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ar 120 and 90 kD, respecavely (Fig. 3B (121,
This result indicated that both moadts are ex-
pressed as products on the cell surtace that
encode the binding site for HBGF. Because the
sizes of the extracellular soructures predicred
from the aa sequence arc ++ and 34 kD.
respectvely, the owo structures may contain 60
and 40 kD of carbohvdrate. In contrast to
constructons coding tor the a and B extracel-
tular modts, the comparable y motit construc-
don caused no increase in manstected cell sur-
tace HBGF binding that could be detected by
etther Scatchard analysis or ligand athirury cross-
linking. Seability, acovity, and cellular location
ot y manslation products is under investiganon.

To determine HBGF binding activity of
tull-length recepror isoforms, in COS cells
we expressed constructs that contained a or
B extracellular domains fused to each of the
two ntracellular domain mouts (Fig. 3, C
and D). Expression ot full-length constructs
caused a 5- to 15-fold increase in specific
HBGF-1 (Fig. 3A) and HBGF-2 binding
sites per cell, with an apparent K of 100 to
500 pM (1. Constructs coding tor the a
motif  vielded  ['**IJHBGF-1-labeled
expression products that were about 30 kD
larger than constructs coding tor the B mo-
af. Finally, constructs coding tor the b2
intracellular domain exhibited ['*3])JHBGF-
labeled expression products that were about
20 kD smaller than constructs coding for the
al intracellular domain «13. 14,

The three distunct structural domains that
combine to torm HBGF receptor isotorms
are fikely to attect ligand binding. oligomer-
ization, cellular locanon, metabolism. and
signal transduction « 152, The a and B extra-
cellutar mours appear to diferentally ohigo-
menize (12, and ligand binding mav be
atfected by the intracetlular domain mout
with which it 1s combined  Fig. 3. C and D
112, 13, The ¢cDNA that encodes the v
motit mav result in an ineraceilular torm ot
the receptor. The a- and b-ovpe juxtamem-
brane mouts contain ditferent candidate
phosphorviation sites tor a Ser-Thr protein
kinase.  Juxtamembrane phosphorviation
sites flave been impicated 10 aiteration of
ligand athinity, kinase acuviev. and internal-
1zaton rdown-regulation of tvrosine kinase
receprors (13, s, The rwo COOH-termr-
nal mouts mav ditter 10 nrosine kinase
activiey. in interaction with intracellular sub-
strates. and as substrates tor nvrosine kinases
in the COOH-terminus (/5.
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Inability of Malaria Vaccine to Induce Antibodies to a
Protective Epitope Within Its Sequence

YuriN CHAROENVIT. WiLLLAM E. COLLINS, TREVOR R. JONES.
Pascar MILLET. LEO YUvaN. Gary H. CaMpPBELL.
RiCHARD L. BEAUDOIN. |. ROGER BRODERSON. STEPHEN [.. HOFFMAN®

Saimiri monkeys immunized with a recombinant protein containing 20 copies ot the
nine amino acid repeat of the Plasmodium vivax circumsporozoite (CS) protein
developed high concentrations of antibodies to the repeat sequence and to sporozoites,
but were not protected against challenge. After intravenous injection of an immuno-
globulin G3 monoclonal antibody (NVS83) against irradiated P. rivax sporozoites.
four of six monkevs were protected against sporozoite-induced malaria, and the
remaining two animals took significantdy longer to become parasitemic. Epitope
mapping demonstrated that NVS3 recognizes only four (AGDR) of the nine amuno
acids within the repeat region of the P. vivax CS protein. The monkevs immunized
with (DRAZGQPAG) ,, did not produce antibodies to the protective epitope AGDR.
Thus. determination ot the fine specificity of protective immune responses may be
critical to the construction of successtul subunit vaccines.

URING RECENT YEARS THERE HAS
been considerable etort to produce
vacaines designed to induce protec-
nve antibodies against repetinive sequences
on the CS protein of Plasmodiim, which v Charoenvie, T R Jones. |
causes human malaria. These ettorts have ¢ Hoffman, intecnous iiscases Department.

protects agamnst challenge with sporozottes
Incubation of P. tiaparum or P
sporozottes with Fab tragments or monodio-
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that passive transter of monoclonal antibod-
1es against the CS protemn ot rodent parasites
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nal antibodies to their respective CS pro-
teins reduced the subsequent infecavity of
the sporozoites to chimpanzees (4). Howev-
er, it has never been definitively established
in man that circulating anobodics to the
sporozoites of Plasmodium can prevent infec-
uon.

The levels of protection have been disap-
poinung in humans immunized with P.
falciparum CS protein vaccines (5, 6) and in
Saimiri monkeyvs immunized with two sub-
unit P. vivax vaccines (7). The unprotected
Saimiri monkevs all developed high concen-
trations of antibodies to the CS protein,
raising the question of whether the lack of
protection was because the vaccine-induced
antibodies were directed against the wrong
epitopes or because humoral immunity is
insutficient to neutralize P. vivax sporozoi-
tes. The current studies werc undertaken to
determine if circulating antibodies to the P.
vivax C$ protein could protect Saimirt mon-
kevs against sporozoite-induced malaria.
and to define the targer epitope of any such
protective IMMmunity.

Six monkevs (Saimiri sciureus boliviensis
1¥) were cach inoculated intravenously with
2 me of NVS3. an [gG3 1sorvpe monocional
antibody 1o P. rirax sporozoites (1. 1 hour
before receiving an mtravenous 10* P rvax
sporozoite challenge (10). An additional six
control monkevs received 2 mg of a mono-
clonal anubody directed against  Irypano-
coma brucer rliodesiense (ant-trvypanosoma an-
nbody) betore sporozoite challenge. Four of
the six monkevs mnoculated with NVS3 were
tullv protected against blood stage disease:
the remaining owo developed patent para-
sitemias atter 31 and 40 davs (Table 1), The
two unprotected monkevs that received
NV'S3 had longer prepatency periods than
the monkevs recenving the ann-tnpanoso-
mal anubody 7 <7 0.011 and longer than
e umngected controis 2 < 0.005: To
Jetermine the exact epitope ot NVS3. we
ased an epitope-saanming technmique 171 1o
svathesize 137 owtapeptides based o the
nonapeptide repear sequences ot the tollow-
g tour stramns of Pocieax: Belem 112, Sl
! 15 North Korean 4o and VS 210

P¥1 By enzvime-imked immunosorbent as-
“av (ELISA . NVS3 reacted ondv serth the
retrapeptide AGDR alanmine—givane-aspar-
ae aad-argiminer g T Ocapepudes
contatming sabsets of AGDR G AGD and
GDRY were not reacone. Noocorrelanon
Setween rexn v and the jodanon ot the
tetrapeptide within the octapepnde was not-
od Fre 20 We then swnthesized the enhie
restdue peptide (AGDR i Animmuno-
Huorescent  anabody techmique  [FAT:
<howed that NVS3 binds to /22 ieas sporo-
sontes DUt Not to I oo sporozontest and

that thie binding could  be peancalh

* FEBRUARY ivv]

Fig. 1. Antibody-octapeptide reactivity of pepudes containing |
the entirc AGDR sequence (AGDR *) (n = 50) and those with
part or none (AGDR™) (n = 87) is plotted against percent of
the optical density of the positive control. The n values are the
total number of octapepudes containing AGDR (n = 50) and
not containing AGDR (n = 87). The positive control optical
density was obtained with 2 monoclonal antibody to PLAQ.
These data were developed by designing a hvpothetical peptide
containing the repeat regions of the CS proteins of four strains W
pepude is as

200

100

Percent QD « control
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of P. vivax. The sequence of the j
follows: GDRADGQPAGDRADGQPAGDRA- 0 N
DGQAAGNGAGGQPAGDRAAGQPAGDGA- AGDR(s) AGDR(-)

AGQPAGDRADGQPAGDRAAGQPAGDRA-

DGQPAGDRADGQAAGNGAGGQAAGNGAGGQPAGDRAAGQPAGDRAAGQPAGDRAAG-
QAAGNGAGGQAA. We synthesized 137 sequential octapeptide subsets of this 144-amino acd
pepude. The octapeptides were synthesized as per Gevsen (11) on the tps of polypropylene pins set in
96-pin blocks (Cambridge Research Biochemicals, Valley Stream, New York). Octapeptide n = amino
acid n through amuno aaid » + 7. The syntheses were carmied out in 96-well plates, thereby allowing
cach pin to hold a different amino acid sequence. Conventional Fmoc (fluorenyl methoxvearbonyl)
solid-phase methods were used to complete the svntheses. The tetrapeptides PLAQ (and monoclonal
anubody to it) and GLAQ were uscd as posiuve and neganve controls in each set of 96 pins. The ability
of the monocional anobody NVS3 to bind to the pepndes was tested in an ELISA. Each pin was
incubated overnight at 4°C in NVS3 (2 pg of anubody per mulliliter). After washing, the pins were

o,

incubated for 1 hour at 37°C in goat anubody to mouse IgG (Kirkegaard and Perrv, Gaithersburg,
Marvland) at a dilution of 1:2000. Oprical densities were measured after the pins were incubated 1n
substrate [ABTS (2,2’-azino-di-[ 3-cthyl-benzthiazoline sulfonate) and hvdrogen peroxide] for 30 min.

blocked by preincubating a solution (5 pg/
ml) of NV 83 with an equal concentration of
the P. rirax octapeptide (AGDR),. Ar-
tempts to block NV S3-sporozoite binding
with the P. yoel pepude (QGPGAD),
failed even with concentrations as high as 2
mg:ml 7).

Sera from the monkevs that had been
passively immunized with NVS3 had high
concentrations ot antibodies to sporozostes
and (AGDR), (Table 1). Sera taken trom
monkeyvs vaccinated with NS1g, V20 had
similar  [FAT woters (range 1:2.560 to
1:10.240). These monkevs were not. how-
ever. protected on sporozorte challenge 7
In an ELISA. these sera 11:100 and 1:500
nnal concentrations) reacted with 3 veast
produced recombinant protan VIVAX-]
11851, which included the same P orivax
sequence as NS1,; V20 (DRANGQPAG!.
but these sera trom actively immunized
monkevs did not react with tAGDR, 7y,
When these sera were incubated wich in-
creasing amounts of VIVAX-IU all ann-
VIVAX-T acovitv was removed 1na concen-
tranon-dependent manner: incubanon with
AGDRY, removed no acovinve bigs 30
Serum sampies trom  these same monkevs
were diluted ¢ 10100 to 1:040 depending on
ndividual reactiviny 1o sporozoitest and in-
cubated with VIVAX-T or (AGDR.. n
[FAT. VIVAX-1 concentrations benween |
and 8 py mi ciiminated &l anu-sporozoite
vty but sincubanion with as much as 2.5
mg ml ot tAGDR Y removed no acvany,

[here has been considerabic mterest n
Jererminmg at the capaany ot sera toinhibie
<porozote mvaston ot and development in
hepatoavtes correlates with protection. Sera
monkevs vacanated  with
and tfrom the ax passiveiv

from the
NS V2007

1254

10 1=PAGDRAXX
10 2=AGDRAXXX
10 3=XXXPAGDR

100
4=XXPAGDRA
5=XPAGDRAX
6=GDRXXXXX

754 7=XXXXXAGD

B=XXXXXXXX

Percent positive control

t 2 3 4 5 & 7 8
Fig. 2. Anubodv-peptide binding s expressed as
the pereent of the positive controi opnical density
OD ot monocional antibodv 1o PLAQ with
JLAQY. Bars | through 8 represent the mean
~inding ot peptides having the sequences shown
sneanset. The number above cacn bar s che n ot
hat Erl\up.

samumized with NVS3 were tested to de-
wwrmune thar abihiny to inhibie sporozoite
mvasion ot and devejopment i Seimn he-
Patontes mnovitro 9 Pereent ainhibinon
1as 96,5 = 243 imean = SEM) range. 83
0 100%) 0 the ammals immumized with
NS V20 and 98.17 = (.60 range 96 to
L00%)0 an the ammals passively immunized
with NVS3. These data indicate that, when
pertormed in this manner, sporozoie im a-
aon and devclopment data do not correlate
~ath protecuon.

We srudied the hne speation ot the
proteciive monoxional anubody NVS3 be-
cause we thought that rullv Charactenzing
the eprtope nught expian why polvclonai
sitbodies mduced by the recombinant pro-
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remn did not provide protection trom sporo-
zoite challenge, whereas apparently equiva-
lent amounts of passively transterred NV'S3
did protect. The protective monoclonal an-
tibody recognized onlv four (AGDR) of the
nine (DRAJGQPAG) amino acids compris-
ing the P. vivax repeat region. These ninc
amino acids are the only ones from the CS
protein included in the vaccine. A svathetic
pepride made of only two copies of AGDR
completely inhibited binding of NVS3 to
sporoeoites and to a recombinant protein
(VIVAX-1), which contains a . vivax pep-
ude repeat from the Belem stran. In con-
trast, sera from monkevs thar had been
immunized with NS1,, V20 contained high
concentrations ot anubodies to sporozoites
bv IFAT, and the repeat region by ELISA,
but had no acuvity directed against the
protective epitope AGDR, as demonstrated
bv direct ELISA and inhibition studies. It s,
ot course, possible that anubodies to other
epitopes within the nine amino acid P. vivax
repeat region can protect against sporozoite-
induced malaria. However, the tact that the
vaccne did not induce antbodies to the
only known protective epitope on the P
rwax C§ protetn provides an explanation
tor the lack of protection.

The monoclonal antibody NVS3 was pro-

duced in BALB.¢ mice; these mice can pro-
duce antibodies to AGDR. To turther char-
acterize the response to N8Iy V20, we
immunized groups of four BALB/c mice
with two doses ot 200 ug ot NS1,,V20 or
200 pg of a svathetic pepude, (AGDR),,
conjugated t kevhole limpet hemocvanin
{KLH) in complete Freund's adjuvant. Two
weeks after the second dose, the animals
immunized with (AGDR),-KLH had excel-
lent antibody responses to  (AGDR),
{1.20 = 0.028, mean = SD opucal densiey
{OD) of triplicate wells in ELISA at 1:1600
dilution], but a poor response to NS1,,V20
(0.29 = 0.010). In contrast, mice immu-
mzed with NS14,V20 had poor responses
to (AGDR), (0.19 = 0.0011 and excellent
responses to NS1,,V20 (1.24 = 0.036).
NS14,V20 produces poor annbody re-
sponses to AGDR in mice and monkeys.
These data demonstrate that it is inappro-
priate to assume that immunizauon with a
small protein such as NS14,V20. which
ncludes a repeatng sequence of nine amino
acids. will produce anubodies against a sin-
gle desired cpitope such as AGDR. Subse-
quent vaccine development will undoubted-
Iv require more intormation regarding the
dentification ot epitopes recognized by pro-
tective anubodies and the construction of

Table 1. Preparent periods and NVS3 serum concentrations in monkevs that receined 2 my of

monncional antbody 1 hour betore intravenous challenge with 10* P v

Salvador 1 strain.

sporozoutes. We measured antubody concentranions 1in IFAT with I sieax sporozortes as antigen
and in ELISA using 1AGDR . as the rarger anngen. TFAT titers shown are the reaprocats ot the
last positve difutton. Sera samples : 1100 didutions) were incubated m - AGDR ' -coated wells The
secondany anubedy was horseradish peroadase-labelad goat anobody 1o mouse feG. Opocal density
values for the serum samples were compared with standard values obrames by measuring e
raacivity to tAGDR L of known conventrations of NVS3 diluted 1t equivalent concentrations ot
Sapmirr monkev serum. Serum sampics taken trom each amimal immediately betore NVS3 niecnion
were all neganve for anu-sporozorre acoviny ain IFAT ae a dilution of 1:10 and below the sensitviny
ot the tAGDR, ELISA. P, protected in sporozorte challenge: NI not ntected: NT. not tested:

Neg. below [FAT and ELISA sensinviv: Tevo anoetrvpanosomal  antibodv: *0 amimais
splenectormized on dav 6 atrer challenge. all others on dav 7.

Monkev g Prepatent [FAT ELIsA

1o Antibody rertod uter NVA3pggml = SsE

SIS NVS3 40 6,400 143 -43
SEH162ip. NVS3 NI 12.800 84=7
5218 NVS3 3 3.200 $3=-215
NE25000 NVS3 N1 6,400 33=253
SE25 0Dy NVS3 N 0.400 IR O
SE3Lap NVS3 NI 6,400 39 =13
5323 [rv NI NT NT
SI-319 n 23 Neg Neg
SI-330 Tr 15 NT NT
St-316 T 24 Neg Neg
SI-321 Trv 23 New Neg
51328 I'n 18 NT NT
SI-310e None 29 NT NT
S1-238¢ None 18 NT NT
SE320 None 1~ NT NT
SI43° *one 30 NT NT
SE-249 None 19 NT NT
SLT4 None 20 NT NT
51-289 None 21 NT NT
st-101¢ Norne 1~ NT NT
S1-300 None 19 NT NT
670

120
g
€
3

o 80
2
]
°
a

€ 40
3
2
-]
a

0

1 10 100
Peptide (ug/ml)

Fig. 3. Scrum trom six monkevs immunized with
NS14 V20 given with aluminum hvdroxide as the
adjuvant were tested in ELISA for acuvity to
VIVAX- 1. Secondary antibody was goat anrhody
to human [, G. Portions of ¢ach serum sample
(1:250, final concentration) were incubated with
varving  concentrations of (AGDR), (@ or
VIVAX-1 (@ to determine if actvity 1o the
repeat region of the CS protein can be blocked.
Final pepude concentrations are depicted along
the x-axis.

vaccines that exclude extraneous amino
acds. Our data indicate that an appropnate
mimimal epitope of the P. 1irax CS protein
has been idennfied. The next challenge s to
construct an immunogen that produces an-
nbodies ot the desired speaficin and to
develop an immunization regimen that con-
sistentdv produces high levels ot these ano-
bodies. Questions surrounding immunogen
design remain unanswered bur the probiem
ot anttbodv concentration mav be soived. [n
recent studies. humans immumized with a P2
wlopanen CS protein vacane administered
with monophosphorvl iiprd A MPL and
cell wail skeleton of a myveobacterium species
as adivant or i hposomes with MPL pro-
Juced concentrations ot specine antibodies
greater than those found i the sera of
monkevs 16 o 18 pgmb that receved
NVS3 in passive transter s Table 12
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from P. vivax, P. falciparum, P bevghes, P. yorln. and
P. gallinaceum. Reacuvity to different strains of P.
vivax (North Korean, Salvador 1, Colombian, and
Thai) was also measured. The monoclonal anubody
selected for passive transfer was designated NVS3
(Navy Vivax Sporozoite 3) and punfied by affiniry-
column chromatography with staphvlococcal pro-
tein A coupled to Sepharose 4B [H. Hijelm and J.
Sjoquist, tn Immunoadsorbants n Protem Punficatron,
E. Ruoslahn, Ed. (University Park Press, Baltimore.
MD, 1976). p. 51). NVS3 was sclected because 1t 1s
specics- and stage-specific and had the greatest ac-
avity in the [FAT against P vivax sporozoites.

10. Sporozoites of the Salvador I srain were reared in
Ancpheles siephens: mosquitoes by membranc feed-
ing the mosqmtocs on gametocvtemic chimpanzee
blood [W. E. Colins H. M. McClure, R. B.
Swenson, D. (,. Mchzdev. J. C. Skinner, 4Am. |
Trop Med. Hyg. 35, 56 (1986)]. Sixteen davs after
feeding, the sporozoites were dissected from the
sabivarv glands of the infected mosquitoes for use in
the challenge studies. O -be basis of iminal expen-
ments. a dosc of 2 mg o 'V'S3 per monkev was
seiected for injection intra :nously into six Samn
ronkevs. An 1gG3 monoclonal annbodv directed
aganst Trypanosoma brucer rhodesiense {T. Hall and
K. Esser, | Damunol 132, 2039 (19841] was
inoculated 1nto another six monkevs to serve as an
unrelated antnbodv control group. Nine other mon-
kevs served as uminjected controls. One hour atter
antibody transfer. 10* P. rivax sporozostes in nor-
mal saline and 10% normal Sarmin monkev serum
were injected into all monkevs. Serum samples were
collected before antnbodv inoculation and 1 hour
later iimmedharelv betore sporozoite challenge. Al
amimals were splenectomized 6 to 7 davs after
«porozoste inoculanon. Beginming 14 davs atter
<porozoite inoculation and conanuing through dav
36. Giemsa-stained thick and thin blood films were
nrepared dav. Parasitemias were quanufied and
recorded per cubuc muiimeter of biood
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suspension were mixed and incubated at room tm-
perature for 15 min. The serum-sporozoite mixrures
were exposed to the hepatoytes for 2 hours then
washed. Seven davs after exposure, the monolayers
were fixed and schizonts counted mucroscopicaliv |P.
Millet et al.. Am. J. Trop. Med. Hye. 38. 340
(1988)].
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Ability
Phosphorylate Tubulin

of the c-mos Product to Associate with and

RENPING ZHOU, MARIANNE OSKARSSON. RICHARD S. PAULES.
NicHoLAS ScHuULzZ, DON CLEVELAND. GEORGE F. VANDE WOUDE

The mos proto-oncogene product, pp39™, is a protein kinase and has been equated
with cvtostatic factor (CSF), an activity in unfertilized eggs that is thought to be
responsible for the arrest of meiosis at metaphase I1. The biochemical properties and
potential substrates of pp39™* were examined in unfertilized eggs and in transformed
cells in order to study how the protein functions both as CSF and in transformadon.
The pp39™°* protein associated with polvmers under conditions that favor tubulin
oligomerization and was present in an approximately 500-kilodalton “core™ compiex
under conditions that favor depolvmerization. B-Tubulin was preferentially correcip-
itated in pp397°’ immunoprecipitates and was the major phosphorviated product in a
pp397*-dependent immune complex kinase assav. Immunofluorescence analvsis of
NTH 3T3 cells transformed with Xenopus c-mos showed that pp39™* colocalizes with
tubulin in the spindle during metaphase and in the midbodyv and asters during
telophase. Disruption of microtubules with nocodazole affected tubulin and pp39™
organization in the same wav. It theretore appears that pp39™° is a rubulin-associated
protein kinase and may thus participate in the modification of microtubules and
contribute to the formation of the spindle. This activity expressed during interphase in
somatic cells may be responsible for the transtorming acrivity of pp39™°.
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pressed at high levels in the germ

ceils of vertebrates (1. 2 In Nenop
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for the ar.est of unfernlized eggs at maong
metaphase [1 4100 Thus, CSF mected into
blastomeres of cleaving embrvos arrests (el
cieavage at metaphase of MUTOsS o o=l

which 18 a maior control point ot the i
. MPF 1s present at large concentra-
and it Bas

O CiL‘ [
sons i metapnase 11 ooevres,
been proposed that CSF <rabiizes MPF
¢ IR 04 Recentive ppa9™ has been
\‘7()\\ n 1o be the actve component 1in O SF
s possible o isolate ppag9” ‘rom
G'((N)il( extracts by high-speed ventnfuea-
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3 large complex. In addinon. the large aize of
the mitote spandle 1in CSE-arrested blas-
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plant diterpene antincoplastic agent that
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fo—to arrest ceaving embrvos at meta
phase 141 suggested to us that ppa9”
mught be assoaiated with tububin
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