
link the cytoskeleton with the signal trans- 
duction pathways. 
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Protection Against Malaria by Vaccination with 
Sporozoite Surface Protein 2 Plus CS Protein 

The circumsporozoite (CS) protein has been the target for development of malaria 
sporozoite vaccines for a decade. However, immunization with subunit vaccines based 
on the CS protein has never given the complete protection found after immunization 
with irradiated sporozoites. BALB/c mice immunized with irradiated Plasmodium 
yoelii sporozoites produced antibodies and cytotoxic T cells against a 140-kilodalton 
protein, sporozoite surface protein 2 (SSP2). Mice immunized with P815 cells that had 
been transfected with either SSP2 or CS genes were partially protected, and those 
immunized with a mixture of SSP2 and CS transfectants were completely protected 
against malaria. These studies emphasize the importance of vaccine delivery systems in 
achieving protection and define a multi-antigen sporozoite vaccine. 

I MMUNIZATION WITH RADIATION-AT- 

tenuated sporozoites protects animals 
and humans against malaria (1, 2). An- 

tibodies and C ~ ~ O ~ O X ~ C  T lymphocytes 
(CTLs) against the CS protein are thought 
to be primary in mediating this immunity, 
and immunization of mice with peptides 
from the P. berghei CS protein (3 )  or with 
Salmonella typkimurium transformed with 
the P. bevghei CS protein gene (4) partially 
protects against moderate sporozoite chal- 
lenge. However, no CS subunit vaccine has 
produced protection against P. bevghei com- 
parable to-that induced by irradiated sporo- 
mites or provided any protection against 
highly infectious 17XNL P. yoelii sporozo- 
itei (5, 6 ) .  This observation suggested that 
other sporozoite or liver stage antigens con- 
tribute to this CD8+ T cell-dependent im- 
munity (7). 

A monoclonal antibody (MAb), Navy 
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Yoelii Sporozoite 4 (NYS4), produced by 
immunization of BALB/c mice with irradi- 
ated P. yoelii sporozoites, recognizes the 
surface of P. yoelii sporozoites and a 140-kD 
protein in extracts ,of sporozoites (8); this 
140-kD protein is designated SSP2 (9). The 
P. yoelii SSP2 gene encodes a protein of 826 
amino acids. It has a sequence distinct from 
that of the CS protein, but, like the CS 
protein, it has a sequence of six amino acids 
tandemly repeated multiple times [QGP- 
GAP for the CS protein; NPNEPS for SSP2 
(lo)] and an area with significant similarity 
to the conserved region I1 of CS proteins 
(9). 

To determine if mice immunized with P. 
yoelii sporozoites produced CTLs against 
SSP2, we transfected a 1.5-kb fragment of 
the SSP2 gene into P815 mastocytoma cells 
(H-2d) (1 1). This fragment encodes 477 
amino acids, including w o  regions of short, 
tandemly repeated peptide sequences, PNN 
and NPNEPS, and the region of similarity 
to CS region I1 (9). The fragment does not 
include any sequence similar to the only 
known CTL epitope on the P. yoelii CS 
protein (12). We derived nine different 
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Table 1. Protection against sporozoite challenge after immunization with SSP2 clone 3.9, CS clone 
1.5, or both. Four- to six-week-old BALB/c mice were immunized five times at 2-week intervals by 
ip injection of 2 x 10' irradiated (100 Gy 137Cs) cells of SSP2 clone 3.9, CS clone 1.5, or of each. 
Control mice were immunized with either pSV2neo-transfected P815 or nontransfected P815 cells. 
Two weeks after the final dose, sera were tested for antibodies to P. yoelii sporozoites by an indirect 
fluorescent antibody test (8) so that the maximum titer could be determined, and mice were 
challenged by iv injection of 200 P. yoelii (17XNL, clone 1.1) sporozoites. Naive control BALB/c 
mice were injected with fivefold dilutions of 200 sporozoites. Six mice were challenged in each 
group. We assessed protection for 14 days after challenge by examining blood smears. 

- - 

Immunogen Antibody Dose of No. Protection 
titer sporozoites infected 

P815 cells 0 200 
pSV2neo-P8 15 0 200 
SSP2 clone 3.9 1:3,200 200 
CS clone 1.5 1: 12,800 200 
SSP2 3.9 + CS 1.5 1: 12,800 200 

200 
40 

8 
1.6 

clones by limiting dilution. We used these 
clones to generate effectors and as targets in 
a standard chromium-release CTL assay. To 
produce effectors, we used each clone to 
stimulate in vitro spleen cells from BALB/c 
mice (H-2d) that had been immunized with 
irradiated P. yoelii sporozoites. All the trans- 
fectant clones were shown to express SSP2 
by an indirect fluorescent antibody test and 
by immunoblot (14), but only one of the 
nine clones (SSP2 3.9) could be lysed by 
effectors produced by the stimulation of 
immune spleen cells with the homologous 
clone (14). The CTLs were only present in 
cultures of spleen cells from immunized 

mice (Fig. 1A) and were antigen-specific; 
they did not lyse P815 cells transfected with 
the gene encoding the CS protein (15) (Fig. 
1B). All cytotoxic activity was eliminated by 
in vitro depletion of CD8+ T cells but was 
unaffected by depletion of CD4+ T cells (16) 
(Fig. 1C). Mice immunized with irradiated P. 
yoelii sporowites produced CTLs against not 
only the CS protein (12) but also against 
SSP2. 

In BALB/c mice, protection induced by 
immunization with irradiated P. yoelii 
sporozoites was eliminated by in vivo treat- 
ment of immune mice with antibodies to 
CD8+ T cells (anti-CD8) (7), indicating 

o Control: SSP2 
A Immune: P815 

Effectoritarget ratio 

Fig. 1. Cytotoxicity for SSP2-expressing targets of spleen cells (from mice immunized with irradiated 
P. yoelii sporozoites). (A) Sporozoite immunization requirement for cytotoxicity. Immune ( 0 ,  A, I )  
and control ( 0 ,  A, 0 )  spleen cells stimulated in vitro with SSP2 clone 3.9 were incubated with 
51Cr-labeled targets: SSP2 clone 3.9 ( 0 ,  O), pSV2neo-transfected P815 cells (B, O), and P815 cells 
(A, A). (B) Antigen specificity of cytotoxicity. Immune cells stimulated by SSP2 clone 3.9 were 
incubated with SICr-labeled targets: SSP2 clone 3.9 (O), CS clone 1.5 (A), pSV2neo-transfected cells 
(O), and P815 cells (A) (See Fig. 2 for data demonstrating that CS clone 1.5 is a target for CS-specific 
CTLs). (C) CD8+ T celldependent cytotoxicity. Immune cells stimulated by SSP2 clone 3.9 treated 
with anti-CD8 (24) + C (A), anti-CD4 (16) + C ( I ) ,  C (A), or medium ( 0 )  were incubated with 
51Cr-labeled SSP2 clone 3.9. Error bars represent SEM of triplicate assays, except in (A), which 
represents SEM of three experiments done in triplicate. 

that protection is dependent on CTLs. 
CTLs against the CS protein adoptively 
transfer protection (17). However, the pres- 
ence of CTLs and antibodies (5, 6, 12, 
18-20) to the CS protein does not indicate 
that mice or humans will be protected; this 
observation suggests that immune responses 
to other sporozoite or liver stage antigens 
contribute to irradiated sporozoite-induced 
protection. To determine if immunity to 
SSP2 is protective, we injected BALB/c mice 
intraperitoneally (ip) five times at 2-week 
intervals with 2 x 10' irradiated (100 Gy 
'37Cs) cells of a line of P815 cells that had 
been transfected with the SSP2 gene and 
challenged with 200 P. yoelii sporozoites 2 
weeks after the last dose. The mice produced 
antibodies to SSP2 and sporozoites and 
CTLs against SSP2 (14), and two of six mice 
did not become infected. Controls immu- 
nized with pSV2neo-transfected P815 cells 
or nontransfected P815 cells all became in- 
fected. 

This protection was induced by immuni- 
zation with mastocytoma cells expressing 
SSP2. In previous experiments, irnmuniza- 
tion with vaccinia (6), S. typhimurium (5), or 
pseudo-rabies virus (18) transformed with 
the P. yoelii CS protein gene failed to pro- 
tect mice against malaria, despite induction 
of antibodies and specific CTLs. To deter- 
mine if the lack of protection with the CS 
protein vaccines was a function of the 
expression and delivery systems, we immu- 
nized mice with irradiated P815 cells trans- 
fected with the P. yoelii CS protein gene 
(15). Two of four clones (CS 20.8 and CS 
1.5) provided partial protection (one of six 
and four of six mice were protected, respec- 
tively). Having achieved only partial protec- 
tion with SSP2 or CS immunization, we 
studied the combination. Complete protec- 
tion was demonstrated after immunization 
with a mixture of SSP2 clone 3.9 and CS 
clone 1.5 (Table 1). Furthermore, this reg- 
imen induced high levels of antibodies to 
sporozoites (Table 1) and antigen-specific, 
CD8+ T cell-dependent CTLs (Fig. 2). 

To determine if this protection, like that 
after immunization of BALB/c mice with 
irradiated sporozoites, was dependent on 
CD8+ T cells, we immunized mice with 
either SSP2 3.9, CS 1.5, or both and then 
treated the mice with anti-CD8+ (6, 7). The 
partial immunity induced by SSP2 or the CS 
protein and the complete protection in- 
duced by the combination were completely 
reversed by depletion of CD8+ T cells (Ta- 
ble 2). All the control mice immunized with 
either pSV2neo-transfected P815 cells or 
nontransfected P815 cells became infected. 

It generally takes two to eight P. yoelii 
sporozoites to infect 50% of mice (ID,,) 
(Table 1). Therefore, 100% protection of 
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18 mice against 200 P. yoelii sporozoites by 
the combination vaccine in two experiments 
(Tables 1 and 2) represents significant im- 
munity. To further assess this immunity, we 
challenged six mice that had been irnmu- 

Table 2. Depletion of CD8+ T cells eliminates 
vaccine-induced protection. BALB/c mice were 
immunized and evaluated as in Table 1, except 
that mice immunized with only SSP2 clone 3.9 
or CS clone 1.5 received 4 x 10' cells per dose, 
whereas recipients of both transfectants received 
2 x 10' cells of each clone. On days 10 to 13, 
16, 19, 22, and 25 after last immunization, 
mice were injected ip with 0.5 mg of MAb 191 
178, a mouse IgG2a to CD8 antigen (24),  or an 
unrelated mouse IgG2a control, MAb 1B3. On 
day 14, six mice were challenged with 200 P. 
yoelii sporowites for each treatment. Analysis of 
spleen cells from separate groups of immunized 
mice demonstrated that on day 14, >99% of 
splenic CD8+ T cells were eliminated by this 
regimen. A total of 616 naive mice injected with 
200 sporozoites and 616 injected with 40 
became infected. 

Num- Pro- 
MAb ber tec- Immunogen in- tion 

fected (%) 

2 
Control 3 
Anti-CD8 6 

2 
Control 1 
Anti-CD8 6 

Control 0 

nized with both CS 1.5 and SSP2 3.9 with 
5 x lo3 sporozoites. After this challenge, at 
least 5 x lo2 ID,,, four of the six were 
completely protected. 

The target of SSP2-induced CTLs has not 
been established. We expect that, as with 
irradiated sporozoite (12, 21) and CS pro- 
tein (18) vaccine-induced CTLs, these CTLs 
eliminate malaria-infected hepatocytes. De- 
velopment of malaria preerythrocytic vac- 
cines has been based on the observation that 
immunization of animals (1) and humans (2) 
with irradiated sporowites protects against 
malaria. The demonstration that a MAb to 
the CS protein protected mice against malaria 
(22) led researchers to consider the CS pro- 
tein for the target of virtually all development 
work on preerythrocytlc stage malaria vac- 
cines. Despite efforts to develop CS protein 
vaccines against rodent and human malarias, 
no such vaccine has provided protective im- 
munity approaching that provided by irradi- 
ated sporozoites. Our findings provide an 
explanation for these observations and a 
method for overcoming this deficiency. Mice 
immunized with irradiated sporowites in- 
duce both humoral and T cell responses, not 
only against the CS protein, but also against 
SSP2, and immunization with the CS protein 
and SSP2 provides additive protection 
against sporozoite challenge. These studies 
identify the components and provide a 
compelling rationale for the development 
of a multi-antigen human sporozoite vac- 
cine. 
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Medium: CS 
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50 - 

- 40 - 
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Fig. 2. Cytotoxicity of T cells from mice immunized with SSP2 clone 3.9, SSP2 clone 3.9 (A and C) or CS clone 1.5 (B and D). Cytotoxicity against 
CS clone 1.5, or both, for homologous targets. Spleen cells from BALB/c SSP2 clone 3.9 (e), CS clone 1.5 (O), and pSV2neo-transfected P815 (0) cells 
mice immunized with five doses of SSP2 clone 3.9 (A), CS clone 1.5 (B), or was determined. In each experiment, effectors incubated with homologous targets 
the mixture of SSP2 clone 3.9 and CS clone 1.5 (C and D) and protected were depleted of CD8+ (A) or CD4+ (M) T cells or treated with complement 
against a challenge of 200 sporozoites (Table 1) were stimulated in vitro with alone (A) as in Fig. 1C. Error bars represent SEM of triplicate assays. 
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Biohybrid Artificial Pancreas: Long-Term Implantation 
Studies in Diabetic, Pancreatectornized Dogs 

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 fkom 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. 

T HE 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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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 resDonse to trans~lanted 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 

(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- 
rduoroethylene (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 exchinge 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 hnction; (ii) long-term 
patency of the vascular shunt and biocom- 
patibility with respect to thrombosis; (iii) 
protection of islet allografts or xenografis 
from immune rejection; (iv) elimination of 
the need for exogenous insulin therapy in 
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