Fig. 4 (left). Undecagold-labeled Fab’ fragments
are shown in (A). The Fab’ molecules show
quantitative labeling and the undecagold spots
(0.8 nm in diameter) are at one end of these 50-
kD fragments. Some Fab’ fragments show more
than one Auy; cluster attached. Three clear frag-
ments, each with one gold cluster attached, can be
seen in the boxed region. This vicinity is enlarged
two times in (B); a simple schematic is shown in
(C). Typical ferritin molecules with gold-labeled
Fab’ fragments attached are shown in (D) and
(E). The binding of a single Fab’-Au,; complex to
a ferritin molecule is shown in (F) for clarity.
Controls are shown in (G to I): Rabbit antibody
to dynein Fab’-Au;;, molecules (not shown) was
prepared and appeared to be similar to (A) and
was reactive toward dynein. When this Fab'-Auy,
was incubated with ferritin and passed through a
column, only native ferritin was found (G). Acti-
vated and unactivated gold clusters (with a malei-
mide or an amine group at the end of the linking
arm) were separately incubated with ferritin, then
separated on a column. Images similar to (G)
were obtained, which indicated that no gold
bound to the ferritin. Spectral absorbance of the
gold was also used to determine that no gold had
bound. Antibody to ferritin Fab’ (with no gold
attached, but with the free sulfhydryl blocked
with N-ethyl maleimide) was incubated in excess
with ferritin. A subsequent incubation with anti-
body to ferritin Fab'-Auy; (and column separa-
tion) showed no gold cluster spots on the ferritin
since all epitopes had been exhausted. The unla-
beled Fab’ around the ferritin is clearly seen in
(H) as an additional shell of protein density.
When antibody to ferritin Fab’-Au,, was incubat-
ed with tobacco mosaic virus (TMV), glutamine
synthetase (GS), and ferritin, only the ferritin was
labeled (I). TMV is the rod-shaped object; GS
molecules are the round, medium-intensity ob-
jects about the same diameter as TMV. Two
ferritin molecules are at the lower right with dense
cores and have several Fab’-Au,; labels attached.
All incubations were for 1 hour at 37°C. Images
were recorded with the STEM in the dark-field
mode at a dose of 0.60 e nm™2. Full width: 106
nm (A and I); 53 nm (B to H).

thin sections or in conventional EMs with-
out a sacrifice of the high resolution of this
technique.

Other antibodies have been successfully
labeled by this technique and include: rabbit
antibody to flagella, rabbit antibodies to 225
dynein and 14S dynein, and two mouse
monoclonal antibodies to bovine factor V.
This indicates that the labeling procedure
described should be generally applicable to
many antibodies.
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Efficacy of Murine Malaria Sporozoite Vaccines:
Implications for Human Vaccine Development

JaMmEes E. Ecan,* James L. WEBER, W. RipLEY BALLOU,

MicHAEL R. HOLLINGDALE, WiLL1AM R. MAJARIAN,

Danier M. GorpON, W. LEE MALOY, STEPHEN L. HOFFMAN,
ROBERT A. WIRTZ, IMOGENE SCHNEIDER, GILLIAN R. WOOLLETT,

JamEes F. Young, WAYNE T. HOCKMEYERT

As part of a study of potential vaccines against malaria, the protective efficacy of
sporozoite subunit vaccines was determined by using the Plasmodium berghei murine
malaria model. Mice were immunized with recombinant DNA—produced or synthetic
peptide-carrier subunit vaccines derived from the repetitive epitopes of the Plasmodium
berghei circumsporozoite gene, or with radiation-attenuated sporozoites. Immuniza-
tion with subunit vaccines elicited humoral responses that were equivalent to or
greater than those elicited by irradiated sporozoites, yet the protection against
sporozoite challenge induced by either of the subunit vaccines was far less than that
achieved by immunization with attenuated sporozoites. Passive and adoptive transfer
studies demonstrated that subunit vaccines elicited predominantly antibody-mediated
protection that was easily overcome whereas irradiated sporozoites induced potent
cell-mediated immunity that protected against high challenge doses of sporozoites.
These studies indicate that new strategies designed to induce cellular immunity will be

required for efficacious sporozoite vaccines.

MMUNIZATION WITH SPOROZOITES

attenuated by irradiation protects ani-

mals and humans from experimental
sporozoite-induced malaria (I). This find-
ing, first with Plasmodium berghei in rodents
and subsequently with the human malaria
species P. falciparum and P. vivax, provided
great impetus to the development of human
sporozoite vaccines. The characterization of
sporozoite membrane antigens that play a
role in the development of this immunity
revealed a family of circumsporozoite (CS)
proteins that have a general structure com-
mon to all malaria species studied to date
(2). The gene for the CS protein of P.
Sfolciparum, for example, contains a long
stretch of nucleotide base pairs that are
highly conserved among different strains of
the parasite (3) and encode a large central
immunodominant repeat region with the
amino acid sequence Asn-Ala-Asn-Pro (4).
Antibodies elicited by immunization with
synthetic peptides derived from this repeat
region neutralize sporozoite infectivity, but
antibodies elicited by immunization with

synthetic peptides derived from two nonre-
peat regions that are highly conserved
among malaria species do not (5). The CS
protein repeat sequences have thus been
identified as the major target for malaria
vaccine development.

There is considerable evidence that anti-
body to the CS protein has a role in sporo-
zoite-induced immunity. Passive transfer of
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Fig. 1. Efficacy of subunit sporozo-
ite vaccines. Mice were challenged
by intravenous inoculations of 500
(W), 1,000 (EZ3), or 10,000 (K)
salivary gland sporozoites 2 to 4
weeks after the final immunizing
dose (see Table 1). Peripheral
blood smears were examined for
parasitized erythrocytes daily for at

018
least 1 month after challenge. Val-

(D-16-N) c A

Y -Spz

KLH pBitety,

NI KLH ues above each histogram indicate
the number of mice protected out

of the number challenged; protect-

ed animals failed to develop patent parasitemia during the follow-up period. Immunizing antigens are
indicated under each histogram. Construct pBltet;, was combined with either complete Freund’s
adjuvant (C) or alum (A); NI, nonimmunized mice; y-Spz, mice immunized with y-irradiated

sporozoites.

monoclonal antibodies (mAb) to P. berghei
CS protein protects recipient animals (6),
and humans living in endemic areas have CS
antibodies with biologic activities that cor-
relate with protection from sporozoite chal-
lenge (7). Subunit vaccines prepared against
P. falciparum CS protein have been devel-
oped both by recombinant DNA techniques
and by synthesizing peptides and are being
tested for safety and immunogenicity in
human volunteers, but their efficacy has not
been tested by challenge with viable sporo-
zoites. The CS gene for P. bergher has recent-
ly been cloned and sequenced (&), making it
possible to use the rodent malaria model for
testing sporozoite vaccines. In the study
reported here we used this murine model to
demonstrate that immunization with sub-
unit CS protein vaccines induces high levels
of antibodies to P. berghei sporozoites, but
that the protection obtained is quantitatively
and qualitatively different from that induced
by immunization with irradiated sporozo-
ites. The data suggest that vaccines that also
elicit cell-mediated immunity will be re-
quired for human antisporozoite vaccines.
A 16-residue peptide (D-16-N) contain-
ing two tandemly repeated octapeptides
from the repeat region of the P. berghei CS
protein was synthesized and conjugated to

keyhole limpet hemocyanin (KLH) (9). A
P. berghei CS construct, pBltets;, was ex-
pressed in Escherichia coli as a fusion protein
containing 254 amino acids including the
entire central repeat region of the CS pro-
tein (10, 1I). C57Bl/6 mice were immu-
nized with (D-16-N)-KLH or pBltets,,
with complete Freund’s adjuvant (CFA) or
alum being used as adjuvants (12) (Table 1).
Control mice were immunized with 50 pg
of KLH in CFA or with multiple intrave-
nous doses of gamma-irradiated (y) P.
berghei sporozoites (13).

Sera from the mice immunized with (D-
16-N)-KLH, pBltets,, or y-sporozoite—im-
munized mice contained high titers of anti-
bodies that reacted in an enzyme-linked
immunosorbent assay (ELISA) (14) when
(D-16-N) conjugated to bovine serum albu-
min [(D-16-N)-BSA], pBltets; or P. berghei
sporozoites were used as antigens (Table 1).
Sera from these mice also blocked sporozo-
ite invasion of human hepatoma cells in
vitro (ISI assay) and reacted in the circum-
sporozoite precipitation (CSP) assay (14);
both assays are thought to correlate with
protection from sporozoite challenge. Im-
munization with CS subunit vaccines in-
duced antibodies with higher ELISA titers
and greater CSP and ISI activities than did

Table 1. Immunization schedule and serum reactivity. ND, not done.

Schedul ELISA titert Csp+
Immunogen* Dose cheque ISI§
g (weeks) (Dl-gls6AN) pBltet;,  NK65 score
(D-16-N)-KLH-CFA 100 pg 0,3,7,12 30,800 10,580 2,250 84 93
pBltet;,-CFA 50 pg  0,2,4,8 3,600 23,295 6,150 89 97
pBltets;-alum 50 ng 04,8 2,975 12,475 4,063 83 94
y-Sporozoites 50,000 0
11,000 2 3,000 3,000 3,940 62 85
2,000 4
KLH-CFA 50 ug  0,3,7,12 0 0 0 2 ND
cptides and recombinant construct: (D-16-N) = (DPAPPNANDPAPPNAN);

*Structure  of flynthetic

pBltets; = MDRTPS(1-254)DPrtets,.

1Titer determined by ELISA with (D-16-N)-BSA, pBltets;, or NK65

sporozoites being used as antigen. At each dilution the standard deviation was less than 0.1 optical density (O.D.)

unit. The geometric mean titers for grouped sera were calculated by using the dilution of individual sera, giving an
5 were reproducible to within a single dilution of serum.
§Inhibition of sporozoite invasion into HepG16-2A cells in vitro

O.D. of 1 (50% maximal absorbance), an:
zoite precipitation score (see legend to Fig. 2).

+Circumsporo-

by serum diluted 1:20 (14). Both CSP scores and ISI activities were reproducible to within 5%.
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Fig. 2. Relation between CSP scores and protec-
tion from sporozoite challenge. CSP assays were
performed as described (14) with sera diluted 1:2.
Each of 25 sporozoites was scored as 0 (no
reaction), 2 (surface precipitate), or 4 (filamen-
tous precipitate), and the sum of these scores was
plotted for individual mice immunized with irra-
diated sporozoites (y-Spz), recombinant DNA
construct (pBltets,), or synthetic peptide conju-
gate (D-16-N)-KLH. Mice were challenged intra-
venously with 500 (O), 1,000 (A), or 10,000 (C7)
NKG65 P. berghei sporozoites. Solid symbols indi-
cate protected mice. All animals challenges with
the 1,000-sporozoite dose were protected.

immunization with +y-sporozoites.
Protective efficacy of these vaccines was
determined by intravenous challenge with
500 to 10,000 sporozoites from the salivary
glands of mosquitoes (Anopheles stephensi).
When all groups of mice that received the
subunit vaccine were considered, only 17
out of 57 (30%) were protected from chal-
lenge with 500 sporozoites (Fig. 1). None
were protected when challenged with 1000
sporozoites. The mice that received their
first three doses of pBltets,-CFA at 2-week
intervals appeared to have decreased protec-
tion. In no subunit-vaccinated group did
protection exceed 45%. In contrast, all but
one of the animals immunized with y-sporo-
zoites were protected even when challenged
with a 2- to 20-fold greater dose of sporozo-
ites. Protection of subunit-vaccinated mice
was never seen in the absence of detectable
antibody, but high levels of CSP activity did
not assure protection in these groups (Fig.
2). In contrast, +y-sporozoite—immunized
mice had CSP activities comparable to sub-
unit-vaccinated  individuals, yet resisted
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much greater sporozoite challenges. Analy-
ses of ISI and ELISA results for individual
animals were similarly not predictive of pro-
tection.

In previous studies, passive transfer of
serum from sporozoite-immunized animals
did not protect recipient animals from chal-
lenge, but passive transfer of purified mAb
to a repetitive epitope on P. berghei sporozo-
ites did protect recipient mice in a dose-
dependent manner (6, 15). To determine
whether protection induced by subunit vac-
cines was a function of antibody concentra-
tion, we used a protein A column to purify
immunoglobulin G (IgG) from serum ob-
tained from the mice that received (D-16-
N)-KLH, pBltets;, or y-sporozoites and
were protected when challenged with 500
sporozoites (16). Plasmodium berghei mAb
3.28 (IgG1l), which reacted with CS protein
by immunoblot and produced high ELISA,
CSP, and ISI activity was similarly purified.
These antibodies were injected intravenous-
ly into naive mice 30 minutes before they
were challenged with 500 sporozoites. As
shown in Table 2, mAb 3.28 protected
recipient animals in a dose-dependent fash-
ion, with 100% protection in all mice receiv-
ing at least 100 pg of mAb. Protection with
polyclonal serum was observed only with
the 250-pg dose of (D-16-N)-KLH IgG,
which contained 5.65 pg of CS-specific
antibody (2.26% of 250 ug). These data
suggest that polyclonal antibodies in mice
injected with CS subunit vaccines may be
more effective than monoclonal antibodies.
However, levels of CS antibodies produced
with y-sporozoite immunization were com-
parable to those elicited by subunit vaccina-
tion yet vy-sporozoite immunized mice re-
sisted challenge with at least 20 times more
sporozoites than subunit vaccinated mice.
These data indicate that the mechanism of
protective immunity elicited by y-sporozo-
ites is fundamentally different from that
induced by immunization with subunit CS
protein vaccines and may be independent of
antibody.

The potential importance of antibody-
independent mechanisms was first suggested
by experiments with sporozoite-immunized
mice that had been treated with goat anti-
body to the  chain of immunoglobulin M
and therefore could not produce antibody
but were protected against sporozoite chal-
lenge (17). Adoptive transfer experiments
by one of us (W.T.H.; see Fig. 3A) showed
that T-cell-enriched spleen cells from y-
sporozoite~immunized donors protected re-
cipient animals, but B-cell-enriched spleen
cells did not, extending an earlier observa-
tion that sensitized whole spleen cell popula-
tions conferred protection (18). We similar-
ly examined the development of cellular
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Fig. 3. Adoptive transfer of immu-
nity to sporozoite challenge. (A)
Recipient mice received 2.5 x 10°
(m), 1 x 10° (0J), or 5 x 105
spleen cells from mice immunized
with y-sporozoites. Immune spleen
cells (ISC) were fractionated by ny-
lon wool columns. Nonadherent
cells were treated with antisera to
light chains of immunoglobulin to
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yield a population enriched for T
lymphocytes. Adherent cells were
treated with antisera to theta chains
of immunoglobulin to yield a pop-
ulation enriched for B lymphocytes.
NSC, normal spleen cells. (B) Re-
cipient mice received 1 x 10" (KJ)
or 2.5 x 10° (M) unfractionated
spleen cells from mice that were
protected following immunization
with the recombinant protein
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pBltety,-alum (RSC) or the syn-
thetic peptide (D-16-N)-KLH-
CFA (PSC). Control mice received

NSC

total spleen cell populations from vy-sporozoite immunized (ISC) or nonimmune (NSC) mice.
Recipient mice were irradiated with 500 R immediately prior to transfer and received a booster
injection of 10,000 ~y-sporozoites 24 hours later. Mice were challenged with 10,000 (A) or 1,000 (B)
salivary gland sporozoites 7 days after cell transfer. The number that did not develop patent parasitemia
out of the number challenged is shown for each group.

Table 2. Protective efficacy of passively transferred IgG purified from ascites containing mAb 3.28 or
from sera of normal mice (control) or mice that were immunized with (D-16-N)-KLH, pBltets,, or y-
sporozoites and shown to be protected from sporozoite challenge (15). The concentration of antigen-
specific IgG was determined by ELISA with (D-16-N)-BSA as the capture antigen and expressed as
percentage activity relative to mAb 3.28. Data are expressed as the number of mice protected out of the
number challenged. The mean day that parasitemia was first detected is given in parentheses. ND, not

done.
IgG source (and percentage activity)
Dose :
(ng) mAb 3.28 (D-16-N)-KLH pBltets, y-Sporozoites Control
(100%) (2.26%) (1.05%) (0.03%) (0%)
500 4/4 > ND ND ND ND
250 4/4 3/4 (7.0) 0/4 (6.5) 0/4 (5.8) 0/4 (5.8)
100 4/4 0/3 (5.7)% 0/4 (5.0)* ND ND
50 1/4 (5.3) ND ND 0/4 (5.7) 0/4 (4.8)
25 0/4 (5.8) 0/4 (5.8) 0/4 (5.7) 0/4 (5.0) 0/4 (4.8)

*The dose was 125 g for these groups.

immune responses in mice vaccinated with
subunit CS protein, contrasting these re-
sponses with those elicited by y-sporozoite
immunization. Sensitized spleen cells from
mice immunized with and protected by
y-sporozoites, (D-16-N)-KLH-CFA, or
pBltetsy-alum were adoptively transferred
into naive animals that received boosting
doses (10,000 vy-sporozoites) 24 hours later
and were challenged after 1 week with 1000
sporozoites (Fig. 3B). Spleen cells from
sporozoite-immunized donors, but not from
subunit vaccinated donors, protected the
recipient mice.

These studies have important implications
for sporozoite malaria vaccine development.
It may be possible to improve the efficacy of
subunit vaccines by modification of the im-
munization rcglmen or dose (19), alteration
of the orientation of the peptide-carrier cou-
pling (20), inclusion of other sporozoite-
derived epitopes, or the use of more potent

adjuvants. In this study we also challenged
mice with intravenous injections of sporozo-
ites. Under natural conditions animals are
challenged by mosquito bites so that sporo-
zoites are introduced into capillaries and are
likely to be exposed longer to the protective
effects of antibody prior to reaching the
liver. These studies differentiated between
cellular and humoral protective responses
induced by vaccination and emphasize that
cellular immune mechanisms are critical to
the high level of protection induced by v-
sporozoites. The correlation of protective
immunity with CS antibody as indicated by
CSP and ISI activity in animal and human
immunization studies may largely be an
epiphenomenon marking induction of criti-
cal but unrecognized cell-mediated immuni-
ty. In theory, animals vaccinated with pep-
tide-carrier conjugates preferentially induce
humoral responses since T epitopes required
for cellular responses (excluding T-helper
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activities) are generally not found on short
synthetic peptides. Unlike the repeat region
of P. falciparum, the P. berghei CS protein
contains variable tandem repeats consisting
of three different octapeptides and a long
stretch of dipeptides (8). We used the con-
sensus octapeptide for synthetic peptide im-
munization, but it is possible that other
epitopes may be important in protection.
The recombinant construct pBltets, includ-
ed the entire repeat region sequence as well
as flanking nonrepeat regions, suggesting
that if T-cell epitopes involved in the induc-
tion of cellular immunity were included they
were ineffective because of inappropriate
conformation or antigen presentation. At-
tenuated sporozoites must be intact and
administered intravenously to be efficacious
(21), suggesting that targeting of the orga-
nism to a particular cell and subsequent
processing and presentation of antigen in
association with histocompatibility mole-
cules may be important. From studies in
vitro it appears that sporozoites shed CS
protein onto the surface of hepatoma cells
during invasion and that developing exo-
erythrocytic forms express epitopes recog-
nized by mAbs against sporozoites (22). It is
possible that CS protein or other non-CS
antigens associated with these developing
exoerythrocytic forms elicit responses medi-
ated by natural killer cells, cytotoxic T cells,
or cytokines. However, the antigens, specif-
ic cellular effector mechanisms, and their
targets have not been identified. By using
the P. berghei model it should be possible to
develop subunit vaccines capable of induc-
ing these cell-mediated responses and to
apply these findings to the development of
sporozoite vaccines against human malaria.
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Glucocorticoid Receptor—Like Antigen in Lymphoma
Cell Membranes: Correlation to Cell Lysis

BAHIRU GAMETCHU

S-49 mouse lymphoma cells undergo lysis when treated with glucocorticoids; the
mechanism of this effect is not understood. A protein was detected in the plasma
membrane of these cells by means of direct immunofluorescent labeling with a
monoclonal antibody to the soluble glucocorticoid receptor. Cellular heterogeneity in
the content of this glucocorticoid receptor—like molecule was evident. By immunoad-
sorption to antibody-coated tissue culture plates, the cells were separated into
populations positive (100%) and depleted (38%) for this membrane antigen. Gel
electrophoresis, specific immunoblot, and autoradiographic (binding of [*H]dexa-
methasone mesylate) analysis of the membrane proteins from the membrane antigen—
positive group revealed multiple protein bands ranging in size from 85 to 145
kilodaltons. Furthermore, comparison of the glucocorticoid sensitivity of these groups
of cells showed complete lysis of the membrane antigen—positive cells and only partial
lysis of the antigen-deficient group, which suggests that the lysis response of cells to
glucocorticoids is mediated by a glucocorticoid receptor—like molecule located in the

plasma membrane.

LUCOCORTICOID HORMONES ELICIT
a series of cellular responses in lym-
phoid tissues that ultimately result in
cytolysis, a property that allows important prac-
tical applications of these steroids in the treat-
ment of certain leukemias and lymphomas (1,
2). Although the exact mechanism of this in-
duced cell lysis is obscure, the effect is

known to be mediated by the glucocorticoid
receptor (GR) (3). In some patients with
various blood dyscrasias, high numbers of
lymphoid cell receptor sites have been corre-
lated with good clinical response to gluco-
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