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IMMUNE RESPONSE GENE REGULATION OF IMMUNITY TO PLASMODIUM

BERGHEI SPOROZOITES AND CIRCUMSPOROZOITE PROTEIN VACCINES

Overcoming Genetic Restriction with Whole Organism and Subunit Vaccines'

STEPHEN L. HOFFMAN.-*' JAY A. BERZOFSKY.* DANIEL ISENBARGER. ELANA ZELTSER, +

WILLIAM R. MAJARIAN." MITCHELL GROSS,' AND W. RIPLEY BALLOU'

From the *Irfectious Diseases l)epartment. Naval Medical Research Institute. Bethesda, MD 20814-5055: the 'Department of

lrnmonology. Walter Reed Army Institute of Research. Washington. D.C. 20307-5100: the 'Metabolism Branch. National
Cancer Institute. National Institutes of Health. Bethesda. MD 20892: and the 'Department q Molecular Genetics. Smith.

Kline. and French Laboratories. Swedeland. PA 19406-2799

We conducted a series of experiments to define Ir ent and disappointing in regard to the development of
gene regulation of the immune response to Plas- protective levels of antibodies (8. 9). Genetic restriction
modium berghei sporozoites and circumsporozoite of the Th response to the T cell-dependent. Plasmodium

(CS) protein-derived subunit vaccines. The studies falciparum, repeat region T epitope (10-14) may have

demonstrated that there is no apparent genetic re- contributed to the poor immunogenicity of these vac-
striction of the capacity to develop protective im- cines.
munity against a large sporozoite challenge after Sporozoites from human malarias do not infect mice.
immunization with irradiation-attenuated P. berg- thus experiments conducted in the rodent malaria model
hei sporozoites; that the Th response to (Asp-Pro- systems have provided the foundation for human malaria
Ala-Pro-Pro-Asn-Ala-Asn),, the predominant pro- sporozoite vaccine development. To refine our strategies
tective B epitope on the P. berghei CS protein, is for developing human vaccines, we have used Plasmo-

genetically restricted and regulated by Class II dium berghei, a rodent malaria, to define the role of

genes (I-Ab) and by genes in the Class I region (H- immune response (I)genes in the immunologic response

2Dk) or telomeric to this region; and that this restric- to P. berghei sporozoites and subunit CS protein vas-

tion can be overcome by immunization with a r cines.

protein including the entire P. berghei CS protein. c

The results support the development of full length
human CS protein vaccines to take advantage of all MATERIALS AND METHODS
potential T epitopes on this protein. -

Mice. H-2 congenic mice on the BlO background were purchased
from The Jackson Laboratory. Bar Harbor, ME. provided by Dr.
David H. Sachs of the National Cancer Institute. Bethesda. MD. or

There are currently two major areas of focus in the bred at our facility.

malaria sporozoite vaccine development field. One is to Sporozoites. All experiments were conducted with sporozoites of

define further the cellular mechanisms of protective im- the NK65 strain of P. berghet, that were raised in Anopheles ste-
phensi and harvested in Medium 199 containing 5' normal mouse

munity induced by immunization with irradiated sporo- serum.

zoites (1 -6). and to develop subunit vaccines that induce CS' protein Ag. The CS protein of P. berghet like other CS pro-

comparable immunity (7). Such vaccines have been stud- teins. has a central repeat region (15. 16). Immunization with the
predominant repeat. Asp-Pro-Ala-Pro-Pro-Asn-Ala-Asn (DPAPPNAN

led only in animal models. The second is to develop conjugated to KLH has been shown to induce protective immunity

vaccines that induce protective levels of antibodies to the against sporozolte challenge (4). We used the synthetic peptide

repeat regions of the circumsporozoite proteins of the (DPAPPNAN)3 (Peninsula Laboratories. Belmont. CA) for immuniza-
tions and for determination of antibody response by enzyme-linked

human and rodent malarlas. Thus far, the response of immunosorbent assay (ELISA). In addition a r protein produced In

humans to malaria subunit vaccines has been inconsist- Eschertchta coil, pMGB2 CS (7). was used for immunizations.
pMGB2 CS is composed of all the amino acid residues of the P.
berghel CS protein, and at the amino terminus. 6 additional residues
(Met-Asp-Pro-Trp-Arg-Lys). The first five are contributed by the

Received for publication October 28. 1988. expression vector (pMG27 NTrm) (7). Because of a unique Dra I site
Accepted for publication February 22. 1989. at the initiating methionine (16) in the genomic clone, the codon for
The costs of publication of this article were defrayed in part by the a lysine residue was also included (W. R. Majarian. unpublished).

payment of page charges. This article must therefore he hereby marked Immunization with Irradiated sporozottes and challenge. Mice
advertisement in accordance with 18 U.S.C. Section 1734 solely to indi- were immunized with four intravenous doses (tall vein) of Irradia-
cate this fact. tion-attenuated sporozottes (1.5 x 104 R. "Co source). 7.5 x 10'. 2.0

The opinions and assertions herein are those of the authors and are 104t, 2.0 x 04e, and 2.0 x 104 Irradiation -attenuated sporozoltes
not to be construed as official or as reflecting the views of the U.S. Navy w give 2. x nterd . M wer ia a enued porzte
or the naval service at large. The experiments reported herein were were given at 2-wk intervals. Mice were challenged 2 wk after the
conducted according to the principles set forth In the Guide for the Care last Immunization by the Intravenous injection of l0

4 normal spo-
and Use of Laboratory Animals. Institute of Laboratory Animal Re- rozoltes.
sources. National Research Council. DHHIS. Publ (NIH) 86-23 (1985). Immunization with (DPAPPNAN), and pMGB2 CS. The first dose

Work was supported in part by the Naval Medical Research and of 75 ug in PBS. pH 7.2. was emulsified in CFA (Difco Laboratories.
Development Command. work unit #3M16277OA870AF123. and by our Detroit, MI), and the second dose of 50 jg and the third dose of 75
conlract NO0014-83-C-0355. pg were emulsified in IFA (Difco). They were administered intramus-

Correspondence should be addressed to: Dr. Stephen L. Hoffman.
NMRI Annex. 12300 Washington Avenue. Rockville. MD 20852. 'Abbreviation used In this paper: CS. eircumsporozite.
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cularlv. Control mice for all experiments received adjuvant alone. B10.BR and B10.A are identical at the I-A and I-E loci (I-
Iq Antibodies to CS protein. ELISA was performed as previously A5 and l-E5 ) (see Table It), yet only B10.BR mice produced

described (4). using (DPAPPNAN),, as the Ag on ELISA plates.

Indirect fluorescent antibody test. Indirect fluorescent antibody antibodies after immunization with (DPAPPNAN):t. Since
test. was performed with NK 65 P. berghei sporozoltes using meth- B10.BR and B10.A mice differ only at the I-C class It. the
ods previously described (171. When incubated with normal serum S, and at the class I H-2D loci (see Table 11), we expected
or serum from mice immunized with adjuvant alone there was no
fluorescence at a serum dilution of 1/8. that the Ir locus. I-C was involved in regulation of pres-

entation of the Th determinant on (DPAPPNAN)3 to the

RESULTS ThR. To determine if this was the case, we immunized
B 1 0.AL mice with (DPAPPNAN):,. These mice are identical

Protection after immunization. All nine strains of con- to BI 0.BR at all H-2 class II loci (H-2k), and at the H-2K k

genic mice that were immunized with four doses of irra- class I locus, but differ at the H-2D d class I locus (Fig. 1).
diated P. berghei sporozoites developed some degree of B10.AL mice did not produce antibodies to (DPAPPNAN)3
protective immunity against challenge with 104 sporo- (Fig. 1). indicating that the Class I H-2D/L molecules or
zoites (Table I). Qa molecules telomeric to H-2 are involved in the regu-

Antibody response after immunization with irradi- latory control of the antibody response to (DPAPPNAN)3
ated sporozoites. All nine strains of mice immunized in BI0.BR mice.
with irradiated sporozoites made antibodies to Overcoming the restriction of response to
DPAPPNAN (Table It). This indicated that Th from all (DPAPPNAN)3 . To determine if there were T cell epitopes
strains of mice responded to (DPAPPNAN):,. or that other on the P. berghei CS protein that could provide help for
T cell sites on the CS protein or the sporozoite were production of antibodies to the repeat region in mice that
providing T cell help for production of antibodies to did not respond to immunization with (DPAPPNAN).3
(DPAPPNAN):3. alone, we immunized the 2 responder strains (B10 and

Restriction of response to immunization with B1O.BR) and 4 non-responder strains (BIO.D2. B10.A,
(DPAPPNAN),. To determine which strains actually had BI0.S, and BI0.P) with the full length CS protein, pMGB2
Th that responded to (DPAPPNAN)3 , we immunized eight CS. All 6 strains of mice produced antibodies to
of the nine strains of congenic mice (all except B10.RIII) (DPAPPNAN),. Among BI0. BIO.D2, and BIO.BR mice
with (DPAPPNAN) 3. Only 810 and BI0.BR mice made the antibody response was comparable to or better than
antibodies to (DPAPPNAN)I. A class II molecule on Ag- that achieved after immunization with four doses of ir-
presenting cells, generally I-A or I-E, is required for the radiated sporozoites. The absorbance at serum dilutions
interaction of a Th determinant and the ThR. B10 mice of 1/100 and 1/400 for pMGB2 CS vs. irradiated sporo-
were the only b haplotype mice tested, and the only class zoite immunized animals were 2.9 and 2.6 vs. 2.3 and
ii molecule expressed by these mice is I-Ab. indicating 1.2 (810), 1.9 and 0.5 vs. 2.3 and 1.2 (BIO.D2), and 2.5
that in Bl0 mice this molecule was involved in the regu- and 1.5 vs. 2.3 and 1.2 (B10.BR). The results of an
lation of production of antibodies to (DPAPPNAN),. experiment comparing immunization with (DPAPPNAN)3

to immunization with pMGB2 CS in five strains of miceTABLE I

Nine strains of congenic mice (see Table lfor H-2 alleles) Immunized are shown in Table 111. IFA titers against P. berghei

with four doses of irradiated P. berghel sporozoites were protected sporozoites correlated with the level of antibodies to
against challenge with 104 P. berghel sporozoites

Immunized Naive 2.0

Strain _ - - -

N Infected 1%) N Infected (I% ) 1 e f C S l
- . 1.5 lop .... k , f

BIO.D2 10 0 10 8 (80%) 810A I d d d
BIO 15 0 15 12 (80%) o 810At IkIk

BIO.BR 9 2(22%) 10 9 (90%) 1.0-
BIO.M 10 1 (10%) 10 lO(1OO%)
BI O.S 9 2(22%) 7 7(100%)

BIO.Q 5 0 5 5(100%) 0.5 810.81 VU
BIOP 4 1 (25%) 2 2(100%)
BIO.A 5 0 5 4 (80%)
BlO.RIIl 4 0

Total 71 6 (8%) 64 57 (89%) 100 200 400 800 1600 3200 6400
RECIPROCAL SERUM DILUTION

TABLE II Figure 1. Antibodies to (DPAPPNAN), 7 days after the third Immunl-
Antibodies to (DPAPPNAN) 3 . the predominant octapeptlde repeat of zatlon with (DPAPPNANI3 In pooled sera IN = 4 or 51; BIO.BR (Immune 0.

the P. berghel CS protein. two wk after thefourth dose of irradiated controls 0). BIO.A (immune 0. controls E). and BIO.AL (Immune A.

sporozoites.* controls A) mice.

H-2 alleles Antibodies to TABLE Ill
Strain IDPAPPNAN)3

K A B J E c S D IELISAI Antibodies to DPAPPNAN)a two weeks after the third dose of
(DPAPPNAN) and pMGB2 CS (full length CS protein)RIO b b b b b b b b 2.1 ±0.08

BIO.BR k k k k I I k k 1.9 ± 0.38 Antibodies to IDPAPPNANh
BIO.D2 d d d d d d d d 2.2 ± 0.22
BI O.S s a a a s a a s 1.6 ± 0.46 Immunized with (DPAPPNANS Immunized with pMGB2 CS

BIO.A k It k It It d d d 2.0 ± 0.21 BIO 1.48 ± 0.167 2.86 ± 0.039
BIO.M f f f f f f f 2.2±0.13 BIO.BR 0.41 ± 0.068 2.52±0.081
BIO.Q q q q q q q q q 2.1 ± 0.02 BIO.D2 0.07 ± 0.052 1.92 ± 0.179
BIO.P p p p p p p p p 2.3±0.14 BIO.S 0.03±0.024 1.10±0.164
BIO.RIII r r r r r r r r 2 4 ± 0.15 BIO.A 0.05 ± 0.021 0.56 ± 0.051

'The data represent the mean ± SD absorbance in the ELISA at a The data represent the mean (N = 5) absorbance by ELISA of pooled
dilution of 1/50 of pooled sera. Pooled sera from non-immunized mice of sera at a dilution of I/100. Mice immunized with adjuvant In PBS had an
the same strains had an absorbance of 0. 1 ± 0.07. absorbance of 0.042 ± 0.017 (Mean ± SD)
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(DPAPPNAN)]. Thtey were respectikely 1/32 and 1/256 CS protein (7). Studies are in progress to define this and
for [-I o.BR and B10 mice immunized witn (DvAPPNAN).. other protective I epitopes.
and were 1/128 (1I30.S and 1310.A). 1/256 (BI0.1)2). 1/ We next undertook to define the pattern of Th response
512 (1I30.1R]. and 1/1024 (8i10) for the mice in Table III to (DPAPPNAN),. a protective (4) B epitope on the P.
immunized with pMGB2 CS. berghei CS protein, by assessing production of antibodies
Challenge" of DPAPPNAN) arid pMGt32 CS immit- after immunization with the peptide. As was the case

nized ruice with P. berghei sporozoites. Two wk after with the P. falciparum protective repeat (NANP),, (10, 11).
the third dose of vaccine, the mice whose antibody levels the T cell response response to immunization with
are shown in Table Ill were challenged by the intravenous (DPAPPNAN), was restricted. Only two of the nine strains
administration of 1500 P. ber qhei sporozoites. All of the of mice studied produced antibodies to (DPAPPNAN):,
mice developed an erythrocytic stage P. berghei infec- after immunization. In B10 mice the association between
tion. I-A" class II molecule, Th determinant, and the T cell R

required for antibody production appears straightfor-
I)iS('USSION ward. However, the antibody response in B1O.BR mice is

The response of mice immunized with rodent malaria unusual in that H-2 class II molecules alone do not appear
vaccines has been predictive of human response to hu- to regulate the response. The results indicate that genes
man malaria vaccines. The observation that immuniza- in the class I region, or telomeric to this region regulate
tion with irradiation-attenuated sporozoites protected the antibody response to this Ag. There is some precedent
against sporozoite challenge was made in the P. berghei for class I regulation of an antibody response to equine
rodent system (18) before being tested in humans (19- myoglobin (23). but such regulation is a rare phenome-
221. and the poor protection after immunization with first non.
genera*c :. .uman sporozoite vaccines, that were de- Genetic restriction of the development of antibodies to
signed to induce antibody-mediated protective immunity a T cell dependent protein antigen can be overcome by
(8. 9). was also predicted by studies in this model system addition of carrier molecules to a vaccine. However, in
(4). the case of an anti-CS protein vaccine, it would be optimal

If there were restriction of induction of a protective if priming of Th were accomplished by sporozoite-derived
cell-mediated response to a whole organism sporozoite molecules, so that natural exposure to sporozoites could
vaccine in mice, we would expect great difficulty in de- boost vaccine-induced antibodies. Having defined the re-
veloping subunit vaccines to induce a protective cellular striction of response to (DPAPPNAN):,. we immunized
response consistently in humans. We therefore designed mice with pMGB2 CS. a r protein that includes the entire
a study to determine if there was genetic restriction of P. berghei CS protein. It is likely that the response to any
the capacity of mice to develop cell-mediated protective single Th epitope on the CS protein is highly restricted
immunity after immunization with irradiated sporo- (10-13). Therefore. the demonstration that immuniza-
zoites. In a previous study we showed that naive, suble- tion with pMGB2 CS elicited antibodies to (DPAPPNAN):,
thally irradiated recipients of immune T cells were pro- in all six strains of mice studied provides strong evidence
tected against challenge with 10' sporozoites (4). How- that there are multiple Th sites on the P. berghei CS
ever, mice immunized with a synthetic peptide or an protein. An alternative possibility, that the 6 non-CS
Escherichia coli-produced recombinant fusion protein, protein amino acid residues at the amino terminus of
subunit P. berghei CS protein vaccine, despite having pMGB2 CS combined with CS protein derived residues to
much higher levels of antibodies to sporozoites than mice create a T cell site that provided help in some of the mice
that received immune T cells In adoptive transfer, were that did not respond to (DPAPPNAN)I alone seems un-
protected against challenge with 500. but not 10:' sporo- likely. It is of interest that immunization with a vaccinia
zoites (4). Since this study was designed to determine if r construct that includes the entire gene encoding the P.
there was genetic restriction of the capacity of mice to falclparum CS protein induced antibodies to the repeat
develop cell-mediated protective immunity after lmmu- regions In a minority of strains of mice studied (24). This
nizatlon with irradiated sporozoites we challenged with Incomplete response as compared to that to pMGB2 CS
10' sporozoite. a dose expected to overcome antibody- may be due to differences between the CS proteins of the
mediated immunity. The finding that all strains of mice two species of malaria, the immunogens secondary to
developed some degree of protective immunity is encour- glycosylation or other post translational modifications.
aging for human vaccine development. None of these or the processing or presentation of the E. coil and vac-
mice developed levels of antibodies to the P. berghei cinla-produced CS proteins.
repeats or whole sporozoltes that we consider adequate Immunization with (DPAPPNAN)2 conjugated to KLH
to protect against such a large sporozoite challenge. We (4). with a r protein including most of the P. berghel CS
expect that as In the C57BL/6 (H-2") (4). Balb/C (H-2") (4. protein (4). and with pMGB2 CS (unpublished) protect
5). and A/J (H-2") (6) mice previously studied, the protec- against challenge with 500-1000 P. berghei sporozoites.
tion was at least In part conferred by cellular Immune The 3 doses of pMGB2 CS used in this study did not
mechanisms. Since the response to all Individual CS protect against challenge with 1500 P. berghei sporo-
protein-derived T cell epitopes studies thus far has been zoites. The presence of additional CS protein-derived Th
highly restricted (10- 13), the finding that all nine strains epitopes on the E. coil-produced protein did not Improve
of mice were protected. Implies that there are multiple the protective antibody response as compared to the
epitopes Involved in this protective, presumably T cell- (DPAPPNAN)2 -KLH vaccine. Nor did this regimen induce
mediated response. Experiments conducted with a Sal- the cell-mediated immune response thought to protect
monella typhimurium pMGB2 r in H-2" mice suggest mice Immunized with S. tyhimurium transformed with
that there Is at least one protective T cell epitope on the the pMGB2 plasmid (7). Achieving expression of full
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length P. alciparurn and P. vivax CS protein vaccines. (til'Sirl pr/t vacci. Loocc't 1: 1277.
analgou topMG2 CS adquaefo ecoomial rot 9n . Herrington, D. A.. D. F. Clyde. G. Losonsky. M. Cortesia. J. R.
analgou topMG12 C. aequae fr eonomcalproein Murphy. J. Davis. S. Baqar, A. MI. Felix, E. P. Heimer. D. Gillessen.

purification has been technically difficult. Since the re- E. Nardin. R. S. Nussenzweig. V. Nussenzweig. MI. R. Hollingdale,
peat region is the target for antibody vaccines, the ap: and M. MI. Levine. 1987. Safety and immunogeniclty in man of a

inclde nn-mlari carier to ro- synthetic peptide malaria vaccine against I'lasniodiurn lalciparumn
proach has bieen to inld o-aai arest r- sporozoltes. Nature 328:257.
vide T cell help for this highly restricted epitope (8. 9. 10. Good. M. F., J. A. Berzofsky. W. L. Malay. Y. Hagashi. N. Fujii. W.
26). Our data support the development of full length T. Hockmeyer, and L. H.Miller. 1986. Genetic control ofthe immune

responses in mic-e to Plusrnodiun falciparum sporozoite vaccine.
human CS protein vaccines to take advantage of all CS Widespread non-responsiveness to single malaria T epitope in highly
protein-derived T epitopes. Such epitopes may play a role repetitive vaccine. J. Exp. Med. 164:655.

in iproingthe response to immunization with vaccines it. del Guidice. G., J. A. Cooper. J. Merino, A. S. Verdini. A. Pessi, A.
in impovingR. Togna, H. D. Engers. G. Corradin. and P. H. Lambert. 1986. The

designed to produce antibodies to the repeat region of the antibody response in mice to carrier-free synthetic polymers of Plas-
CS protein, providing sites for boosting of primary anti- modium falciparuIm clrcumsporozoile repetitive epitope is I-A'-re-

bod repones y nturl eposre o sorooits, nd stricted: possible implications for malaria vaccines. J1. lmmuinol.
bod' rsposesby atual xpoureto porzoies.and 137:2952.

inducing cell-mediated immunity. However, unless Ag 12. Good. M. F., D. Pombo, 1. A. Quakyi. E. MI. Riley. R. A. Houghten.

presentation and processing can be improved by use of A. Menon. D. W. Ailing. J. A. Berzofsky. and L. H. Miller. 1988.
Human T cell recognition of t he circurnsporozoile protein of I'Ias

novel adjuvants. carriers, or other methods, the humoral modiumnfalciparum. Immunodoininant T cell domains map to thlt
or cellular immune responses induced by immunization polymorphic regions of the molecule. Proc. Natl. Acad. Sc i. LSA

with such vaccines may not consistently protect against 3.85:11,99.
y 13.Hoffman. S. L.. C. N. Oster, C. Mason. J. C. Beier, J. A. Sherwood.

exposure to intense malaria transmission. W. R. Balloti. M. Mugambi. and J. D. Chulay. 1989. Human lyim-
phocyte proliferative response to a sporoznite T cell epitope correlates
with resistance to falciparum nialaria. J. Inimnol. 142:1299.
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