gel were then trans- 
planted intraperitoneally or subcutaneously 
into 2-cm type 1 or type 2 fibers (13) in mice 
made diabeuc by the injection of streptom- 
tocin (Table 1). Nonfasting plasma glucose 
concentrations were determined three times 
weekly; the diabetic recipients had concen- 
trations >400 mg/dl before transplantation. 
The loading density was 70 islets per centi- 

Table 1. Duration of nonnoglycemia of rat islet 
xenografts in acrylic copolymer hollow fibers 
after transplantation into diabetic mice. Return 
to a diabetic state was considered to have 
occurred when the nonfasting plasma glucose 
concentrations exceeded 200 mgldl. In the 
duration column, we have indicated multiple 
mice by a multiplication sign. For example, in 
the first entry, one mouse had normoglycemia 
for 27 days, one for 38 days, and seven for >60 
days. IP, intraperitoneal; SC, subcutaneous. 

Site Islets Duration Normoglycemic 
(days) at 60 days (%) 

Type 1 jben 
27, 38, 

>60 x 7 
>60 x 6 
0, 10, 13, 

20, 42, 
>60 x 3 

0, 8, 10, 10, 
11,48 
Type Z f i h  

53, >60 x 4 
15, >60 x 5 
15, >60 x 5 
10, >60 x 5 
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Fig. 4. Photomicrographs [AJ f 
of rat islets embedded in al­
ginate in type 2 acrylic co- • 
polymer hollow fibers at 60 I 
days after implantation. The ] 
recipients were normoglyce- ] 
mic at the time of removal of j 
the fibers. (A) The fiber had j 
been implanted intraperito-
neally, and the section was • 
stained with aldehyde 
fuchsin, which stained 0 
granules in the 0 cells, and counterstained with light-green, which stained a thin layer of collagen on the 
surface of the fiber (arrows). Magnification, x41. (B) The fiber had been implanted subcutaneously, 
and the section was stained with hematoxylin and eosin. A thin layer of collagen is present on the surface 
of the fiber (arrows). Normal loose subcutaneous tissue with fat cells blends with the few layers of 
fibroblasts and collagen on the surface of the fibers. Scattered foci of mononuclear cells are present in 
the wall of the fiber because of the occasional openings in the outer skin of the membranes. 
Magnification, x41. 

meter for 1000 islets and 35 islets per 
centimeter for 500 islets. The intraperito­
neal type 1 fibers induced and maintained 
normoglycemia for >60 days in seven of 
nine recipients that received 1000 islets 
and in all of the recipients receiving 500 
islets. The fibers were removed at 60 days, 
and all of the normoglycemic animals be­
came diabetic again. None of the recipients 
of subcutaneous type 1 implants of 500 
islets remained normoglycemic for 60 days, 
and only three of eight recipients of 1000 
islets were normoglycemic for >60 days 
(Table 1). Removal of the fibers from these 
three recipients returned the mice to a 
diabetic state. 

Transplants of rat islets in the type 2 fibers 
produced and maintained normoglycemia in 
the recipient mice in >80% of either the 
intraperitoneal or subcutaneous sites with 
either 1000 or 500 islets (Table 1). The 
recipients became hyperglycemic again 
when the fibers were removed at 60 days 
from either the intraperitoneal or subcuta­
neous site (Fig. 3). Histologic examination 
of the type 2 fibers implanted either intra-
peritoneally or subcutaneously revealed that 
they were biocompatible. Only a thin layer 
of collagen and fibroblasts was present on 
the surface, and the islets were intact with a 
normal degree of 0 granulation (Fig. 4). 
The walls of the fibers contained only scat­
tered foci of mononuclear cells and fibro­
blasts because few openings were present in 
the outer surface. The type 1 fiber had the 
same degree of biocompatibihty as type 2, 
with only a thin layer of collagen on the 
outer surface in both the intraperitoneal and 
subcutaneous sites. 

The type 1 fibers with either 500 or 1000 
islets maintained normoglycemia in the re­
cipients when the fibers were implanted 
intraperitoneally but not with 500 islets 
implanted subcutaneously (Table 1). Be­
cause the biocompatibility of both fibers 
appeared the same, the failure of type 1 

fibers in the subcutaneous site was probably 
due to the greater bioburden of cells 
throughout the walls of the fibers and pos­
sibly because of lower oxygen tension in the 
subcutaneous site than is present intraperi­
toneally. 

Subcutaneous implants of low numbers of 
xenogeneic rat islets in type 2 acrylic copoly­
mer fibers were not rejected and maintained 
normoglycemia. The successful subcutane­
ous transplantation of xenografts was en­
couraging because isografts of free rat islets 
implanted subcutaneously did not achieve 
normoglycemia, whereas a comparable 
number of islets implanted in the liver as 
isografts did (14). This methodology fulfills 
several of the criteria for an immunoisola-
tory device for possible use in human dia­
betics, including biocompatibility, preven­
tion of rejection, ability to function either 
intraperitoneally or subcutaneously, and 
ease of complete retrieval. 
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