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Ahstract

Avrics lemurins lenueiens monkeys were inumunszed four tiges with coe of three DNA plasmids expressing impertant Plasmod-
iem falciparum blood stage vaccine candudiste protews or with a mxntre contzining all three vaccines. The three vaccines encoded se-
quences from apical merozeite antigen- | (AMA-1], ervthrocyte binding protein-1 75 (EBA-175) and merozoite surface protemn-1 (MSP- 1),
Antigen-specific enayme-linked immunosarbant assays (ELISAs) showed no significant differences in antibady dier induced Lo the three
antigens by 4 single vaccine comparcd with the titer induced W that same antigen by the rvalent preparation. Resules of immunofluorescem
antibody assays against erythrocytes infecred with asexual Bloed stage F faleipament indicated that each of the three menovafent vaccines
induced significant antibody respanses Lo whale parcasites, The trivalent vaceine mixture induced, afler four immunizations, an antibody
tater to whole parasites that was 3=12-fold higher than those mduced by any of the single vaceines. The fourth immunization with the

tovalent vaccine nercascd the mean anuboedy in IFAT by more than five-fold. Published by Elsevier Science Ltd,

Kewwordss Malaria, Inmsrazation; [NA vaccmes

1. Introduction

Efforts to develop DNA vaccines for a variery of dis-
cases are increasing. To improve the effectiveness of the
imemune response, bivalent and multivalent vaccings are
being evaluated [1-3]. Other types of vaccines, for ex-
armple polysaccharide vaccines, have shown covidence of
antigenic interfercoce when muoltiple aotpens are delivered
together [d4]. This study evaluates the hemoral imunune
response in Aoty monkeys to three DNA vaccines encod-
ing well-characterized Plasmodiim faloypariom blood stape
antigens, apical merozoite antigen=1 {AMA-L) [56] ery-
throcyte binding protein- 175 (EBA-175) [7-9] and mero-
zoite surface protein-1 (M3P-1) [HOLT] These vaccimes
were administered individually and o trovalent nuxtug
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2. Blaterials and methods

2.1 Plasmid construction

20 EBA-ITS —

The production of the plasmid encoding EBA-175 has
been described [12]. In brief, £ folciparan EBA-LTS Rl
{amino acids 145=760, 1848 bp for FVYO) was amphified us-
ing Went DNA polymerase (New England BioLabs, Beverly,
bAA) from 100 ng of penomic DINA using the forward primer
5ATCOAGATCTOGAAGAAATACTTCATCT-3. Reve-
rse primer 5 =ATCOGAGATCTTTACGAAGTTIGTTCA-
TTATT-3" was used for cloning wito the expression plasmid
vector VRG5O [2], This plasmid vector uses the human
cytomegalovirus promoter and intron A, human ussuc
plasiminogen activator (tPA) as the secretory signal and the
bovine growth honnone transcriptional tenminator/polya-
denylation signal. To enhance immunogenicity, the expres-
sion plasmid vector contained the gene sequences encoding
the wmiversal T-cpitopes from tetanus toxin P2P30 [13]
which were located 3 to the RIF zene in the DNA vaccine,
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202 AMA-{

The full-length AMA-S pene (FVO) was cloned at the
3" end and in fusion with the A leader sequence of the
WRIO20 plasmid as described previously [14]. The AdfA-/
gene was amplified with the followmg oligonucleotides: for-
ward 5’ -CCCGUATCCATGAGAAAATTATACTGOGTTASY
and reverse 5-CCCAGATCTTIAATAGTATGGTTTTIC-
CAT-3" and cloned into the Bam Hl and Bel 1 restriction
sites of the VRI1020 plasmid,

213 MSP-{

The 42 kDa region MSP-1 of £ falciparn (FVO stinn)
was cloned into the mamnumalion expression plasmid VR 1050
(Kumar, unpublished data), The MEP-1 5 gene fragment was
PCR-amplified from asexual stage genomic DNA and re-
striction digested with Bam Hand Bel | enegyvines and cloned
inte Bam HI/Bgl 11 sites in VIR 1030,

2.2, Monkeys

Forty Panamanian adult (male and female) A lermaines
lemurinus (karyvotype VI or EX) monkeys [15] were imun-
tained in the animal facility of the Gorpas Memonal Lab-
oratory in Panama City, Republic of Panama. A, lemrims
femurinus monkeys were obtained in western Panama. Llpon
arrival at the laboratory, cuch animal was given a physical
examination, weighed and sexed, identified by o metal neck
tag with an accession number, admitstered thinbendasole
orally for treatment of endoparasites (100 mg basekg) and
vaccinated against Herpes stmplox wl M, vaemarinis (New
England Regional Primate Rescarch Center, Southbocougl,
MA) and Klebsiella prevmonige [16]. The animals were
housed and cared for as previeusly described [16]. About
I month after amival, cach monkey was wttooed with s
wdentification number and a thick blood flm examined to
exclude naturally occurming plaostodiol infections. The an-
imals remained in quarantine for oominonum of 90 days
before being transferred to arcas devoted w housing mon-
keys for malaria studies. The weight of the monkeys when
inoculated ranged from 700 to 800 g All monkeys used in
these experumnents were wild cought adule monkeys and bad
no history of experimental infection with Slaymodinm,

2.3 fmmunization

The 40 monkeys were randomly assigned o ane of five
groups, each proup contiming cight moenkeys, The ananals
received four immunizations on wieks 0, 5, 10 and 21,
Groups |, 2 and 3 received 300 pg of plasmid per dose in
a total volume of 40l per dose delivered mtradennally
{10}, approximately F00 el per site, at tour sites along the
flanks. Group 4 recetved a muxture of 300 e of cach of the
three plasmids encoding EBA-175, AMA-] und MSP-] in
a volume of 400 pl delivered 1D at four sites. Group 5 re-
ceived 500 pi of plasmid VE102ZU and 1000 g of plisinid
VR1050 ina total volurme of 400 @] delivered 1D at four sitos

Inhkie |
The schedule for pmmunizations, serum collections and immunologic
:Li.s.:::,-;

Ewvent Day Test

Pre-immune bleed ] All ELISAs, LFA
First inumunizition 2

Fost | bleed 12 EBA ELISA
Post | bleed 18 AMA and MSP ELISAs, [FA
Second menunizaton i6

FPost 2 bleeds 55 All ELISAs, [FA
Third imomuszation il

Post 3 bleeds 53 Al ELISAs, IFA
Fouwrth immwnization I3

Past & bleads 160 All ELISAs, 1A

along the flank. In all cases, insulin syringes with hubless
29 gauge needles were used for the 1D injections,

24, ELISAs

lgl responses to the three imunuoogens were med-
sured in ELISA as previcusly described [17-19]. Ex-
chierichia coli-produced recombinant 2 faleipartan AMA-]
ectodomain protein [20], purificd baculovirus recombi-
nant EBA-175 Rl protein and Saccharomyces cerevisiae-
produced recombinant MSP-11¢ were used as the capture
antigens, The ELISA resuls are reported as the scrum dilu-
tion estimated to pive an QL of 4.5 which was determined
by lincar interpolation from the log-tmnsformed dilutions
yiclding values bracketing O (.5,

2.3, Immunofivorescent aniibody test
IFAT tests were conducted as described efsewhere [21];

Auorescence detection was done with FITC-labeled goat
anti-human 1gG (ICN Biomedical, Costa Mesa, CA). Pos-

itive control antibody was mouse polyclonal serum mused
agamnst an AMA-1 DNA vaccine.

26, Schedule

The schedule of immunizaticns, serum collections and
assays is shown in Table 1.

27 Sratistics

All statistical anulyses were performed using SPSS for
Windows version 8.0 (SPS5 Inc., Chicago, IL).

Y. Results

31 Anvhodyv to AMA-S

sSera collected al the five collection dates (Table 1) from
groups | (AMA-1 only), 4 (trivalent) and 5 (rivalent control }
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Fig. 1. Pre-inunune asd post-snimanizstion secui saniples were collectad
Trom Antus monkeys (eighl per group) ivimuaneed witls a2 DNA vaceine
encoding AMA-L (AMA) or o pool of thees IDINA wiccmes encosdfing
EBA-1T5, AMA-L and MEP- L7 (mevalent) ar sath o peol of the plasniuds
lacking the sequences encoding antigen {comntrod], Individual estinoed
antibody titers producing an QD of 05 (@} and mean tiers for each
group with 95% confidence wnerals (L) gt recombinant AMA-1
protein are shown below. Each of the five panels shows e viners Tor cacl
of the five serumy coliechions, as lbcled an the wop of the goaph

were tested for antibody activity to AMA-] 10 ELISA, The
results are displayed in Fig. 1. The mean ELISA twr in the
group immunized with AMA-L alone was compared with
the mean titer of the group vmumized with the wvaleat
vaccine at each ol the [ive sera collection tme points, At
no time point were the mean titers from the two groups
significantly different from one another (& valees ranging
between 0. 26 and 0,99, Student’s r-test, two-tatled). Power
calculations based vn the post-fourth immunizatnon ELISA
indicates that if the true difference between groups 1 and
4 15 the difference we measured (10,430 {tovalent) — 9589
tmonovalent) = 841, we bad a 6% probability of detecting

that difference (P < 0.05). We would bave had o power of

g%, if the true difference between the mesins were 11,210
1.2 An!.:'hﬂd_v t EBA-I 73

Sera collected at the live collecuon dates (Table 1) from
groups 2 (EBA-175 only), 4 (wvalent) and 5 (tnvalent
control) were tested for antibody activity te recombinant
EBA-ITS in ELISA. The results are displayed in Frg 2. The
mean ELISA titer in the group immunized with EBA-1TS
alone was compared with the mean titer of the group im-
munized with the wivalent vaccine al each of the five scra
collection titme points. At oo time point were the mean Hiers
from the two groups significantly different from one another
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Fig 2. Precinunune and post-mumunuation senam samples were collected
frei Aosre mwonkeys (eipht per group) inmunized with a DNA vaccine
encfing EBA-173 (EBA) or a pool of the DMNA wvaccines encoding
EBA-1T5, AMA-| and MSP-ls; (rivalent) or with a pool of three plasmids
lacking the sequences encodmg antipen (control). Lndividual estimaied
antibody tavers producing an (0 of 0.5 (@) and mcan bters for cach
group with 95% confidence imtervals (L) apainst recombinant EBA. 175
BRI prowcin are shown below, Eacl oof e flve panels shows the tes for
cach of the live serum collections, as fabeled a1 the top of the graph.

(# values ranging bevween 0015 and 041, Stwdent's r-test,
wwo-tailed). The pre-immune sera could not be compared
statistically because antibody activity was so low that an
estimated titer giving.an OD of (15 could not be calculated
Power calculations based on the post-fourth mmunization
ELISA indicates that if the wrue difference between groups
2 and 4 is the difference we measured (4925 (trivalent) —
3433 (monovalent) = 1492}, we had a 13% probabulity of
detecting that difference (P = 0.05). We would have had
a power of 80% if the true difference between the means
were 5167,

3.3 Antbody o MAFP-1

Sera-collected at the five collection dates (Table 1) from
gcroups 3 (MSP-1 only), 4 (trivalent) and § (tovalent control)
were tosted for antibody activity to MSP-] in ELISA. The
results are displayed in Fig. 3. The mean ELISA titer in the
group immunized with M5P-1 alone was compared with the
mean titer of the group immunized with the trivalent vaccine
at cach of the five sera collection time points. At no time
point were the mean titers from the two groups significantly
different from one another (F values ranging berween 0.12
and (0.53, Srudent’s r-test, owo-tailed). The mean titers afier
four imumunizations were not similar (MSP-1 group (8756)
versus trivalent group (1830, This large but non-significant



1674
- Premmune Fosi i Pos2  Past 3 Posl4
: | . 3
n |
(=
1o L i
a i o
b - . 5 |'
E . |‘I i | - ..
o * o |7 E 5
F I‘. i
< 1 e PP |I .
-2 = g |
m [ ] [ - | .
-
-
% . E | ‘e .
E l
%10 | . e ] i i
1] 1 - e L] L]
.y - : '] i
H) E =/ R
0 = t&- : '45"0--—"'-.
S 3o B AN B BN b
\é’}»ﬂ o 'ﬁf_t» 0511‘;(*%‘?&1‘:3&1 \*‘fﬁ‘f}
Groups

Fig. 3. Pre-immane and post-immsmaation serum ssmples were eollecusd
from Anses monkeys (eight per group) inmunieed with 3 DNA vaccine
encoding MEP-1ag (MSP-1) or a pool of three DNA vaccmes encoding
EBA-1T5 AbiA-L and M3P- 14z (revalent) or wath a pool of the plasmids
lacking the sequences encoding anugen foontrob)l. individual estamated
antibody titers producimg an O of 05 (8 ol mean titers for each
group with 95% confidence intervals (L) amonst cecombinomst MAP-14g
protemn are shown below, Each of ithe five pancls shows the trers for cach
of the five senun collechions, a2 laheled 3t the jop of the graph
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difference was due entirely to a single monkey in the MSP-]
group with an extrpordinarily high wter (51,579). Because
of this very high single value, we did not perform power
caleulations on these data.

4. Antibadp o whole Mood stage parasites

Sera collected at the five collection dates (Table 1) from
all five groups were tested for antibody activity to whole
blood stape parasites in IFAT The results are displayed in
Fiz. 4. The mean titers for each of the five groups werc
compared at cach sera collection. There were no differ-
ences among the groups at the pre-immune collection. After
one imununization, the mean end-point titers in groups 3
(MEP-1) and 4 {tovalent) were greater than group 3 (wiva-
lent control), P = 0.045 and 0.042, respectively. After two
unanunizations, the mean end-point titer in group 4 {triva-
lent) was greater than all other groups {F values ranging
fromm CLOGH to = 0.0009); group 3 (MS3P-1) was greater than
roups | (AMA-], £ = 0.029), 2 (EBA-175, P = 0.039)
and 5 (wivalent control, P = 0.005). After three immuniza-
tions, both groups 3 (MSP-1) and 4 (trivalent) had higher
mean end-point tters than group 5 {rivalent control), P =
0.007 and 00156, respectively. Group 3 (M3P-1) also had
o higher titer than group | (AMA-L), P = 0.013. After the
fowrth immunization, group 4 (ivalent, ticer = 17,9207 had
& mean end-point tter greater than all other groups {all P
values < 0L000%; uters = 1480, 2880 and 6400 for AMA-],
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Fig. 4. Pre-imumune and post-imumunisdion sepan sunples were colleaed from Aorus monkeys {eighl per group) munumized with a DNA vaceine

encoding AMA-T (AMA) or EBHA-

IT3 (EBA} or MSP-14s (MSF) o1 2 pool of three DNA vaccines encoding AMA=|, EBA-1 75 and MS3P- 4 (trivalent)

or witli a paol of the plaseuds lackatg the sequenses encoding antigen {control). Individual end-point titers i an imnuoofucrescent ansbody test against
erylroeytes milected with 2 filciparum asexaal pamisites (O and mean titers Tor cach groop with 95% confidence intervals (M) against ervilrocytes
infeeted with £ fofeiparen asexuwal parasites are shiown below. Fach of the ve panels shows the tlers for esch of the five serum coliections, &5 lubeled

al the wp of the graph
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EBA-175 and MSEP-1, respectively). In addition, proap
3 (MSP-1) had a higher titer than proups | (ANMA-L)
and 5 (trivalent control), £ = (LU15 and 0001, respee-
tively. All comparisons of mean [FAT end-point titers were
made using one-way ANOVA with Tukey's HED post-hoe
test.

3.5 Antibody titery in ELISA afier thee
VErsus four immnnizaions

The fourth monovalent AMA-L and the fourth trivalent
immunization increased the anti-AMA-1 titer by approx-
imately two-fold (5041 o 9589, monovalent, P = 0.17;
5018 to 10,430, wivalent, P = (.07 1 The fowth monovalent
EBA-175 immunization did not change the anti-EBA-173
ticer antibody tiver (3302 to 3433, P = 0.59), while the
fourth trivalent immunization increased the ant-EBA-17S
titer by 2.5-fold (1956 w 4925, # = 0.11). The fourth
monovalent MSP-1 lnununization alimost  doubled  the
anti-M3IP-1 titer (4628 o 3737, P = 0.53), while the tfourth
trivalent immunization did not change the anti-MSP-|
titer (1684 1o [830, P = 0.79) All compaisons of
means deseribed here were performed by Student’s f-test
(two-tailed).

A4 Antibady titers in JEAT afier tred versus
fowr immunizations

The fourth monovalent invnunizations had licle effect on
increasing the antibody tter as measured in [FAT against
P falciparum-parasitized Aows ervihrocytes, Monovaleot
AMA-] immunization increased the mean titer from [E20
to 1480 (P = 0.46). Moonovatent EBA-1T5 inununization
mereased the mean titer from 2000 w 2880 (P = 0.25),
Monovalent MSP-1 inununiztion inereased the mean titer
from 4560 to G400 (P = 023060 The bnmunization witly the
trivalent vaceine, however, inereased the mean antibody in
IFAT by more than five-fold (3440 o 1T 920, £ = 00009
All comparisens of means described here were perforined
by Student’s t-test [Two-tailed).

4, DMscussion

Immuenization with one monovalent [INA vaccine and
with a mixture of monovident DNA vaceines offers ancop-
portunity 1o cxamine antigenic coampetition among these
vaceines when used o imununize non-human primates, In
this study, the vaccines encode bmmunogenie regions of
proteing expressed by blood stage £ faleiparwns, AMA-]
is originally located in the necks of the rhoptry organelles,
but is wansferred to the apical end of the merozoite
around the time of schizont rupture [22,23]. EBA-LTS
i a 175kDa erythrocyte-binding protein and i3 a4 mero-
zoite ligand that binds its recepron, glycophorin A, the

predominant £ falciparm receptor on red blood cells [7].
At schizont rupture, MSP-] is proteolytically processed
and a number of fragments form a complex on the mero-
zoite surface [24,25]. Antibody titers were measured after
each serum collection and no differences in anubody titer
to uny of the three immunogens in animals receiving a
monovialent vaccine compared to the trivalent prepara-
tion, There was also no evidence of antigenic competition
when the sera were tested for reactivity to whole parasites
in IFAT. In addition, the collective activitics of the three
anubody specifies in the trivalent group produced an over-
all [FAT titer higher than seen in any of the monovalent
Eroups,

Three carlier studies have evaluated the co-administration
of DNA vaccines in mice, Doolan et al. [1] used DNA vac-
cines encoding £ yoelil citcumsporozoite protein and hep-
atocyte erythrocyte protein-17 to induce protection from
sporozoite challenge. Mo evidence of antigenic competition
was seen. Grifantni et al. [26] gave, either alone or in come-
bination, four DMA vaccines encoding £ falciparum anti-
gens, to mice. They administered the four DNA vaccines as
a mixture, just as we did, rather than as four different injec-
tions at different sites. They failed to find any evidence of
suppression of response to one vaccine by another. In facr,
they report that the response to MSP-1 was strongly poten-
tiated by the presence of additional plasmids. We did not,
however, observe this potentiation in the primates. Multiva-
lent DMNA vaccines to tuberculosis antipens were studied o
mice [27] The mice were immunized with plasmids encod-
g fowr different immunogens. Mice reeeived cither only
one plasmid or all four, Unlike our study, it appears that the
mice received the four vaccines in separate injections instead
of as a mixture, In addition, the vaccines were delivered in-
wamuscelarly instead of 1D, Nonetheless, they alse did not
sce evidence of antigenic competition, as measured by the
humnoral or cell-mediated responses.

In a study of the immunogenicity in rhesus monkeys
of multiple plasmids encoding pre-erythrocytic antigens
fiom & jalefiparum, Wang et al. [3] showed that adimin-
istratien of vaccines in-a-multivalent setting did not re-
duce vaccine-induced CTL responses. The effect on the
bumnoral response may, however, have been roduced by
Cu=dimanistsiion, |.1j!r11l.'l..'l|EL1'|:j" in the LEOUD IeCCIivIng the
different plasmids at different injection sites rather than as
BomiATdre at one site, At Jeast one of the plasmids was more
urenunogenic when adiministered alone.

Our study shows that antigenic comgpetition among
co-administered DNA vaccines does not ocour with these
blood stage £ jalciparum antigens in Aoty monkeys, With
the advent of prime-boost strategics where priming by a
DMA vaccine is followed by recombinant protein or re-
combinant virus boost [B,28], the next important question
to address will be whether priming with non-competing
BN vaccines will reduce the probability of competition
among multiple antigens delivered as a protein or viral
boost,
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