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Wi report the results of vaceination trial 2

of Panamuanian Aofesy monkeys with o recombinant blood-stage

antigen, SERA 1, of the malaria parasite Plosmedinm folciparum. Monkeys were immuonized with SERA 1, 4

262-amino-acid fl'agment [amino acids 24 to 285 of the 98%-aminc-acid SERA prodein prodoced by the

Honduras 1 strain of the parasite. Immunization mixtures contained 100 g of recombinant SERA 1 protein
per dose mixed with one of five different adjuvanis. The protein mixed with either Freund®s adjuvant or
META.2 adjovant stimulated protective immunity, ¥When other P, falciparum antizens were included in the

SERA [-Freamd’s adjuovant mixture, oo profective immunily was observed,

althongh high anti-5SERA 1

antibody titers were produced. Three other adjuvants mixed with SERA | failed (o induce o protective immune
response. These results, their relationship to those reported previously in the first vaccination teial {treial 1], and
their relationships to the guantitative measurement of anti-SERA 1 antibodies in enzvme-linked immunasor-
bent assays provided insights into the induction of 3 protective immune response in vaccinated monkeys.

The mrereasing incidence of malaria drog resislance ex-
pressed by Plasmediun faleiparon, the most viewlent ma-
laria specics that infeets human, has stimuolated a scarch for
d Maldria vaceine,

We eriginally identificd a parasite blood-stage protein that
reacted with a parasile inlibitory monoclonal antibody in
vitrey (2. The complete pene u:ncmling this profein was
subsequently cloned and sequenced (9, 22, 315 The gene, in
the Honduras 1 strain, encoded SERA {serine repeat anti
gen). a profein produced in large amounts in the trophosaite-
schizont blood stages (9. The protem containgd 989 amino
acids which included a signal pepride sequence. The pene
and an zllele have slso been completely sequenced by Kinapp
ct al. (28, 29). Throagh compansons with other P folel-
FRINUAT Zene sequenees, it was found that SERA s cssentially
identical o three other antigens identified scparately as
SERP or plal, pl2a, or pll13 (11, 12, 28, 40). SERA is
secreted into the parasitophorons vacuale of the parasite and
cventually found inoa processed form in the extracoyvthro-
cyiic eovironment (16, 17} The obscereations that parts of
the aming acid sequence of SERA are wvery similar to those
of proteinases found m dilferent arganisms (18, 211 and that
proteinase inhikdtors inhibdt parasitic growth or deselopment
i witro sugeest why antibodies directed against SERA may
be parasite inbibitory (3, 14, 15). We had syvothesized parts
ol the SERA prolein in the veast Saccharamyoes cerevisiae
and shown that two proteins, SERA 1 (contaiming SERA
amino acids 24 1o 2851 and vSERA N [n:nnm:'uin'f_ ARG
acids 24 to 5063, induce high titers of parasite-inhibitory
antibodies in mice when vaccination is perlormed with cither
Freund’s adpevant ar the muramyl tripeplide-based adjuvant
MESY (31 We subsequently reported in our first monkey
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vaccination trial, trial Lo that ponsplenectomized Panama-
nian Aares monkeys immunized with a mixture ol either
SERA 1 or vSERA N and Freund’s adjuvant were pratected
from challenge with blood-stage parasites (24). Protection
was manifosted | by an absenee of 2 countable parasitemia, by
a 10- to LO0OO-fold reduction in countable parasitemia in the
experimental animals when compared with controls, and by
delays in the appearance of countable parasites in the
cxperimental animals. We now report a seconed vaceination
trigl, trial 2, in which we have examined the cffects of
valriuu.a acdjuvants and an antigen mixture on the indouction of
the SERA L-imduced protective immune response, These
results are presented here, In another vaccination trial, trial
3, described in an accompanyving paper (24a), we present
further evidence that extends our resielts from trials 1and 2
that SERA | can provide a protective immune response i
Panamuanian Aoy monkeys.

MATERIALS AND METHODS

Monkeys. Panamanian Aortis femivinus Iciruriiis mon-
keys were maintained in the animal facility of the Gorgas
Memorial Laboratory in Panama City, Panama {37 A total
of 23 monkeys (adult males and females, weighing 600 fo
1033 g) were divided into seven groups of three animals
ciach that were injected intramuascularly with antigen(s] or
adjuvant or both, Cne group of teo monkeys was used 23 the
completely naive contrel, The monkaeys had had no previous
cxposure to P falciparion.

Antigens. The SERA-derived antigen, SERA 1, was ox-
pressed from a cloned portion of the Honduras T SERA genc
in & cerevivige and purified as deseribed previously (5. The
purified SERA 1 prolein conlains 262 amino acids {melecular
welght, 26,976} of SERA (Y89 amino acids) starting from
amino acid 24 (Gl and ending with amino acicd 285 {Asp) (5,
247, SEREA 1 was dissolved in phosphate-buffered saline
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(PBS1-0.05% sodium dodecy] sulfate. Three other malaria
antizens were also used W immunize meokeys in the antigen
mixture proup (see Table 130 All were also recombinant
proteins produced in 5. cevevivige. Fale 2.3 (6] 35 derived
fronm Lhe major circumsporozoile profein. 1015 a 248-amino-
acid molecule representing the portion af the natoral 2
Salcipaenn circumsporozaite protein from aming acid £3 10
amine acid 3L (130, gpl93A (10 s a S0-kDa protein that
contains the frst 415 amine acids of the N-terminal region of
the major merozoite surlace antigen gpl92 (38), Pls 251 (4] s
a ransmission-blocking antigen derived from a 23-kDa sex-
val-stage surface protein (27) that is seereted from 5. ceres
vislae ws a genctically engineered 19-kDa protein. All pro-
teins were purified by standard chromatography procedures.
lyophilized, and stored atn 47C,

Adjuvants, Frewnd™s complete and incomplels adjuvants
were described previously (5 Two muramyl tripeptice-
bused oil-inowater cmulsions, MF30.2 and MF75.2,) were
used as adjuvants o immunuL monkeys, MEF39.2 is a
modidfication of o proviously described adjuvant, MESS, used
in a rodent iowmnogenicity trial (31 and containg 3%
squalene, 0.53% Tween 80, 0.53% Span (all purchased from
Sigma Chemical Coo, 5t Lowis, Mo, and 200 pg of mu-
ramyl tripeptide-phosphatidyl - cthanolamine  CGL98354;
CIBA-GEIGY. Bascel, Switzerlund) per ml in PBS. MF75.2
i Based on formulations described by Byars and Allison (53
and comtains 0% squalene, 3% Pluronic blocked ]mlv.ncr
L121 (BASFE Corp, Parsippany, No1, and (4% Tween 80 in
FBS. Muramy] tripeptide-phosphatidvlethanolamine at o fi-
nal concentration of 200 pg'ml was added after the cmulsi-
fcation. The emulsion was created by five passages throngh
a MIIDY microfluidizer (Microfuidies, Newton, Mass.) al
12,000 trin®. The resulting emulsion was passed through 4
0.22-pm-pone-size polyearbonate syringe filter (Nuclepore;
Costar, Cambridge, Mass ), Two lipesome-based adjuvant
preparations were preparcd, In one liposeme preparation
[referred to as fusosenic liposomes in Table 1), ege phos-
phatidylethanclamine, dicleoy] glyceral succinate (Awanti,
Polar Lipids Birmingham, Ala), and cholesterol (Calbio-
chem, La Jolla, Calif.) at 82201 weight ratios were combined
and the organic solvent was removed by evaporation under
Moo Small unilamellar vesicles were formed by reum]:u,n(l:ng
the lipids in PES [pll 8.2, vortexing, sonicating for 4 min,
and adding sufficient T N NaOH to thoroughly hydrate the
lipids. "?FR AL at 400 paiml was added to lipids at 1L mg/ml,
and the liposemes were frozen inoa dry ice-cthanol .‘,]urr}r and
thawed at room lemperature seven mes, The multilamellar
wvesicles were then passed through a (L35 wm-pore-size poly-
carbonate syringe filter [(Nuclepore; Costar) seven times,
with the final passage performed aseptically, In the other
liposame preparation (referred woas nonfusogenic iposomes
in Table 1), the multilamellar liposomes u:lnldl:nmg [ (AN
phosphoryl lipid Aowere prepared by the method of Alving 21
al. {1). Briefly, epp phosphatidylcholine, egg phospharidyl-
glveerel (Avanti), and cholesterol at %:1:3.75 weight ratios
were combined and the organic solvent was remeoved by
gvaparation under M., Monophosphory] lipad A from Sediee-
mefle pvphinneeiies (800 pgdmly RIBL, Hamilton, Mont.),
SERA L, aluminum hydroxide (1 mg'ml; Scrpeant, Clinton,
ML), and PBS {pH 7.4) were added 1o 13,75 mg per ml of
lipid. The liposomes were stored al 4°C andil injected oo
monkeys.

Immunieation. Antipen was injected intramuscularly on
diys 0, 28] and 36 of the experiment. Each dose of antigen,
100 pg, was in & final volume of approsimately 0.5 mi. It was
divided into two 0.25-ml portiens thatl were injected intra-
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TABLE 1. Antibody titers in monkeys prior 0 parasie
challenge messured by ELISA
Tue™
vbmky Antipenadiovant® o
2o Rl s i Final hleed pric
" Prebleed tex challeepe

1 Mo Agino Adj 184 167

132 53

2 {NFA <10 92

< L0k R

=1k A1

3 S1/FA <10 465,021

<10 9 51E

14 THE AR

4 SLMETEZ 102 a2
=100 4,084

1al al,n2%

3 S14+A mixture/F A,
including:

Falc 2.3 317 4,953

L& 1,205

317 2,975

gpliaa 21 456,757

37 27T 661

12% 495 G5

51 32 1t 212

3d 481,731

230 Lies 400

Pfs 25H 191 1,193,354

e 293,274

s 1,157,284

& SLMESD2 191 20,358

336 13,718

=10 625

T S1/Fu Lip 59.2 13 141,295

24 234,074

=10 112,430

bl SliNon-Fu Lip =10 4,221

= 10 L 426

17 RIRITY

r ."-.t'_._ ke .'"u.|_';, :u!il:v::l'l‘.: Fa, Ficund's :-.|.|_"|.|\.-:|1|I._ conplele andd e
plete; 51, SERA I Fu Lip, fusngene hpesomes; Mon-Fe Lip, nonfesegenic
liprrsinanes.

*oAnn-51 :'.|1I:'iI|-.:-;_1_'_L' e re showes for all TIPS, Al ters of the three
B b 1r|-::-nl:.-.:}' seran aneltbicdios were deterrmine .'.'L'|1i'.r.'|!-::l}'.
Fale- 2.3, Jiie] Fosa, or s 191 n:lligl.':n.

using ealher

onscularly inie two sites inone thigh of the monkey. The
booster injections were in the alternate thigh. All animals
woere bled prior to the start of immunization on day 0. The
animals were subscquently bled 26 or 27 days after the
primary vaccination injection and the lirst booster vaccing-
tion and 12 or 13 daws after the second hooster injection.
Maonkevs were also bled ot 3-week intervals atter parasite
challenge, The responses o immunizations of the monkeoys
are shown i Table I Antigen and Freund's adjuvant were
mixed immediately belore ingection, Monkews thal recaived
Freund™s adjovant received Preund’s complete adjuvant in
the primary injection and Freund's incomplete adjuvant in
the booster injections. Monkeys in one control group re-
ceivied the antigen carrier solution mixed with Freund®s
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FIG. L. Chronology of the course of parasitemis in cight groups of monkeys, Each monkey was infected with 5 2 107 Honduras T-infecled
cryihrocytes obtained from the seme infected monkey. In the semilog plot of parasites per cubic millimeter versus days, the symbaols at s vale
of 1indicate that ne parasites were seen, while the svmbols g1 8 value of 2 indicate that fewer than 10 parasiles per mm® were seen (see
Mlrterinls and Methods). The nuember in the right op corner of each plot indicates the monkey group number [Teble 11

adjuvant in each injection. The monkeys in the naive contral
group received peither antigen noe adjusvant,

Parasites. 2 fadcipamen Honderas T (23] was used for
challenge, This strain was chosen after passage through
splencctomized and then nonsplencotomized Aofns mon-

keys (23] ontil it was capable ol developing a bigh level of

parasitemia in the Jatter, Furthermore, since the two SERA-
derived antigens were encoded by the eloned Honduras |
SERA gene, this experiment represcnted a homologoos
challenge.

Parasite challenge, Fourteen days alter the second booster
mjection. cuch monkey was mjected intravenously with 5 =
10" parasites. Parasitized ervilirocytes from an infected
monkey with o moderate and increasing parasiemia werc
used as the challenge to ensure parasite visbilivy, After
challenge, the parasitemis was monitered daily by both thick

and Farle-Perer films (19) that were stained with Giemsa.
We evaluated parasitemias as follows, A negative para-
siternia is reported if oo parasites wore seen aller examining
a thick blood film for at least 3 min, W is recorded as 1in the
log scale in the fgures. A parasiternia of about 10 parasites
per mm”© is recorded as Zin the log scale in the figures if
parasites could ke demonstrated only in 2 thick blood ([fm,
Parasite numbers of =10 per mm? determined by the Earle-
Perex method are recorded in the figures.

ELISA. The enevme-linked  immuonosocbent  assay
(ELISA} was performed as described previcusly {207, The
antigens used to coat the wells of the ELISA plates (L
peswell] were SERA 1 or, when necessary, Fale 2.3,
apli5A, or PIs 25B. Titers were caloulated at 0,2 absorbancy
unil with o 17, microliter plate reader [Molecular Devices,
Palo Alto, Calif.) proprammed to read at 630 nm with
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TaBLE I Antibody titers in monkeys atter prasite
challenge measured by ELISAY

Antibody Liter at given days after parasite challenge

Monkey
L al 41 63 53

3 T, 156 al4%] 24,735 15,434
117,213 #5,4971 39,941 37,560
106 431 49711 37,243 35012
4 1,245 £ TS 933 4uz
377 209 < Ll < L0l
A3.161 1,174 5274 AN
fi 31,191 31,335 2,441 &)
730 A7 252 215
L4,675 14,571 1539 1,231

7 495 678 L, 4% 15,9501 —"
11,700 22,575 2 ATH 4,831
23653 26,050 7202 4.4l

] 9 207 113,638 200,540 927
TR QT 0T 2;035 aul

< Antbmdy Glers prior o challenps are shown m Tahle §
- —_ E:ll'l'l:-l-.! nal chaarne

subtraction of the 490.nm reading. The preimmunization
seram of cach mookey wuas used as the control for cach
POSTITIIL LA [0 SErim.

RESLLTS

SERA T or an antipen mixiure inCluding STRA 1 was
mixed with different adjovants 1o tesr the indection in
monkeys of a protective immune response to the P falel
parn Honduras 1 strain. The treatments of the groups of
monkeys used in the study and a summary of the bumoral
immune status of each monkey prior to parasite challenge as
measured by ELISA are shoswn in Table 1. The ELISA titers
of the control scrum collected 2 days prios to the initiation of
vaeeination (preblecd) and of the postimmunization sera
collected just prior te the parasite challenge are shown,

The developmaent and course of infection monitored i all
monkeys for 100 days after challenpe are shown (Fig. 10,
Parasiternias developed in all monkeys. In Fig. 1. the data
are plotted on oa daily basis as deseribed i Materials and
Muethods, Several gmual obstrvations cun be made regard-
ing Lhe response ol the menkeys w parasite challenge, Patent
parasitemia cceurred inoall monkeys by day & aftcr parasite
challenge as determined by either 2 positive thick smear o a
countable parssitemiz. In all groups cxcept group 4 (immu-
nized with SERA 1 plus MF73.2), a countable parasitemia
began te develop after ne more than L dayvs, The countable
parasitemias that developed in two monkeys in group 4 were
delayed, beginnimg 29 and 48 davs after challenge. Many of
the vaceinated monkeys, afrer the inital parasitermia, had a
recurrent parasitemiz that was observed only inoa thick
RITICAT,

Presviously, wee observed a similar result i tral 11245, We
therefore measured the anti-SERA 1 titers in seram taken at
various times after the initial parssite challenge and the
appearance of the primary countable parasitemia to deter-
mine whether a correlation between them could help explain
the observation. In Table 2 are shoswn the anti-SERA T tilers
af serum taken 201 B3, and 83 davs after parasite
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FIC. Sum of parasites per episode o coontable parasitemia in

trial 2. thc data were compiled from data in Fig, 1. A bar belew the
haseline, set wl 107, indicates thal no countable parasilemiz was
abserved in that monkey. The number in parentheses represents 1he
first diy of the episole of countable parasitemnia. A single open bar
represents & single parasihe episode. A haiched bar aupnrimp:mud
an an open bar represents o second episede of parasitemia. The
adjuvant and antigen used nreatment of 1he respeolive monkey
growps {1 to &) are noted below the kascling, FA, Freund’s adjuvani:
Fu-Lip. fusogenic liposomes; Mon-Fo Lip, oonfusogenic Bposomes;
81, SEHA 1 antigen: OS5, Fale 2.8 antigen; PFE5, Pl 258 antigen.

challenge. All sera, whether from animals that had or from
those that had not exhibited a loa-leve] parasitemia, shoawed
a general decline in titer 2nd an absence of a boosting effect.
The result is consistent with the failore o achicve a sterile
immunily in the animals,

The major criterion we used 1o determine the efficacy of
vaceination protection has been the level of countahle par-
asiternia in the challenged animals. In Fig. 1 the chronolog-
ical record of the countable parasitemia shows the peak and
duration of the infection. We found, however, that o better
weity [0 display the data for v;:urnnariwn of parasitemias in the
different groups was 10 suwin the p’u’mmq per cubic millime-
ter in cach countable peak of parasitemia observed. The sum
of all parasites in the peak provides @ comparisoen of the
animal’s ability 10 control the developing “parasite load,™
The data prepared in Mhat way, and derived from data in Fig.
1, are plotted in Fig. 2. The day after challenge onwhich the
peak parasitemia began o develop is shown at the top of the
bar. The data in Fig. 2 show that the parasitemizs exhibited
by monkeys immunized with SERA 1 and either Freund’s
{group 3] or MEFT5.2 (group 4] adjovant were significantly
lovweer than parasitemiag exhibited by either of the controls
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FIG. 3 Comparison of the sum of parasites per episode of
countable parasitemiz m monkeys vaccinated with cither Freumd's
adjwvant or MTTS2 intrial 102497 and trial 2. The data were compiled
Fromn data in Fig. 1 Foricial 1 asd sore of the dets from Fig 2 of rial
2 Black bars reprgsent data from irial L open bars represent data
From trial 2. 450, 9SERA N antigen (2370 OAd], 0 sdjuvant; O,
0 antigen; FA, Freund™s adjuvant; 51 S5ERA L

fgroups 1and 21 or the monkeys immunized with 3ERA 1
and the other adjuwvants [groups 6 through 3,

Since the number of monkeys in cach comparably treated
group in trials 1(24) and 2 is small, we have regraphed them
all in Fig. 3 in the format ol Fig, 2 1o facilitate the compaur-
ison. In Fig. 3 are data [rom trial 1 for mookeys that were
either in a naive control group, a Freund’s adjusvant contral
group. or the experimental groups that received either SERA
lor 4SERA N plus Freund's adjuvant, The combined results
clearly reinforce the interpretation that immunization with
SERA L and with either Freunds or MFTE2 adjuvant
provides significant protection compared with controls.

Monkeys immunized with Freund's adjuvant and 5ERA 1
mixed with three other antigens {group 3) were not protected
{Fig. 1 and 2. The amount of SERA 1 injected into mankeys
receiving either SERA 1 alone or SERA T in the antigen
mixture was the sume. One possible explanation for the
differcnes in protection could have been that anti-5ERA 1
antibedy tilers in animals receiving the antigen mixture
could have heen reduced because of the presence of one or
more of the other antigens. The anti-SERA L titers in
monkeys immunized with the antigen mixtore (Table 1,
aroup 5} were generally lower than in the monkeys receiving
only SERA 1. It is clear, howewer, that those reduce:
anti-SERA 1 titers were still higher than the anti-SERA L
titers achieved in the protecled monkeys immunized with
SERA 1 plus Freund's adjuwant in trial 1 (2537100 97,740,

IMMUNITY INDUCED IN MONKEYS BY P FALCTPARLM S5ERA ] 2055

and 151,330 (24} Adso, the anti-5ERA 1 dters that are
incuced in the monkeys protected after vaccination with the
mixture of SERA 1 and MEF73.2 (Table 1, group 4) are much
lowwer than the titers induced by SERA L plus Freund's
adjuvant in cither trial Tor trial 2.

DISCUSSION

Previous studies have shown that maluria parasite growth
cun be influenced by antiparasite humoral antibodies in vivo
and in wvitra (2, 32, 341, While cellular immune responses may
also play a role in regulating malavia infection (7, 263, we
have interproted our present results interms of the elfects
the vaccinalions have had on the induction of the humoral
immune response o the SERA L antigen,

The results, presented hore, of the induction of protective
immunity by a combination of SERA 1 and Freond's adju-
wvant were consistent with the protection observed in trial 1
with cither SERA 1 or SERA N (5. 24). In Lrial 1, we noted
a correlation between the levels ol induced ami-51 antibody
titer ancd the ability of mookeys 10 suppress parasitemia,
Since Freund's adjuvant is nol acceprable for human use, we
examined the possible use of four other adjuvants, While Lhe
numbers of monkeys used in each group in these preliminary
tests were sioall, the considerable differences in protection
seen in monkeys vaccinated with SERA 1 and different
adjuvants suggested that MIT5.2 provided protection com-
parable 1o that provided by Freund’s adjuvant while neithe
the liposome adjuvants nor the MF539.2 adjuvant provided
significant protection.

[ this wrial the ant-SERA 1 tilers in the mankeys of group
G SERA 1 and Freund's) were, in gencral, much higher than
those in the monkevs of group 5 (SERA L plus mixed
antigens and Freund's) (Takle 1), providing a potential
cxplanation [or the absence of prowction observed i group
3 monkeys. Flowewer, the ani-SERA 1 antibody titers
associated with pood protection in trial 1were inthe range of
the titers produced in monkeys in group 5, in which essen-
tially no protection was observed. This suggested thal pre-
dicting protection by the compurison of absolute titers of
anti-SERA 1 antibody in monkeys in which the same adju-
vanl was used but other waccipation conditions were
changed may oot be reliable, We therefore considered that
the presence of the additionsl antigens in the group 5 vaccine
mixtures may have Jed ooa change in the serolvpes of
anti-SERA 1 antibodies. This did not seem 10 be the casc
since examination of the serotypes of the immunoglobulin G
(gl antibadies in the monkeys of groups 3 and 3 showed
that the amounts of 1pG L, 1pG2, 1pG3, and [gG2 antibodies in
most monkeys were the same (data not shownl, We also
considered thal mixing SERA 1 with other antigens couwld,
through protein-pratein interactions in the vaccine antigen
mixture, lead 1o the recognition of diflerent SHERA 1 epitopes
that the anti-SERA 1 antibodics effectively recognize. Un-
fortunatcly, we preseotly have no knowledge of which
SERA L epitopes may he recognized by the animal’s immune
swstem, That the quality rather than the guantity of anti
SERA 1 antibody may be important was further considered
in wview of the much lower anli-SERA 1 tters present in
vaccine-protected monkeys inowhich MEV2.2 ruther than
Fround™s wus the adjuvant igroap 4], A further observation
that we made (35 unpublished datz) was that, when mice
were immunized with SERA | antigen and cither MFS9.2 or
Freund's adjuvant, the anti-SERA 1 tters and the in vitro
parasite-inhibitory propertics of those murine sera were
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essertially identical while MIF39.2 stimulated little or oo
protection in monkeys vaccinated with it plus SERA L

Allof these observations sugzest that the many variables
that may aftect how o particular antigen is recognized and
responded to by the vaccinated animal makes prediction of
the efficacy of a defired antigen questionable and makes the
exirapolations of immunologic responses beoween animal
systems diflicull or impaossible.

I the resulls obtained in o subsequent vaccination trial,
trial 3, presented in the following article (24a), we repor
mare exlensive data about protective immuonity induced by
SERA T mixed with cither MF75.2, M52, or Freund's
adjuvant that [urther show thar SERA i a promising
candidate vaccine anligen,
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