Muolecubar Moedicing 7i4) © 147-354, 1001
01 211 The Picower Instinne Pross

Induction of Biologically Active Antibodies in Mice, Rabbits, and
Monkeys by Plasmodium falciparum EBA-175 Region I DNA vaccine

B. Kim Lee Sim.' David L. Narum.' Hong Liang.' Steven R. Fuhrmann,' Nicanor Obaldia 111,*
Robert Gramzinski,? Joao Aguiar,* J. David Haynes,* J, Kathleen Moch,® and Stephen L. Hoffman®

'EntreMed, Inc., Department of Molecular Biology, Rockville, MD, USA;

*Promed/Gorgas Memorial Laboratory, Panama City, Panama

*Department of mmunology, Walter Reed Army Institute of Research, Washington, DC, USA
*Malaria Program, Naval Medical Research Center, Silver Spring, MD, USA

Accepled January 2%, 2001 -

Abstract

Background: Plasmediiom falaparm merozoites bind to and
invade human erythrocytes via specific ervithrocyte recep-
tors. This esiablishes the ervihrocytic stage of the parasite
life cycle that causes clinical disease resulling in 2-3 million
deaths per year. We tested the hypothesis that a Flaseodinm
Jalcrparion ligand, EBA-173 region 1T (BRI, which Dinds its
erythrocyte recepior glycophorin A during invasion, can
be used as an immunogen to induce antibodies thar block
the binding of BRI to ervibrocytes and thereby inhibit para-
site tnvasion of erythrocytes. Accordingly, we immunized
mice, rabbits, and monkeyvs swith DNA plasmids thar en-
coded the 616 aming acid BRI

Materials and Methods: DNA vaccine plasmids that tar-
geted the secretion of recombinant RI1 protein with and
without the umiversal T-cell helper epitopes PAPI0 were
used to immunize mice, rabbits, and Aolus monkeys. HI
specific antibodies were assessed by IFA, ELISA, blocking
of native [”S] labeled EBA-173 bhinding o human ery-
throcytes, and growth inhibition assays, all in vitro.

Results: The RII DNA plasmids were highly immuna-
genic as measured by ELISA and IFA. The anti-RIT anti-
bodies blocked the binding of native EBA-175 1o eryvthro-
cytes, and rosetting of ervthrocytes on COS-7 cells
expressing BRI Most important, murine and rabbit anti-
RIl antiboedics inhibited 1the invasion of merozoites into
erythrocyies. We immunized nonhuman primates and
showed that the BIT-BNA plasmids were immunogenic
and well wolerated in these monkevs, Monkeys were chal-
lenged with parasitized erythrocytes: one of three mon-
keys that received BRI DNA plasmid was protecied from
fulminant discase, Aler challenge with live parasites,
anti-RII amibiody iters swere boosted in the immunized
mionkeys.

Conclusions; By proving the hypothesis that anti-R11
antibodies can block merozoite invasion of ervihrooytes,
these studies pave the way for the clinical evaluation of
EBA-175 as a receptor-blockade vaccine.

Introduction

Invasion ol erythrocyies by malaria parasites re-

quires parasite ligands that interact with specific

erythrocyte receptars. The 175 kDa Plasmodivom falo-
parum erythrocyte binding protein (EBA-175)
mediates invasion of ervihrocyies by binding o
erythrocytes (1,2). The domain of EBA-175 tha
binds erythrocyies was identified as region [T (R
using truncated portions of EBA-175 expressed on
C0S-7 cells (3). RIL, which contains a duplicated
cysteine-rich motif, and native EBA-175 bind
specilically o glycophorin A on the erythrocyte
membrane. This binding is dependent on sialic
acids on glycophorin A because metabaolically
labeled native EBA-175 fail to bind desialated
glycophorin A as well as neuraminidase treated
ervihrocytes (3).
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Sequence analysis of RII shows complete con-
servation of cysteine residues in more than 30 labo-
ratory strains as well as wild isolates, indicating that
the tertiary structure of RIID is probably required for
function {4) (Liang. unpublished data). At the
amino acid level, strict conservation of sequences
between cysteines occurs, with the exception of 5 (o
I3 5];4:;‘ifi4: residues scattered lhrull}_;huul RI1. By
examining targeted surface expression of RIL on the
surface of COS-7 cells, we found that these few
changes limited 1o specific residues did not affect the
binding function of RIL Furthermore, the sialic acid«
binding specificity was conserved because none
bound 1o neuraminidase-treated erythrocytes (4).
These results further emphasize the importance of
assessing EBA-175 RIl as a candidate for receptor-
blockade vaccines.

We hypothesized that amibodies raised against
Rl would imerfere with the ability of merozoires 1o
bind 1o ervthrocytes during invasion, thus inhibiting
invasion. To test this hypothesis, we immunized mice
and rabibrits with DNA plasmids containing the entire



248 Muolecular Medicine, Volume 7, Number 4, 2001

K1l gene sequence. We report that the R11 plasmids
were highly immunogenic, and that the antibodies
generated were potent at inhibiting merozoite inva-
sion of erythrocytes. We also assessed the safery,
immunogenicity, and protective efficacy of the most
promising immunogen studied, in Aotus monkeys,
The results of these studies support the further devel-
opment of EBA-175 as a receptor-blockade vaccine,

Materials and Methods

Parasites

Plasmodivm faldparwm parasites strains 307 (clone of
MF54, Amsterdam  Airport, chloroguine sensitive
strain used in human trials) and FYO (Uganda, Aotus
adapted strain) were cultured as previously reported
(5). A thermal-cycler incubator maintained parasite
synchrony (Haynes and Moch, manuscript in prepara-
tion}, and schizonts were purified on Percoll density
gradients (6). The FVYOQ parasites were metlabolically
labeled with TRAN'S-LABEL™ (ICN Radiochemi-
cals, Irvine, CA) as previously described (3). Parasite
culture supernatants containing labeled EBA-175
were stored at —70°C,

Constricction of EBA-173 RIF DNA Vaccines

P falciparum EBA-175 RIl (amino acids 1453-7a0,
1848bp for either FY O or 3D7) was ampliticd using
Vent DNA polymerase (Mesw England Biolabs,
Beverly, MA) from 100 ng of genomic DNA using
the forward primer S"ATCGAGATCTGGAAGAAAT-
ACTTCATCT?, Reverse primers 3"ATCGAGATCTT-
TACGAAGTTTIGTTCATTATTS or SATCGAGATCT-
CGAAGTTTGTTCATTATTS were used for cloning
into the expression plasmid vectors YRIO20 and
VRL0Q50, respectively (7.8). These plasmid veclors
use the human cytomegalovirus promaoter and intron
A, human tissue plasminogen activator, as the secre-
tory signal and the bovine growth hormone tran-
scriptional terminator/polyadenylation signal. To
enhance immunogenicity, the expression plasmid
vector (VRI1050) contained the pene sequences en-
coding the universal T-cpitopes [rom elanus wxin
P2P30 (9}, which were located 5 to the RII gene
in the DNA vaccine. The clones were selected for
correct orientation by PCR and sequence-verifice.
Human melanoma cells (UMA49) were transiently
transfected with the plasmids VRI020 and VR 1050
containing KII insert with Lipofectamine™ follow-
ing the manufacture’s protocol (Life Technologics,
Gaithersburg, MD}). Secretion of RIL pretein in cul-
ture supernatants was confirmed by Western blat,
The resultant plasmid vaccines for FVO RID inserted
into VR1020 and VRIO50 are VR2516 {pFVORIL)
and VR2527 (pFVORIL/P2P30), respectively, Purity
gauged by UV spectroscopy (260 nm/280 nm} was
between 1.70 and 1.90; agarose gel electrophoresis
showed predominately supercoiled plasmid., and
endotoxin levels detected using the Limnlus ameebocyie
assay were less than 10 EU/mg plasmid DNA.

Atrfmntls e Tt zations

All animal studies were done in compliance with
protocols approved by Animal Care and Use Com-
mittees, Groups of 5 AL, Balb/c, CAF/L, C37Bla,
and DBA/2Z) mice were inoculated intradermally
with a 29-gauge needle at two sites in the tail, 50 ug
per site with VR1020 {empty vector), pFVORII, andd
pFYORI/P2IP30 in 50 pul PBS. The mice were inoc-
ulated on days 0, 21, and 42 and bled on days -1, 14,
35, and 56. Pooled sera were stored at —70°C until
used, Rabbits received a total of 3 mg of DNA vac-
cine at 1 mp/mL in PBS and administered as fol-
lows: 1) bilaterally into each quadriceps muscle (2 %
500 wl), 2) bilaterally into each gluteus maximus
muscle {2 = 300 ul), and 3} intradermal injections
{10 % 100 ply across the back. Both male and female
Aotus lesurines lemurings (karyotype VIEor 1X) mon-
keys (10) weighing between BO0-900 grams were
used in our studies. These monkeys were main-
tained in the animal facility of the Gorgas Memorial
Laboratory in Panama City, Republic of Panama,
cared for as previously described (11) and in accor-
dance with the Guide for the Care and Use of Labo-
ratary Animals of the National Research Council,
1996, Iniradermal delivery of DNA wvaccines was
performed under light sedation with Ketamine at
20 medke intramuscularly, using a 1 mL insulin sy-
ringe with a fused 29-gauge 0.5-inch needle (Becton-
Dickenson, Franklin Lakes, NJ). Monkeys received a
total of 500 pg of plasmid DNA in saline in a series
of four immunizations at weeks 0, 3, 6, and 47 on the
lower back on six different sites. The maximal vol-
ume administered in any one site was 100 gl

Enzyme-linked Inpmosorbent Assay (ELISA )

Serum antibodies were assayed essentially as de-
scribed {12), The capture antigen was a baculovirus
recambinant EBA-175 RII protein (13). Goat anti-
human lgG (Promega, Madison, W1}, which cross-
reacted with Aotus IgG, was used as the secondary
antibody for the ELIS AL Substrate was added {100 ulf
well) and incubated for 1 hr for rabbit or 30 min for
Aotus sera (Pierce, Rocklord, 1L} The optical density at
&35 nm was determined using a Molecular Devices
Spectra Max 250 (Sunnyvale, CA). The ELISA results
are reported as the interpolated reciprocal dilution cs-
timated to give an optical density (0D of 0.5,

Indirea Immunofluorescence Assay (1FA)

Mature erythrocyric stages of FVO and 307 strains of
P falaparunr cultured G virro were used to prepare
thin films of parasitized blood. Parasitized crythro-
cyles were washed three times in PES containing 2%
B5A, dispensed in shide wells, left to air-dry, and
then frozen at —70°C. After slides were thawed in
a dehumidifier, duplicate wells were averlaid with
15 ul of the test and contral antibody dilutions and
incubated in a moist chamber at 37°C for 60 min.
Fluorescence detection was done with the appropri-
ale sccondary antibodies diluted in PBS containing



LSim BKL et al.: P falciparinn EBA-175 RII DNA Vaccine 249

0.005% Evans blue. When testing mice, rabbir, and
Aolus monkey sera, FITC-labeled goat anti-mouse
IgG (Becton Dickinson, San Jose, CA), FITC-labeled
poat anti-rabhit IpG (Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg, MD), and FITC-labeled goat
anti-human IgG (TCN Biomedical. Costa Mesa, CA)
were used  respectively, FITC-labeled goat anti-
human IgG, which cross-reacted with Aotus 1pG, was
used for the IFA. Slides were examined under an
Olympus UV microscope. End-point titers were de-
termined as the last dilution above the background,
in which fluorescent parasites were observed. Back-
pround  Ouorcscence was  determined  using pre-
imimunization sera for each immunized group.
Tnhikition of Merozodte fnvasion in Vitro

For the analysis of antibody mediated blockade
{growth ar invasion inhibition assays, GIA), triplicare
wells in 48-well plates were prepared as for static cul-
tures (53, but these were keprt suspended on a ratator
platform (Haynes and Maoch, in preparation). Briefly,
synchronized cultures of P faldpanoen schizont-infected
erythrocyles were mixed with test or control sera
{after heat inactivation and adsorption three times
with human erythrocytes) so that final sera concentra-
tiom {v/v) was 10% {mouse sera) or 20% (rabbit sera)
and the final hematocrit was 1.5% {mouse sera) or 6%
(rabbit sera). Pooled AT mouse sera were used toin-
crease the amount of material for testing. A final 10%
heat-inactivated normal human serum was included
in all microcultures  with  bicarbonate-comaining
RPMI 1640 and gassed with 5% O, 5% CO,. Alter a
single cycle of merozoire invasion, Giemsa stained
thin smears were prepared. Parasitemias were deter-
mined by counting the number of parasites in 5000
RBCs. The percentage inhibition was calculated from
the mean parasitemias of triplicate test and control
wells as 00 = (control-test)/control.

duliibition of Erytlrecytes Binding to C08-7 Cells
Expressing RID o the Surface

COS8-7 cells were ransfected with the RID plasmid
DA i a-well culiure dishes as described (3. Pooled
sera from immunization groups were diluted in
DMEM with 10% FBS and 1 mL was used to replace
media of COS-7 cell monolayers. The monolayers
with sera were incubated for 1 hour at 37°C, followed
by addition of 10 gl packed {1 % 10%) human ery-
throcytes. The dish was swirled gently and incubated
for an additional 1 hr at 37°C, Nonadherent eryihiro-
cytes were washed off monolayers by gentle removal
and replacement of culiure media/10% FBS. The
number of COS5-7 cells with rosettes of erythrocytes
were scored using an inverted microscope, A COS-7
cell with a rosetie of erythrocytes was defined as more
than 10 erythrocytes adhering to a single cell.

Blocking of Native EBA-173 Binding to Erythrocyetes

[**s}|-metabolically labeled EBA-175 from parasite
culture supernatants was used for binding assays as

previously described (3). The blocking of native
[**S]-EBA-175 binding to erythrocyles by rabbit
serum was calculated as the percentage of blocking
relative 1o the control at a 1:10 dilution. For Aotus
monkeys, the blocking of binding was reported as
the reciprocal dilution resulting in 50% inhihition
relative 1o the control, The “control” was the counts
from [**S]-EBA-175 bound to erythrocyles in the
presence of normal rabbit or Aotus sera. The counts
due o background swere subtracted from all samples.

Aoty Clrallenge Stiedivs

Aotus monkeys were challenged with 1 % 10* p
Sfaldparum {FVO) infected erythrocyies as follows: on
day 0, the donor monkey was bled via the ear vein
and its parasitemia calculated as parasites/pl. The
monkey was then bled via the saphenous vein using
a I mL syringe cantaining acidified citrate dextrose
(Red Cross, Rockville, MDY, A precalculated amount
of blood was withdrawn and mixed, immediately on
withdrawal from the animal, with a premeasured
amount of RPMI (37°C) resulting in a cell suspension
containing 10,000 P falgparnn-infected Aotus erythro-
cytes per ml. This preparation was gently swirled as
a syringe for each of the nine monkeys was Alled.
Each maonkey received 1 mlL of the cell suspension,
administered intravenous wia the saphenous veimn
Animals were monitored daily after they were in-
fected for parasites. The daily blood films {thick films
only) were prepared from blood taken by lancet from
cach animal’s ear. The films were air-dried and stained
with Giemsa stain. Parasitemias were evaluated by
the Earle-Perer method, Ten microliters of blood was
dispensed onto a measured area on a microscope slide;
parasitemias were calculated as “parasites per wl of
blood.” Twice a week, the animals were hled for
hematocrit determination and serum collection. In our
study, vaccine failure was defined as 1) parasitized
erythrocytes above or equal to 400,000 parasites per
pL {approximately 10%), at which time the monkey
was treated with 40 mg mefloquine {single oral dose);
2) the hematocrit decreased by 50% over pre-infection
values; or 3) other symptoms such as anorexia or de-
pression appeared. Alter treatment, the monkeys were
monitared twice a week for at least 100 days uneil
there was no sign of parasites in Giemsa-stained thick
films and the hematocrits had returned to normal,

Results
Expression in Vitro of EBA-173 RII

Human melanoma cells were transfected with
plasmids pFVORIL pFYORINP2P30, p3D7RIL or
PIDTRIVPIPI0 and expressed RID in culture super-
natants (Figure 1) All four DNA vaccine constructs
secreted a protein of approximately 70 kDa, which
was detected by polyclonal antibodies from rabbits
immunized with pFVORIIP2P30 (predicted molec-
ular mass of RII is 73.6 kDa). The secreted proteins
from plasmid constructs, which contained the P2P30
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Fig. 1. Western blot of secreted faleiparron 3DT and FYO
R proteins showing expression i vitree, UMA49 cells wiere
transiently transfiecled with DNA plasmids VR 1020 and VR 1050
containing 207 and FVO RIL respectively, BU prdein was de-
tected by polyclonal rablit anibodics generared by DNA vaccl-
nation. Emply vedlor conirel (VRIOZO) is shown, Molecular
weight designations are given an the x-axis of the figure.

gene fragment fused to RIL were slightly larger in
molecular mass owing to the expression of PZP30
{predicted size of P2P30 is 4.3 kDa).

Immunagenicity in mice. rabbiss, and Aotus monkeys of RY
PNA vaccires

All mice immunized with pFVORII and pPEVORIS
PZP30 generated antibodics that recognized EBA-175
as detected by IFA against parasitized erythrocytes.
The antibody titers by end-point dilution after three
immunizations ranged from 1/1280 w /10240 and
were still detectable 22 weeks after the final immu-
nization {Table 1). In mice, there was indication thar
inclusion of the P2P30 universal T-helper epitopes
enhanced antibody responses,

Immunization of rabbits with pFVORIIFP2P10

by subcutaneous and intradermal administration
generated significant anti-R11 antibody [CSpPanses,
The serum dilution at which the OD was 0.5 Loy
ELISA was 60,000 and 70,000 for the two rabbits.
The IFA titer was 10,000 for bath.,

Aotus monkeys immunized in groups of three
also generated anti-R11 antibody responses. Analy-
sis of the Actus sera after each immunization
demonstrated  that  the monkeys that received
PEVORIL P2P30 developed anti-RII antibody titers
sooner, and these titers appeared higher through
three immunizations, but the differences did not
reach the level of statistical significance {(r = 0.05).
The geometric mean ELISA liters for the pFVORII
and pEVORII/ P2P30 groups alter three immuniza-
tions were 200 and 2500 (Figure 2), whereas the cor-
responding TFA titers were 1:80 and 1:1280, respec-
tively, Approximately, a 10-fold enhancement
existed with the P2P30 fragmeni at this point. How-
ever, alter a complete regimen of four immuniza-
tions, the geometric mean titers and individual titers
were equivalent for the two different plasmid con-
structs (Figure 2).

Thibition of P. falciparum Growdli or Divasion in Vitro
by Monse and Rablit Polyclonal Antibodies

Plasmid DNA vaccination of mice and rabibits with
pPEVORII/FZP30 produced anti-R11 antibodies that
inhibited £ faliiparim FVO growth in vitro. Mouse
and rabbit immune sera at a dilution of 1:10 and 1:5
inthibited growih by 66% and 43%, respectively, as
compared to sera from mice and rabbits that re-
ceived the emply plasmid (YRI1020) DNA control
{Table 2).

Inhibition of Roseiting of Erythrocytes to COS-7 Cells
Expressing EBA-175 RI oar the Cell Surface by Auti-Rif
Folyelmral Anrifvodfes i

Pooled serum from the A/J mice and rabbits at 1:320
dilution inhibited the binding of erythrocytes 1o COS-
7 cells expressing RII by 100%. Aoctus sera did not
completely inhilit rosetting, bt a0 a dilution of 1:4,
the sera markedly reduced the number of erythrocytes
{=30%) per COS-7 cell expressing RII {data ot shown),
The reciprocal end-point 1FA titers against infecied

TABLE 1. Titers as determined by [FA against B faleiparun infected erythrocytes of pooled sera (n =5} taken
two weeks after the third immunization for 5 strains of mice immunized with RII BDNA plasmid constructs

Reciprocal IFA Titer

COMNSTRUCT DRA/2 Balhfc Al C57Bl/6 CAF
pEVORII 2560 5120 106240 2560 5120
pPEVORIIP2PI0 1560 1280 10240 2340 2560
Comtrol (VR I0Z0) <10 < 10 < 1b <10 <10
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Fig. 2. Aotus antibody responses (o EBA-175 RIL after
immunization with DNA plasmids containing RIL Groups
af three monkeys were immunized imradermally 4 times al
time 4, & and 28 wecks with pFYORIL pEVORINPIPI0,
ar YR 2O (empiy plasmid). The Aotus monkevs were
challenged with the homologous £ fidparam FVO sirain two
weeks after 1he 4" immunization and sera were tested from
approximately 3 weeks posichallenge, Open circles ()
represent individuoa] reciprocal titers ar an ELISA OD of 0.5,
Solid diamonds () represent reciprocal geametric meean liters
al an ELISA OD of 0.5, P1 represents pre-immune sera and PP
represenls pasichallenge sera, Error bars represent standard
crror of the mean.

erythrocytes for each animal species were consistent
with the inhibition of rosewing patterns abserved, i.e.,
Add, 10,000, rabbir 20,000, and Aotus, 2500.

Inthibition of Native EBA-175 Binding te Erythrogites

by Anti-RIT polvcloral Antibodies

Sera from mice, rabbits, and Aots monkeys blocked
binding of ["*S]-metabolically labeled P fald-
param EBA-175 to erythrocyies, Using scera from A
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Fig. 3, Rabbil EBA-175 Rl specilic antibodics block native
EBA-173 hinding to human erythrocytes, |"*5)-labeled ERA-
I7% cullure supemnatants woere incubated with a titration of RII
spectfic antibadies and then added 10 human ervithrocyles, Ery-
throcytes were pelleted as deseribicd in Materials and Methods
and bound 17'8]-labeled EBA-175 was elutcd and detecred by
phospho-imaging (A} B shows the percent blocking of native
EBA-175 Linding tu coythrocyles as compared 1o the control sera
ata I10 diluion,

mice and rabbits immunized with pFVORII/P2ZP30,
we achieved a 50% inhibition at a serum dilution
of approximately 1:500 for AZJ mice (data not showar)
and approximately 1:1000 for rabbits (Figure 3) com-
pared to empiy vector (VR1020) immunized con-
trols. Most significantly, Aotus monkeys immunized
with either pFVORIL or pFVORII/P2P30 generated
antibudies that blocked EBA-175 binding to human
erythrocytes. The individual reciprocal blocking

TABLE 2. Inhibition of P falciparum FYO growth or invasion with anti-EBA-175 RI polyclonal sera in vitro
“oParasitemia®
Inhibition
Serat Control® Experimental (% of control) Paired t-test
Mouse 0.81 = 0.07 .28 = 0.08 66 <01
Rabhit 1.04 = .20 0.59 = 0.11 43 =0,03

“Ponled AL sera o fnadividual rabbi serse sweere tested at a dilution of 1200 amd 135, respectively Tur ane oycle of invasion in

suspension microcultures.
"Values are means = standard errors of 1riplicates.

“Control sera were from mice or a rabibit immunized with emply vector (VR 1020,
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Fig. 4. Blocking of native EBA-175 hinding 1o erythrocytes
with sera from Aotus monkeys obtained at pre-challenge
and 3 weeks postchallenge with P falciparam FYO strain
infected erythrocytes. The resulis were abitained by phosphor
imaging for prowps of 3 monkeys immunized with pEVORD
and pFYORIPIPIO of contral, The 50% ERA-1T5 RII recipro-
cal Blocking titers were caleulated based an the binding activity
in the presence of pooled sera frum the negative control
mankeys (data nad shown}. The geometric mean {unfilled square
(=) and standard error ol the mean {error barsy are shown,
Filled circles (o} represent individual reciprocal blocking rirers
at 50%.

titers at 50% blocking are shown in Figure 4 as well
as the geometric mean titers for prechallenge and
postchallenge sera.

Imanization and P, falciparum Challenge of Aotus
mankeys: Boosting of EBA-173 RIT Antihodies After
Challenge

The course of parasiternias in Aotus monkeys immu-
nized with pFVORIIL, pFVORIIP2ZPI0, and empty
vecior after challenge with P frlsiparim-infected Aotus
erythrocytes is shown in Figure 5. All of the monkeys

BV BFVORAPTR S COMTEZL
™ r +] E e T
| L a
[ | e
= .
i A S
[F | |_ x | |*
g ¥
2 | v | .
g il | = i
3 | - izz | v | f
] LIRF )
E e = 1381 | | b l
| — t 15
e Il-|-i
| { I |
g . i W
0 P ek o L

(5] i o

Daps Pail-Infochon

E L] a L3 H b o

Fig. 5. The course of parasitentias in Astus monkeys chal-
lenged intravenously with 100 P falciparam-infected Aotus
erythrocytes. Resulls shown include prowps of three monkeys
Immunized with pFVORI {a), pFYORILPLPI0 thar also con-
tains the universal T-cell epitopes P2ZP30 (L), or empty vector
{€). Legends show individual Aotus idemiifers for within each
group and resultant parasitemias, Mankeys were treated when
the parasite density reached 400, 000741,

except one (Aotus 12811) required treatment because
the threshold for total number of parasites per
microliter of whole blood was exceeded. Although
the parasitemia of Aotus 12811 immunized with
pFYORILP2ZPID approached the threshaold level for
treatment, the animal controlled and cleared the
challenge infection, Aotus 12811 was treated on day
60 with mefloquine. An important finding arising
from the Aotus study was that the antibody response
against EBA-17% RIL including blocking anti-
bodies, was significantly boosted (approximately
10-fold) by exposure to blood stage infection (Fig-
ures 2 and 4.

Discussion

The interaction between the P falciparum merozoile
lipand EBA-175 and its erythrocyte receptor gly-
cophorin A is extremely specific and is a preregui-
site for invasion (3). The identification of R11 as the
receptor-binding domain of EBA-175 has allowed
for the development of strategies to target this
ligand-recepior interaction in a specific and effi-
cient manner, In the studies described herein, we
proved the hypothesis that anti-RI1 antibodies can
effectively block the binding of native EBA-175 10
erythrocytes and inhibit merozoite invasion of
erythrocytes. We also showed that immunization
with a DNA plasmid encoding RIl may protect
against fulminant discase in the Aotus model. Fur-
thermore, we also produced data suggesting that in
the field, vaccine-primed anti-RII antibody  re-
sponses will be boosted by natural exposure to par-
asites, thereby enhancing vaccine-induced protec-
tive inumunity. 1

Optimal binding of RII to plycophorin A re-
quires NeuSAc {alpha 2-3) Gal-detenminants on
O-linked tetrasaccharides displayed on the peptide
backbone of glycophorin A (3). Glycophorin B,
which has 11 of the 15 O-linked tetrasaccharides of
glycophorin A at the NH2-terminal half of the extra-
cellular domain, cannot support elficient binding
{3). Also, desialated glycophorin A that only dis-
plays the peptide backbone cannot support the bind-
ing of RII, In competitive binding assays of EBA-175
to erythrocytes, NeuSAc (alpha-6) Gal-linkages
woere only slightly inhibitory {14}, Further, even the
forms of sialic acids confer specificity because P falci-
parin invasion of murine erythrocytes requires the
NeuSAc but not the Neu%Ac2 found in some murine
strains (15}, With such fine specificity and sirict re-
quirements for optimal receptor-ligand interaction,
one can argue that interference provided by specific
antibodies against K11 would easily abrogate the
binding and thus invasion of merozoites into ery-
throcytes. This was not the case in wo with the anti-
body titers induced in our present Aotus study.

We propose several reasons for this. The sim-
plest explanation is that the levels of antibodies
raised by the DNA vaccines were not high enough.
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We now have data indicating that we can increase
antibody titers 10- to 20-fold by boosting the DNA-
primed monkeys with recombinant RII protein in
adjuvant or by immunizing with recombinant RII
protein alone in adjuvant (22). Another explanation
involves the fact that it is not clear whether EBA-
175 plays as significant role in £ faldparim invasion
of Aotus erythrocytes as we believe it does in inva-
sion of human crythrocyles, Aotus sp. are not a nat-
ural host for P falcparem. The interaction between
Aotus erythrocyres and RII has not been character-
ized, The sialic acid forms, as well as glycophorins
on Aotus erythrocyees, are unknown. The genes en-
coding the orthologs of human glycophorins in Ao-
tus have neither been identiflicd nor characlerized,
Orlandi et al. (16) reported the binding of native
EBA-175 to Aotus erythrocytes, but his studies
showed that this binding is far less efficient than is
the binding of EBA-175 RII to human erythrocytes,
In fact, in additional studies, we have seen that the
binding of EBA-175 R1I to Aotus erythrocytes under
standard binding assay conditions is not different
than its binding to rabbit and guinea pig erythro-
cytes, erythrocyies that are nor permissive o inva-
sion by P faldparin (3.5im, unpublished), Thus,
invasion of £ faldparum merozoites into AoLus ery-
throcytes may be by an alternative mechanism. 1f
EBA-175 does not play a critical role in P falciparim
merozoite invasion of Actus ervihrocytes, then the
anti-parasite activity that we have documented is
almost certainly a reflection of recognition of surface
accessible EBA-173 on merozoites and resultant
inhibition of invasion. Thus, we believe that the an-
tiparasite activity in humans of anti-EBA-175 region
II antibodies will probably be greater than in Aotus
because EBA-175 plays a crucial role in invasion of
erythrocytes in humans,

It is important to highlight the fact that when
Actus monkeys primed by immunization with the
DNA vaccines were exposed to P falaparur infection
there was significant boosting of the titers of anti-RII
antibodies and the titers of antibodies that inhib-
ited binding of EBA-175 10 ervthrocytes (Figures 2
and 4). We believe these findings are important for
two reasons. First, they suggest that in the field im-
mune responses primed by immunization with RII
vaccines will be boosted by natural exposure o in-
fection, and these boosted antibody responses may
further limit and control infection. Second, these
data suggest that boosting of DNA-primed individ-
uals with purified recombinant EBA-175 may lead
to significantly enhanced antibody responses as has
been the case in other systems (17).

Although RII comprises 616 amino acids, we
were concerned that it might not contain adequate
CD4+ T-cell epitopes to provide help for produc-
tion of antibodies in individuals of diverse genetic
backgrounds., We, therefore, constructed a plasmid
expressing only RII and another one expressing RII
fused to P2P30, which contains universal T-cell

epitepes from tetanus toxin {9) to ask if in preclin-
ical models P2P30 would boost antibody titers. The
twa DNA plasmids were equally immunogenic in
all five inbred strains of mice, and in small num-
bers of Aotus monkeys, indicating that the P2P30
epitopes not only were not required lor T cell help,
but did not boost significantly the antibody titers
generated,

One concern regarding anti-RI1 vaccines has
been whether they will be effective against all
strains of B faldparum. Some strains of £ falcipariom
use an alternative pathway for invasion of erythro-
cytes. These strains do not require sialic acids on
glycophorin A to bind and invade as they have been
shown o invade neuraminidase rreated erythrocvies
(18,1920, Howewver, we had previously shown
preat conservation of the primary sequence of R1I
amonyg strains of B faldparwm (4). Also. EBA-175 is
expressed inall B falaparner strains examined o date
(4, data not shown), Further, it has been shown previ-
ously that antibodies against RII can block the inva-
sion of merozoites into ervthrocytes by merozoites of
a P falciparion sirain thar does not require stalic acids
for invasion (21).

One monkey controlled its infection, a very un-
usual event in Aomus fenurinus femurnus infected with
FV . However, there was no single assay that clearly
predicted this cutcome, and there was no protection in
other monkeys. This may have been owing to subop-
timal immunogenicity, and as described above, we
have subsequently shown that we can induce much
bener antibody titers. Given our reservations regard-
ing the interaction between EBA-175 and Aotus ery-
throcytes, and our finding of excellent boosting of
EBA-175 DNA vaccine primed antibodies, it may be
that the appropriate next step is evaluation of the po-
tential of this vaccinge candidate in humans.
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