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A Totally Synthetic Polyoxime Malaria Vaccine Containing
Plasmodium falciparumB Cell and Universal T Cell Epitopes
Elicits Immune Responses in Volunteers of Diverse HLA
Types'

Elizabeth H. Nardin,?* J. Mauricio Calvo-Calle,* Giane A. Oliveira,* Ruth S. Nussenzweig,*
Martin Schneider,* Jean-Marie Tiercy," Louis Loutan,* Denis Hochstrasse and Keith Rosé!

This open-labeled phase | study provides the first demonstration of the immunogenicity of a precisely defined synthetic polyoxime
malaria vaccine in volunteers of diverse HLA types. The polyoxime, designated (T1BT})P3C, was constructed by chemoselective
ligation, via oxime bonds, of a tetrabranched core with a peptide module containing B cell epitopes and a universal T cell epitope
of the Plasmodium falciparumcircumsporozoite protein. The triepitope polyoxime malaria vaccine was immunogenic in the
absence of any exogenous adjuvant, using instead a core modified with the lipopeptide P3C as an endogenous adjuvant. This totally
synthetic vaccine formulation can be characterized by mass spectroscopy, thus enabling the reproducible production of precisely
defined vaccines for human use. The majority of the polyoxime-immunized volunteers (7/10) developed high levels of anti-repeat
Abs that reacted with the native circumsporozoite onP. falciparum sporozoites. In addition, these seven volunteers all developed
T cells specific for the universal epitope, termed T*, which was originally defined using CD# T cells from protected volunteers
immunized with irradiated P. falciparum sporozoites. The excellent correlation of T*-specific cellular responses with high anti-
repeat Ab titers suggests that the T* epitope functioned as a universal Th cell epitope, as predicted by previous peptide/HLA
binding assays and by immunogenicity studies in mice of diverse H-2 haplotypes. The current phase | trial suggests that
polyoximes may prove useful for the development of highly immunogenic, multicomponent synthetic vaccines for malaria, as well
as for other pathogens. The Journal of Immunology,2001, 166: 481—-489.
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circumsporozoite (CS)protein that is present in both a carrier (2). Second generation peptide vaccines, termed multiple ;

sporozoite and liver stages of the parasite and is the targeAg peptides (MAP), have been developed in which the relevant T <
of protective cellular and humoral immune responses (1). Earlier studand B cell epitopes are synthesized on a branched lysine core, @
ies demonstrated that polyclonal and mAbs specific for the repeadliminating the requirement for a foreign protein carrier (3). MAPs €
region of the CS protein neutralized infectivity of sporozoites of ro- containing CS repeat epitopes induced high levels of anti- 2
dent, primate, and human malaria species. These repeat sequengggrozoite Abs and protective immunity in the murine malarias, S
contain linear immunodominant B cell epitopes consisting of multiplepjagsmodium bergheand Plasmodium yoelii(4, 5), and in a
copies of four to nine amino acid sequences, thus providing attractiveaimiri monkey/Plasmodium vivaximate malaria model (6).
candidates for synthetic peptide vaccine development. _ We have recently completed phase I clinical trials to assess the &

The f_|r§t cllnlpal trial _demonstr_atlng that synthetic peptldessafety and immunogenicity of B. falciparumMAP vaccine in 'B

could elicit functional anti-sporozoite Abs in humans used a pepy,o|ynteers of defined class Il genotypes (7). This vaccine, termed S
tide-protein conjugate, consisting of tifasmodium falciparum (T1B), MAP, contains the (NANR)B cell epitope synthesized in
tandem with a repeat region Th cell epitope, T1, that was originally

*Department of Medical and Molecular Parasitology, New York University School of defined using CD24 T cells of aP. falciparumsporozoite-immu
Medicine, New York, NY 10010!Transplantation Immunology UnitDepartment of ized lunt 8). | izati £ volunt ith the (T1B
Community Medicine, an8Central Clinical Chemistry Laboratory, Geneva Univer nized volunteer ( ) mmunization or volunteers wi € ( 41 )

sity Hospital, Geneva, Switzerland; a#Bepartment of Medical Biochemistry, Uni  MAP vaccine elicited high anti-sporozoite Ab titers, comparable to
versity Medical Center, Geneva, Switzerland those obtained in volunteers immunized by multiple exposures to
Received for publication March 22, 2000. Accepted for publication Septemberthe bites of hundreds of irradiaté falciparum-infected mosqui-

29, 2000. e .
. o : toes (7, 9). However, this high responder phenotype was geneti-
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby maddirtisementn accordance  cally restricted to three HLA class Il genotypes (DRB1*0401,
with 18 U.S.C. Section 1734 solely to indicate this fact. *1101, and DQB1*0603), which are found r25-35% of the

L This study was supported by National Institutes of Health Grants Al 25085 andpopulation, depending on ethnic background (7).

Al'45138 and the Swiss National Science Foundation. Effective immunoprophylaxis against malaria requires a vaccine

2 Address correspondence and reprint requests to Dr. Elizabeth Nardin, New Yorlfh ] i e H :
adres < ) N at can elicit parasite-specific humoral and cell-mediated immu-
University School of Medicine, Department of Medical and Molecular Parasitology, P P

341 East 25th Street, New York, NY 10010. E-mail address: Elizabeth.Nardin@Nity in individuals of diverse HLA types. The ideal Th epitope

med.nyu.edu would be “universal,” that is capable of interacting with a large
3Abblreviationds used in this r;apler: Cs, cirzumsraorozoite; CSP,/CS precipitin; S»fl,number, if not all, class Il molecules. To identify a parasite-derived
stimulation indices; MAP, multiple Ag peptides; PCR-SSP, PCR/sequence-specific, . . .

primers; IFA, immunofluorescence assay; TCL, T cell lines; GMT, geometric mean(i'mlversal T cell eplt_ope, W_e used_ cox (_:e” clones derl\_/ed from
titer. several volunteers immunized wikh falciparumsporozoites who

A major focus of malaria vaccine development has been the€S repeat B cell epitope, (NANE)conjugated to tetanus toxoid as

snbny
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were protected against sporozoite challenge (9—11). These humand -2 Abs was used to rule out volunteers with hepatitis or HIV infection.
T cell clones recognized an epitope located in the C terminus of th¥/omen were tested for pregnancy by measuring urifganCG. Informed

CS protein that was restricted by a broad range of class II moleonsent was obtained from all volunteers before admission into the study,

. L . . . which was approved by the ethics Committee of the Geneva University
cules (11). Peptides containing this epitope sequence, de&gnat%spital_
T*, also bound with high affinity to multiple DR and DQ mole-  The 10 volunteers were typed for class | and Il HLA haplotypes (Table
cules in vitro and thus was predicted to be a potential universal T). The class Il genotypes were determined by PCR/sequence-specific oli-
cell epitope (12). Consistent with this prediction, MAPs C°“tai”i”9gggfﬂ,ﬂ?eos“d&\ﬁ’,&ogifr :;2§g§rfi?g§?;i'r?fﬁ’ee;";‘Eﬁr'f’r‘;izse(gﬁ?\;aﬁEt)e’:fth'
the TT peptide were found to elicit Th cells in mice of diverse was amplified by PCR using primer pairs specific for exon 2 of DRB1/
genetic backgrounds (12).

B3/B4/B5 and DQBL1 class Il loci, respectively. The PCR products were
The ability to construct a triepitope MAP, containing this uni- analyzed in a microtiter-plate oligotyping assay (18) using HLA-DRB and

versal T* epitope in combination with the T1B repeats, was limited DQB-oligodetection kits that were generously supplied by Dr. B. Mougin

i i ; BioMerieux, Lyon, France). HLA-DRBL1 allelic subtypes of DR4, DRS,
by the step-wise solid-phase synthesis used to construct MAP%Rll, DR13-DR16 were determined by PCR-SSP using commercial kits

Thl_s I|m|ta_t|on was overgqme by chemoselectlve oxme _Ilgatlon, iN(Dynal). HLA-A and -B class | Ags were first typed by serology using
which reciprocally modified peptide modules, consisting of theFicoll-purified PBL in a standard microlymphocytotoxicity assay, and then
epitopic peptide and a branched core, are first synthesized arfty low resolution PCR-SSP (12th International Histocompatibility Work-
purified before linkage via oxime bonds (13). A malaria (T1B]T*) shop, Dynal or Biotest kits). HLA-A2 subtypes were determined by PCR/

polyoxime vaccine was constructed using a branched core modified t%equence'Specmc oligonucleotide probes as described (19).

contain the lipopeptide palmitod-glyceryl cysteine (P3C), to func- Vaccine
tion as an endogenous adjuvant (Refs. 14 and 15; Fig. 1). This totally

synthetic vaccine formulation was of sufficient homogeneity forTh_? P0|y0_>|<_il”l139 _ConSt“é(}t (tTlBTZ_ZE3C cpntainle_cri thﬁ repteat T _Iindfghce”
; ot : itopes, T1B, in combination with a universal T cell epitope, T*, offthe
chemical Cha.ralcterlzatlor.l by mass Spectrometry (16). POlyOXIme. Coriflcip%rum(N F54 strain) CS protein (Fig. 1). The T* ep‘ijtop%, representing
structs containing malaria or flu epitopes were found to be highlyye ¢ terminal aa 326345 (EYLNKIQNSLSTEWSPCSVT), was origi-
immunogenic in mice (16, 17), but the immunogenicity of thesenally identified using CD4 T cells derived from sporozoite-immunized
polyoxime synthetic peptides in humans had not yet been determinedplunteers (10, 11). These human T cell clones recognized the peptide in
An open-label phase 1 trial was designed to assay the safety anile context of DR 1,4, 7, and 9 class Il molecules (11) and the T* peptide

- L L : - bound to the corresponding soluble DR 1, 4, and 7 class Il molecules in 3
immunogenicity of the triepitope (T1BT;P3C polyoxime vaccine vitro (12). In additionF,) the Tg peptide also boundto DR 2, 3, 8, 11, and 13 =
in 10 volunteers of diverse HLA types. S

and to DQ 7 and DQ 9 soluble class Il molecules, as well as to cells @

expressing DRB1*1501 (12), suggesting the potential of T* to function as

Materials and Methods a universal T cell epitope in vivo.

Subiects The (T1BT*),-P3C polyoxime vaccine contains a 48-mer malaria se-
! quence [(DPNANPNV)YNANP), EYLNKIQNSLSTEWSPCSVT] in each

Ten healthy male and female volunteers (1929 years old) were recruite@f the four branches (Fig. 1). The core was modified to contain the syn-
atthe University of Geneva in Geneva, Switzerland. Medical history, physthetic lipopeptide N-palmitoyl-S-(2,3-bis(palmitoyloxy)-(2RS)-propyl)-
ical examination, and routine laboratory tests (complete blood count, serurfR)-cysteinyl) (P3C), to function as an endogenous adjuvant (14, 15). Each
chemistries, electrocardiogram, and urinalysis) were obtained to excludgf the functional peptide components (i.e., the 48-mer malaria epitopic =
individuals with cardiovascular, hepatic, or renal functional abnormalitiesmodule and the lipopeptide-modified tetrabranched core) were purified and =
or past malaria infection. Serology for hepatitis B surface Ag and HIv-1 fully characterized by HPLC and mass spectrometry before assembly by <
oxime bond ligation, thus ensuring a synthetic product of high purity and
defined composition (16).

Briefly, for construction of the polyoxime, the terminal lysines on each
branch of the lipopeptide core module were modified with aminooxyacetyl
groups (NHOCH,CO). The 48-mer epitopic module was synthesized to
contain Ser on a C-terminal Lys side chain, which was oxidized with pe-
riodate to create the reciprocal aldehyde group (O=CH-CO)-I$iden-
taneous oxime bond formation (-COCH=NOGED) was initiated in
aqueous solution at pH 4 by mixing the aldehydic peptide derivatives in a
4-fold excess over the aminooxyacetyl-modified core. After 16 h at room
temperature, the tetra-oxime was isolated as a single peak by HPLC. Ma-
trix-assisted laser desorption- time of flight mass spectrometry gave an
experimental molecular mass of 23,936 (+60), in agreement with the cal-
culated mass of 23,973, as previously found in the small-scale batches of
(T1BT*),-P3C polyoximes produced for preclinical studies (16). The
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A Plasmodium falciparum CS protein

Repeat region

_J_ —1

T1 DPNANPNVDPNANPNV T* EYLNKIQNSLSTEWSPCSVT
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B (NANP), polyoxime migrated as a single major band on tricine SDS-PAGE, and this
band stained with a mAb specific fd?. falciparum CS repeats (mAb
2A10) in a Western blot (data not shown). The vaccine preparation was
sterilized by ultrafiltration and was negative when tested in endotoxin and
bacteriological assays.

B (T1BT*),-P3C Polyoxime
Study design
.\Lys The study was an open-label trial to assess the safety and immunogenicity
T \L of (T1BT*),-P3C in volunteers of known HLA class | and class Il haplo-
EEE—.— ys-Ser-Ser-Lys-Ser-Lys-Lys-Lys-Lys-OH types. Vaccinees received 1 mg of (T1BJR3C administered s.c. in the
i i | deltoid area on days 0, 28, and 84. After each injection of vaccine, volun-

Pam3Cys

teers were observed for 60 min and examined for local and systemic side

effects by a physician. An interval history of axillary temperature and sys-

FIGURE 1. A, An illustration of P. falciparumCS protein to indicate : . . P
. . - temic and local reactions following each vaccination were recorded by
the location of the T1 helper and the B cell epitopes within the centraleach volunteer

repeat region and the universal T* epitope in the C terminus (NF54 isolate CBC, serum chemistries and urinalysis were determined immediately

aa 326-345).B, A schematic diagram of the triepitope polyoxime pefore each immunization and at 2 wk after each vaccine dose. Blood

(T1BT*),-P3C containing the malaria epitopic module (T1BT*) linked via samples for serology and T cell assays were drawn at the same time points.
oxime bonds (@) to the lipopeptide (P3C)-modified tetrabranched core. Additional samples were obtainedl, 2, 5, and 10 mo after the third and
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Table I. HLA genotypes of volunteers in phase | study of (T1BP3C malaria vaccine

Volunteer A* B* DRB1* B3* B4* B5* DQB1*
03 26/30 35/53 0701/1104 02 01 - 02/0301
04 01/x 57/15 1103/1501 02 - 0101 0301/0602
05 0201/6901 44/55 0404/1301 0101 01 - 0302/0603
06 32/8001 35/55 0801/1501 - - 0101 0402/0602
07 01/0201 08/57 0301/0701 0101 01 - 02/03032
08 24/29 35/44 1401/1602 02 - 02 0301/05031
09 0201/11 35/44 0401/1501 - 01 0101 0302/0602
10 23/24 44/15 0403/0701 - 01 - 02/0302
14 0201/03 07/15 0301/0408 0101 01 - 02/0304
15 0201/03 08/35 0301/0404 0101 01 - 02/0302

final dose of vaccine to measure persistence of the Ab and cellular immunt® stimulation with 4uM T1BT*, or equimolar concentrations of the mo-

responses. noepitope peptides containing T1, B, or T*, using irradiated autologous
) EBV-immortalized B cells as APCs.
Serological assays IL-2 assays were conducted using PBL culture supernatants collected at

72 h, or TCL culture supernatants obtained 24 h after peptide stimulation.
The amount of IL-2 was measured by bioassay using an IL-2-dependent T
cell line (10, 11). Stimulation indices (Sl) were calculated as follows: cpm
induced by supernatants from peptide stimulated cultures/cpm induced by
a'supernatants from medium only cultures.>SI3.2 were considered posi-
Alive for the triepitope peptide and St 2.5 positive for the mono-epitope

] h peptides (corresponding to 35 mU/ml rIL-2 standard). The K-Mvels
ELI.SA were conducted using 9_6-vye|| plates coated with the (TlBT*) were measured in TCL supernatants collected at 48 h using a commercial
polyoxime or the corresponding triepitope MAP construct. The fine SPECE| |SA (R&D Syst Mi lis. MN
ificity of the Ab response was determined using the T1B repeats or uni- (+ ystems, Minheapals, ). ;
: CD8" T cells were assayed by IFM-ELISPOT using target cells

versal T* peptide as Ag in the ELISA. Following incubation for 1 h with . * . . :
Lo : . pulsed with an HLA-A*0201-restricted CTL epitope of the CS protein (22,
2-fold dilutions of sera in PBS/0.05% Tween/2.5% BSA, and washing, the: o - : - : -
. - i ; : ). Purified CD8 T cells were isolated by magnetic cell sorting (Miltenyi
presence of bound Ig was detected by incubation with peroxidase-labele iotec) of cryopreserved PBL from five HLA-A*0201 volunteers, obtained

anti-lgG or IgM Abs followed by the addition of 2,2’-azinobis(3-ethyl- : :
benzthiazoline-6-sulfonic acid) substrate (Kirkegaard & Perry Laborato—-2 Wk after the second or third dose of vaccine. The cells were expanded by

. ; - ) P n vitro culture with a 9-mer HLA-A*0201-restricted CO8CTL epitope,

ries, G_al_thersburg, MD). The'end point titer was defined as the dilution O'thich is present within the universal T* peptide sequence (23). As a pos-
sera giving aﬁ ODh(OD pegtnge-cgat_edc;Ne_llﬁ dBSAO—coateId \I/Eve_lls) that itive control, parallel cultures were stimulated with a HLA-A*0201-re-
was grgatert gnt e mean ° talng' with day O sera. IgE titers were stricted 9-mer peptide derived from influenza hemagglutinin (24). After
determined using a murine mAb specific for human IgE, followed by S€-7_10 days of in vitro expansion, varying concentrations of CB8ector
quential incubations with biotinylated anti-murine 1gG (Vector Laborato- cells were cocultured with TOHLA-A*0201-positive T2 target cells
ries, Burlingame, CA), HRP-labeled strepavidin (Calbiochem, La Jolla, : : - A .
CA). and 2.2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) substrate. pulsed with or without the CS or flu peptides. After overnight incubation

An indirect i i IFA ducted B of the cells in anti-IFNy mAb-coated nitrocellulose microtiter wells, lym-
n indirect immunofluorescence assay (IFA) was conducte INJ " bhokine secretion was detected by staining the washed wells with perox-

Peptide-specific Ab titers were measured by ELISA using peroxidase-la:
beled Abs specific for IgM or IgG (Cappel, West Chester, PA) and IgE
(Hybridoma Research Lab, Baltimore, MD). Qualitative determination of
1gG subgroups, IgG1 through IgG4, was obtained by ELISA using ser.
diluted 1:100 and enzyme-labeled murine mAb specific for each hum
1gG subgroup (Southern Biotechnology Associates, Birmingham, AL).

6 Ag /6.0 jounwiw ' mmm//:dny wo.y papeojumoq

falciparum (NF54 isolate) sporozoites, dissected from the salivary glandsj. <o japeled anti-IFN; followed by 5-bromo-4-chloro-3-indolyl phos- é
of infected Anopheleamosquitoes. The slides containing air-dried sporo- . . .
z0ites were in(?ubated wi(t]h 2-fold dilutions of sera fc?llowed by FpITC- phate/nltrobllue tetrazcl)llmm substrated(leijegsard & IIDerry). The numbegof 9
- h ’ . . spots in triplicate wells was counted and the results were expressed as
!ﬁbsgglgr}‘;hléma: I%? or IgM (Kierkegaard & Perry Laboratories) diluted mean number of CD8 IFN-vy-secreting cells/T0cells. Responses were JC>
! Reacti-vit;/) Wi\tlr? v?abllég. falciparumsporozoites was assayed using the considered significant if this number was at least 2-fold greater than that €
. ; . . . G
CS precipitin (CSP) assay (20, 21). Twofold dilutions of sera, obtained 200btaln6d with the negative control at the cell concentration used. a
days after the final immunization, were mixed with vialefalciparum N
sporozoites and incubated for 45 min at 37°C. The endpoint titer was thdx€SUItS %

last serum dilution that could elicit a positive terminal precipitate visible by Safety and reactogenicity

hase microscopy, the CSP reaction, in 2/20 sporozoites. . . .
P 24 P The (T1BT*),-P3C vaccine was well tolerated and elicited mini

Cellular assays mal local and systemic reactions in the majority of volunteers (Ta-

Peptide-specific T cell responses were measured by proliferation and C)Ple I1). None of the vaccinees developed fever (defined as axillary

tokine assays using PBL obtained at various time points during immunitemperature= 37.5°C) and laboratory safety parameters remained
zation. Ficoll-purified PBL were incubated in triplicate wells with medium,
or with 10-fold dilutions of polyoximes in RPMI 1640/10% human serum
starting at 1uM concentration. The triepitope (T1BT;immunogen, as
well as polyoximes representing the individual epitopes, {T(B),, or
(T*) ,, were tested in each assay. Positive controls included T cell mitogens

Table Il. Reactogenicity of (T1BT})P3C polyoxime vaccine

PHA (Difco, Detroit, MI) or PWM (Life Technologies, Grand Island, NY) Vaccine Dose

and a control recall Ag, tetanus toxoid (kindly provided by Wyeth-Ayerst

Laboratories, Marietta, PA). For the proliferation assays, cultures received ~ Symptont 1st 2nd 3rd

10 U/ml IL-2 on day 7 and were pulsed on day 9 witluCi [*H]Tdr for Local pain 5 5 3

18 h before harvesting and scintillation counting. Significant responses Redne%s 1 1 2

were taken as>11006 cpm (cpm in cultures stimulated with peptide Induration 1 1 1

cpm in cultures without peptide), representing the mea2 SD of re- Local itch 0 1 5

sponses obtained with preimmune PBL from the 10 volunteers. Fatique 3 1 5
T cell lines (TCL) were established using PBL depleted of CO&ells Hea%ache 1 > 5

by nlagnetic cell sorting (Miltenyi Biotec, Auburn, CA). The purified Nausea 1 0 0

= ) ; . .
CD4" T cells were expanded in vitro by stimulation withyM T1BT Arthralgia 1 5 1

linear peptide for 7 days followed by the addition of fresh medium con-
taining 100 U/ml IL-2 at 3- to 4-day intervals. After3 wk in vitro, the 2 Summary of the number of vaccinees reporting local or systemic symptoms after
TCL were assayed for proliferation and lymphokine production in responsesach vaccine dose.
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within normal ranges. Systemic side effects included mild to mod- 10000
erate fatigue, mild arthralgia, headache, and nausea, which re-
solved spontaneously without treatment. One individual (volunteer
no. 7) had an increase of C-reactive protein with intercurrent strep-
tococcal angina on day 7, unrelated to the vaccine. g 1w
Mild local reactions, including pain at the injection site, indu- ©
ration, and redness, were common. Two participants reported Io-é
calized itching 2-3 days after the second and third immunization, 2
suggesting a delayed-type hypersensitivity reaction. Local pain
following injection decreased with increasing immunizations,

LI e

--0- IgM

T T T

—0— IgG

100

T

while redness and local itch increased with additional booster in- &0

oculations. All local reactions resolved without treatment and all 10 o b e
participants were willing to receive further inoculations if 0 50 100 150 200 250 300 350 400
requested. t t Days

FIGURE 3. Kinetics of the IgM (O) and IgG ((J) Ab response to
(T1BT*), measured in sera of the polyoxime-immunized volunteers.
Polyoxime elicits Ab responses in individuals of diverse HLA. ELISA results are expressed as GMT for the 10 volunteers. The arrows
Following three immunizations with (T1BT})P3C, all of the vol indicate days of immunization.

unteers developed detectable levels of IgG Abs reactive with the

triepitope immunogen (Fig. 2). The Ab titers ranged from 160 to

20,240, with peak anti-peptide titers exceeding-10" in the ma  |gMm Abs (GMT 320) and 9/10 volunteers had IgG (GMT 296) 1
jority (8/10) of the vaccinees. mo after the first immunization. Following a booster inoculation,
High Ab responses were not limited to volunteers expressing|| of the volunteers were seropositive with IgM GMT 529 and 1gG
HLA class I genotypes known to function as restriction elementsGMT 1670 (Fig. 3). Ab titers declined 2- to 4-fold over a 2-mo
in vivo. Five of the volunteers were DRB1*0401, DRB1*0701, or interval. Administration of a third dose of vaccine at this time point
DQB1*0603 genotypes (Fig. M), which had been shown to func- (day 84), lead to a rapid increase in Ab titers, which reached IgM
tion in T1- or T*- specific CD4 T cell responses iR. falciparum  GMT of 802 and IgG GMT 2605. The peptide-specific Ab levels
sporozoite-immunized volunteers (11, 12). The IgG geometricdecreased over the 10-mo period following the final immunization,
mean titer (GMT) in the five volunteers who expressed thesgalling to an IgG GMT 137 on day 373 when the study was
known class Il responder alleles was not significantly differentierminated.
from the titers of five vaccinees expressing HLA molecules of The anti-peptide Abs elicited by (T1BTP3C immunization
unknown in vivo function (p= 0.8; Fig. 2/Z). Consistent with the  \ere predominately of IgG1 and IgG3 subtypes in the majority of
broad spectrum of T* binding to soluble HLA class Il molecules, the volunteers (Fig. 4). Volunteers with the highest IgG titers also
all of the volunteers in this latter group expressed at least one clasgad increased levels of IgG2 and 1gG4 peptide-specific Abs. The
Il molecule that was predicted to function as a restriction elementwo volunteers with the lowest Ab titer, volunteers no. 03 and no.

Humoral Immune Response

nB Aq /6.0 jounwiw I "mma//:dny Wwodj papeojumoq

based on peptide binding studies in vitro (12). 06, had only IgG1 subtype Abs detectable.
Isotypes and kinetics of anti-polyoxime respons€he majority Transient peptide-specific IgE Abs were detected in two volun- &
of the volunteers seroconverted following a single dose of theeers, no. 05 and no. 09, following the third dose of vaccine (day S
(T1BT*),-P3C vaccine. Volunteers (8/10) had peptide-specific98; data not shown). Volunteer no. 09 also had a transient eIevatedZ‘C>
€
Qa
©
VOLUNTEER DRB1* DQBI1* )
N
N
03 0701, 1104 02 , 0301
FIGURE 2. HLA class Il haplotypes and corre- 06 0801, 1501 0402, 0602
sponding Ab titers of volunteers immunized with
(T1BT*),-P3C. Sera obtained14 days following 07 0301, 0701 02, 03032
the third and final dose of vaccine was assayed by
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IgE response after the second dose of vaccine (day 42), whictions of the vaccine. None of the PBL obtained after the first im-
decreased to background level by day 84, when the third dose afhunization (day 14), and 1/10 after the second dose of vaccine
vaccine was administered. No immediate-type hypersensitiviy re¢day 42), proliferated in response to peptide stimulation (Fig. 5).
sponses were noted in any of the volunteers at any time poinft 2—8 wk after the third and final dose of vaccine (days 98, 112,
during immunization. and 150), the PBL of the majority of volunteers (7/10) proliferated
Fine specificity of Ab responsePeptides representing the indi- in response to (T1BT?%) peptide. When retested 10 mo after the
vidual B or T cell epitopes contained in the vaccine (i.e., the T1Bthird dose (day 373), PBL of 57% (4/7) of these volunteers still had
repeats or the T* universal T cell epitope) were used to determin@eptide-specific T cell responses detectable in the proliferation
the fine specificity of the anti-peptide Ab response (Table Ill). Forassay.
all sera, the titers to the (T1B) repeats were within a 4-fold dilution ~ Volunteers whose PBL proliferated in response to (T1BT*)
of the Ab titer against the entire triepitope (T1BTfjnmunogen,  Peptide, also had detectable levels of IL-2 in culture supernatants,
indicating the repeats contained the immunodominant B celindicating that peptide-specific T cells were responding (Fig. 6).
epitope. In contrast to the anti-repeat response, little or no reacthe fine specificity of the cellular response was determined using
tivity was detected against the T* epitope, with low titers measurecsupernatants from cultures stimulated with monoepitope peptides,
in only five volunteers (GMT 320). The polyoxime core sequence(T)4 (B),, or (T*),. PBL of the majority of volunteers produced
also was not immunogenic as comparable ELISA titers were oblymphokine only in response to the T* peptide (S| range, 4.5-
tained using a (T1BT%)MAP, which differed in the structure and 21.5). IL-2 was not detected in supernatants from cultures stimu-
amino acid composition of the branched core (data not shown)ated with the T1 or B cell peptides (mean S for T1 peptide#.3
Moreover, no positive reactions were observed when the lipidate@.4; for B peptide 1.0- 0.2). Volunteers no. 03 and no. 07 did not
Pam3Cys-modified core was used as Ag in the ELISA (data noproduce significant IL-2 in response to any peptide, consistent with
shown). the lack of proliferative response. The PBL of these volunteers
A positive correlation of anti-repeat Abs with reactivity with gave normal responses to PHA and PWM in all of the assays.
native CS onP. falciparumsporozoites was demonstrated using  The positive peptide-specific cellular responses correlated with
both IFA and CSP reactions (Table I11). 8/10 volunteers seroposthe presence of high Ab titers in the serum of these vaccinees. The
itive for anti-repeat Abs (GMT 1114) were also positive by IFA seven volunteers whose PBL proliferated and produced IL-2 fol-
conducted using air-drieB. falciparumsporozoites (GMT 830). lowing stimulation with the (T1BT*) or T* epitope had ELISA
However, volunteer no. 07, despite good titers to the peptide imGMT of 6241. In contrast, the three volunteers (no. 03, no. 06, and
munogen, reacted less well with the repeat peptide and poorly witio. 07) whose cells failed to proliferate or produce significant IL-2
P. falciparumsporozoites. Volunteers no. 03 and no. 06, the twofollowing peptide stimulation had a GMT of 403.
individuals with the lowest anti-repeat ELISA titers (160—-320), did CD4* TCL. To further analyze the T cell responses, CDACL
not have detectable IFA reactions§0). were established from five volunteers by expanding PBL using a
The biological relevance of the peptide-induced Abs was alsaingle cycle of (T1BT*) peptide stimulation in vitro. TCL that
demonstrated using viabR falciparumsporozoites. When tested  specifically recognized the (T1BT*) peptide were obtained from
in the CSP assay, 7/10 volunteers with highest anti-repeat ELISA/5 volunteers, including individuals with low PBL responses,
titers gave positive CSP reactions, at sera dilutions of 1:5-1:1@uch as volunteer no. 15 (Table IV). Consistent with the fine spec-
(Table 11I). Consistent with the requirement for high levels of Ab ificity noted with PBL, the CD4 TCL proliferated and/or pro
to induce the terminal precipitin reaction on the viable parasite, theluced IL-2 when stimulated with the T* peptide, but not the re-
sera of volunteers with low or negative IFA titers were CSP neg-peat, T1, or B peptides (data not shown). TCL from volunteer no.
ative (volunteers no. 03, no. 06, and no. 07). 07 did not proliferate or produce lymphokine in response to any of
the peptides, consistent with the lack of response noted with bulk
PBL cultures.
PBL proliferation and IL-2 production. Proliferative responses Supernatants from the peptide-stimulated TCL cultures were
to the (T1BT*), peptide were detectable after multiple inocula also examined for IFNy, a potent inhibitor of intracellular hepatic
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Table Ill. Fine specificity of antibody responses in (TLBFPBC vaccine€s

Peptide ELISA

Volunteer HLA DRB1* (T1BT*), (T1B), (™4 IFA csP
03 0701/1104 160 160 <80 <80 Negative
04 1103/1501 5,120 2,560 160 1,280 5
05 0404/1301 2,560 1,280 <80 320 5
06 0801/1501 320 320 <80 <80 Negative
07 0301/0701 1,280 320 <80 80 Negative
08 1401/1602 5,120 1,280 160 640 5
09 0401/1501 20,480 5,120 640 2,560 10
10 0403/0701 20,480 5,120 640 5,120 10
14 0301/0408 2,560 1,280 <80 640 5
15 0301/0404 5,120 1,280 320 1,280 5

2 Results are shown as 1gG Ab titers measured in sera collectdddays after the third and final s.c. injection of (T1BFH3C polyoxime vaccine. IFA and CSP were carried
out using air-dried or viabl®. falciparum(NF54) sporozoites, respectively.

stages of the parasite (25). All of the CDZCL, with the excep-
tion of volunteer no. 07, produced IFiin response to T1BT*

duce positive ELISPOT when tested against malaria peptide-
pulsed target cells (data not shown).

and/or the T* peptide, suggesting a Th1l- or ThO-type cellular re- I
sponse. Further analysis of the cytokines and fine specificity of §
cellular responses of the polyoxime-immunized volunteers is inDijscussion 9
progress using peptide-specific T cell clones (J.M.C.-C., manuthe cyrrent phase | trial is the first demonstration in man of the %
script in preparation). immunogenicity of a (TLBT*)-P3C polyoxime malaria vaccine. 3
CD8" T cells. The T* epitope contains, in addition to a Th cell Thjs peptide represents a precisely defined synthetic construct con-3
epitope, an HLA-A*0201-restricted CDBCTL epitope thatis rec-  aining a universal T cell epitope and repeat B cell epitopes of the -%

ognized by cells of peptide-immunized mice and naturally infecteds t4icinarumCs protein ligated to a branched core modified with
individuals (23). The P3C lipopeptide adjuvant has been shown tqne |inopeptide P3C as an endogenous adjuvant. The composition
enhance CD8 T cell responses in peptide-immunized murine and ¢ yis totally synthetic vaccine formulation could be confirmed by
primate hOSt.S (26, 27). . ific CD . mass spectroscopy, facilitating the reproducible production of vac-
itegob(:/eitrirr;n:;?z\;vt?()egh\?vri t???{'g:ligfe;gg ngce_ll_lscvevﬁsrev\ilfe' cine batches for experimental studies and clinical testing.

' All 10 volunteers, of diverse HLA haplotypes, seroconverted

isolated from PBL of five HLA-A*0201-positive vaccinees. The ; . . -
purified CD8" T cells were expanded in vitro by coculture with a following two ‘_"OSES of the .('I.'lB'I'.z}PSC polypxme vacglpe (Fig.
2). The majority of Abs elicited in the vaccinees specifically rec-

9-mer peptide containing the CD8CTL epitope, or a control . X ;
peptide from influenza hemmagglutinin, and tested in a §FN- ognized the CS repeats (Table Ill). The immunodominance of the

ELISPOT assay. In the control cultures expanded with the flu pep©S reépeat B cell epitope, and absence of significant responses tof
tide, CD8' T cells of all five HLA-A*0201 volunteers produced the nonrepeat T* helper epitope, is consistent with the fine spec-
IFN-y when assayed using HLA-A*0201 target cells pulsed with ificity of the Ab responses elicited by immunization with fal-

flu peptide (mean 2472 spotsfl€ells). An additional cycle of in ~ Ciparumsporozoites in human volunteers and murine hosts (1). Of
vitro peptide expansion further increased the levels of flu-specifigharticular importance was the ability of the peptide-induced Abs to
CD8" T cells (> 4000 spots/19cells). In contrast, despite mul- react withP. falciparumsporozoites. Sera of the seven volunteers
tiple cycles of in vitro expansion with the malaria CS peptide, with high anti-repeat Ab titers all had positive IFA titers and CSP
CD8"* T cells of the five HLA-A*0201 volunteers failed to pro- reactions. The CSP reaction effectively immobilizes the sporozoite
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FIGURE 6. IL-2 was measured in supernatants 60 || (T1BT*),
collected from PBL cultures at the same time points
described in Fig. 5. The PBL were stimulated with- 50 A, (™),
out or with 1 uM (T1BT*), or equimolar concen
trations of the monoepitope (T4)(B), or (T*), =% 40 BRA (1),
peptides. The percent of samples that induced sig-
nificant proliferation (triepitope SB> 3.2, mono- 30 ] ®),
epitope SI> 2.5) of an IL-2-dependent T cell line is
shown for each volunteer. Mean cpm induced by 2¢
supernatants from PBL cultures without peptide was -
353 + 107. 10 E§
1]
03 04 05 06 07 08 09 10 14 15
Volunteers
g
(28), thereby inhibiting invasion of the hepatocytes, which is de-detected using either bulk PBL or TCL. This was despite the fact
pendent on parasite motility (29). High levels of Abs reactive with that two volunteers, no. 05 and no. 09, were of the high responder 9
the sporozoite surface may also function by sterically blockinggenotype for the T1 epitope (DQB1*0603 and DR *0401, respec- %
host cell receptor interactions mediated by the CS ligand (30). tively). In contrast, CD# T cells specific for the T1 helper epitope =
The 100% seroconversion of the polyoxime vaccinees is mostvere detected in volunteers of these genotypes following immu- %
likely due to inclusion of the parasite-derived T* epitope. The T* nization with (T1B), MAP (Ref. 7; G.A.O., manuscript in =
peptide functions as a Th cell epitope in 8/8 inbred strains of micgreparation). =2
and can bind to a broad range of HLA class Il molecules in vitro These findings indicate that T* was the immunodominant T cell s
(12). These murine and in vitro studies suggested that the T®pitope within the (T1BT*) polyoxime vaccine. Although the g
epitope could function as a universal T cell epitope in humansmechanisms controlling immunodominance remain to be defined 5
These predictions were confirmed in the present study, as high A1), it is noteworthy that the HLA binding affinity of the T* 3
titers were detectable in the majority of volunteers (7/10) of di-epitope was significantly higher than that of the T1 peptide, as %
verse HLA types following immunization with the (TLIBTEP3C  measured by peptide binding to soluble class Il molecules (12). o
vaccine. In contrast, a (TLBMAP, which contains the same CS The absence of detectable T1-specific T cells in the polyoxime- <

repeat epitopes but lacks the universal T* epitope, could elicit higimmunized volunteers expressing T1 responder genotypes&
Ab titers in only limited class Il genotypes (DRB1*0401, *1101, (DRB1*0401 and DQ603) suggest that peptide competition may
and DQB1*0603; Ref. 7). occur in vivo, as has been found in vitro (J.M.C.-C., unpublished 2
The suggestion that the T * epitope was functioning as a uni-observations). The correlation of broad spectrum T* peptide HLA S
versal Th epitope in the polyoxime-immunized volunteers is alsobinding in vitro and high levels of immunogenicity of the
supported by the correlation of Ab and cellular responses. T*{T1BT*), polyoxime in vivo support the use of computer-driven
specific proliferation, IL-2 and IFN¢ production were observed in  algorithms that predict T cell epitopes with high affinity for mul-
PBL and/or TCL derived from all volunteers who developed hightiple class Il molecules to identify potential T cell epitopes for
levels of anti-parasite Abs. The inability to detect cells of this inclusion in peptide vaccines (32).
specificity before immunization indicate that these T*-specific cel- Although peptide vaccines can be engineered to include univer-
lular responses were induced by the polyoxime vaccine. sal epitopes from bacterial or viral proteins or artificial universal
In contrast to the T* epitope, significant cellular responses toepitopes (5, 6), these foreign epitopes are not functionally equiv-
T1, a second malaria Th epitope contained in the vaccine, were natlent to a parasite-derived universal T cell epitope. The inclusion
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Table IV. Specificity of CD4ATCL derived from (T1BT#%P3C vaccinees

T1BT* Peptide T* Peptide
Volunteer
TCL® Proliferatior? (SI) IL-2€ (SI) IFN (pg/ml) Proliferation (SI) IL-2 (SI) IFN (pg/ml)
05 21 22 0 21 71 13
07 1 1 0 1 1 0
09 20 17 1956 17 23 1102
14 5 4 14 11 22 48
15 18 13 76 16 20 128
Control TCL 1 1 0 1 1 0

aCD4* T cell lines (TCL) were derived, following a single in vitro expansion with (TLBT*) peptide, using PBL obtained 1 mo after the third dose of vaccine. Control TCL
were established in parallel using PBL from a naive donor.

b Proliferation is shown as stimulation (SI) in response oM T1BT*, T*, T1, or B peptides. S& 2.5 was considered positive, with mean cpm for wells without peptide,
1332+ 653. Stimulation of TCL with T1 or B repeat peptides did not elicit detectable proliferation or cytokines (data not shown).

¢IL-2 in 24-h culture supernatants was measured using an IL-2-dependent T cell line2 Slwas considered significant. Mean cpm induced by supernatants from TCL
cultures without peptide was 717 198. IFN was measured in 48-h culture supernatants.
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of T* in a malaria vaccine provides the potential to elicit anam- with P. falciparumsporozoites, in the absence of malaria-specific
nestic responses in individuals living in endemic areas, and t€€D8" T cells (37, 38). Of particular relevance to vaccine design,
maintain vaccine induced responses following exposure to th@rotection in that study was dependent on a combination of strong
bites of infected mosquitoes. The (T1BJ*polyoxime induced adjuvants, consisting of a mixture of MPL and QS21 in an oil-in-
strong anamnestic responses (250-fold increase in titer) when inwater emulsion (37). Although encouraging results were obtained
jected in mice primed withP. falciparumsporozoites (J.M.C.-C., with the P3C adjuvant in the current trial, it is expected that pep-
unpublished observations). tide vaccines will also require more potent adjuvants to elicit op-
In addition to the requirement for universal Th epitopes, othertimal immune responses.
factors may play a role in determining the magnitude of the Ab The use of multiepitope polyoximes as immunogens can over-
response to CS peptide vaccines. It is noteworthy that volunteersome the limitations of chemical synthesis and genetic restrictions
no. 03 and no. 07, who had low anti-sporozoite Ab titers and nahat have hindered the development of synthetic peptide malaria
detectable peptide-specific PBL or TCL responses, were heterozyaccines. The results of this phase | trial demonstrate the immu-
gous for the DR*0701 allele. Similarly, in our recent phase | MAP nogenic potential of polyoximes in humans and support further
trial, individuals of high responder genotypes who were heterozystudies to develop precisely defined, broadly applicable synthetic
gous for DR7 also failed to develop the expected high levels of Albpeptide vaccines for malaria immunoprophylaxis.
and T cell responses (7). Poor humoral responses following im-
munization with hepatitis and measles vaccines have also beeacknowledgments
noted in DR7 heterozygotes (33, 34). However, one of the thré§ye thank the volunteers for their participation in the study, Tiziana
DR7-positive polyoxime vaccinees, volunteer no. 10, developed-arinelli for assistance with recruitment and the nurses of the Community
high levels of Ab (Fig. 2), as well as strong cellular responses taviedicine Unit for their care and time. We gratefully acknowledge the
the immunogen and the T* epitope (Figs. 5 and 6). The compartechnical assistance of Rita Altzsuler in the immunological assays and
ative analysis of DR7-linked genes expressed in low vs high relrene Rossitto-Borlat, Pierre-Olivier Regamey, and Gryphon Sciences for
sponder haplotypes may help identify additional genetic mechagxpert technical assistance in peptide synthesis. We thank Ho Ing, Sasi &
nisms that function in immunoregulation. Charan, and Didier Pittet for endotoxin and sterility tests and M.-L. Her- S

The identification of regulatory cell populations would facilitate rero-Calvo for sterilization of the apparatus. We acknowledge the Central =

the rationale desian of vaccines by ensurina that only functional _I.Clinical Chemistry Laboratory for blood and urine tests. The Walter Reed 3
9 y g y Army Institute of Research and the Navy Medical Research Institute gen- =

and B cell epitopes are included in peptide vaccines. HOWeVererously provided. falciparum-infected mosquitoes for serological assays.
such minimal peptide epitopes lack the nonspecific immunostimus_ was obtained from Dr. Maurice Gately through the AIDS Research
latory properties of more complex recombinant protein or viraland Reference Reagent Program, Division of AIDS, National Institute of
subunit vaccines and thus peptide vaccines require potent adjudlergy and Infectious Diseases, National Institutes of Health. We thank <
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vants to elicit optimal immune responses. In the current trial, theVictor Nussenzweig for critical review of the manuscript.

lipophilic adjuvant P3C, which can enhance peptide-induced Ab as

well as CD4" and CD8 T cell responses (14, 17), was tested asReferences

a synthetic endogenous adjuvant. 1.

The inclusion of the P3C adjuvant may have helped to broaden
the range of 1gG subgroups elicited by the vaccine. The majority
of the volunteers developed IgG1 and IgG3 anti-peptide Abs, and
IgG4 Abs were obtained in 50% of these vaccinees (Fig. 4), sug-,
gesting T cell help was provided by both Thl and Th2 subsets. In
contrast, the (T1B)MAP formulated with alum and QS21 as co-
adjuvants, elicited IgG1 and IgG3 anti-repeat Abs with little or no
IgG4, suggesting a predominantly Thl response (7). To directly
determine the T cell subset(s) induced by the lipidated polyoxime,
the cytokine profiles of peptide-specific T cell clones are being
analyzed.

The inclusion of the P3C adjuvant also provided, in principle,
the potential to elicit class I-restricted T cells. However, malaria-
specific CD8 T cells were not detectable in the five HLA-
A*0201-positive vaccinees when assayed by IFNELISPOT.
Whether CD8 T cells are required for protection of man against 7.
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