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Abstract

A class of synthetic peptide immunogens for the cell surface HIV receptor complex has been developed to elicit antibodies that block
viral entry by inhibiting gp120-CD4 interaction. These peptides extend our HIV receptor-directed approach from passive immunotherapy
with mAb B4 (Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 10367) to active immunization by a synthetic peptide-based vaccine. A peptide
site from CD4 was identifiedssa B cell epitope capable of mimicking a susceptible site on the HIV receptor complex, and then rendered
immunogenic. An effective target antigenic site (B cell epitope) for the cell surface HIV receptor complex was selected by epitope mapping
from among diverse CD4 and chemokine receptor peptides. It is a cyclized sequence modified from the CDR2-like domain of CD4
(AA 39-66), that was predicted to produce steric hindrance of the discontinuous recognition site of mAb B4. The immunogenicity of the
targeted epitope was augmented by tandem combination with promiscuous T helper cell epitopes (Th). The antibody response to this class of
immunogens attained sufficient concentrations and affinities of the correct specificity to block the interactions of HIV env glycoprotein with
the cellular receptor, and prevent infection. The polyclonal antibodies generated against these fusion constructs in multiple animal species
neutralized a broad array of HIV-1 primary isolates from clades A to E. Despite eliciting antibodies to the key CD4 immunomodulatory
molecule, the site-specific and chemically defined immunogens displayed no overt immunotoxicity in baboons and have potential for the
immunotherapy and immunoprophylaxis of HIV infection.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction bodies neutralized the infectivity of primary HIV isolates
with high potency{1-4]. Monoclonal antibody 5A8 (which
Blocking HIV entry by inhibiting gp120-CD4 binding  recognizes domain 2 of CD4) had therapeutic effect in
is a potentially valuable strategy for HIV prophylaxis. We S|V-infected macaque$5] and autoimmune anti-CCR5
have been approaching this strategy by focusing on vac-and anti-CD4 antibody responses have been associated with
cines and antibodies against the host cell receptor, ratherresistance to HIV infection in exposed individudi,7].
than a gpl120-directed approach. The anti-host cell strat-Monoclonal antibody mAb B4 has a specificity for the
egy overcomes the variable sensitivities of primary HIV cell membrane-associated CD4/co-receptor complex. The
isolates to neutralization by antibodies. High affinity an- details of its discontinuous conformational epitope are un-
tibodies directed against several components of the CD4known. It is a non-cytotoxic, non-immunosuppressive mon-
receptor/co-receptor complex for HIV on the host cell have oclonal antibody with neutralizing activity against HIV. We
been shown in several laboratories to affect the binding had shown previously that mAb B4 blocked in vitro repli-
and post-binding steps of HIV infection and these anti- cation of SIV, SHIV, HIV-2, and primary isolates of HIV-1
from multiple clades and with different co-receptor tropisms
* Portions of this work were presented previously at the Seventh Con- [8]. Antibody B4, given 4 h after virus exposure protected
ference on Retroviruses and Opportuni_stic Infectiqns, San Franci_sco CA hu-PBL-SCID mice from challenge with HIV-1 AD-6.
ﬁﬁ:ﬁ”&%liggogiﬂﬂq;tet&e.g,'”fgrgfg?e”ﬂbﬁefggg_ of the Institute of Chimpanzees infused intravenously with 5mg/kg of B4
* Corresponding author. Tek:1-631-273-2828; fax+1-631-273-1717.  €ither 1h before or 1h after challenge were protected from
E-mail addresscywang@unitedbiomedical.com (C.Y. Wang). intravenous challenge by 100 TGipof HIV-1 DH-12 [8].

0264-410X/02/$ — see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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We present here the extension of our receptor-directed ap-Table 1
proach from passive immunization by mAb B4 to active im- Designs of peptide immunogens
munization by synthetic peptide immunogen. A class of Syn- peptide  Design
thetic peptide immunogens with a target epitope sequencecode
modified from the CDR2-like domain of CD4 was devel- a Target antigenic site
oped by mapping sites on CD4 for functional antigenicity. P HBsAg Th-GG-target antigenic site
That class of synthetic peptides elicited broadly neutralizing © Iv-GG-HBsAg Th-GG-target antigenic site

. . . . . d CT P11 Th-GG-HBsAg Th-GG-target antigenic site

antibodies. The challenges in developing such immunogens

. . . . . e Target antigenic site-GG-HBsAg Th
were the identificationfoa B cell epitope capable of mim- ¢ KKK-HIV-1gp41Th-GG-UBITH? 1-GG-target antigenic site
icking a susceptible site on the CD4 receptor complex, and g UBITh®1-GG-target antigenic site
then rendering it immunogenic. Effective immunogenicity X Target antigenic site 1-C-C-target antigenic site 2

required that the synthetic peptide stimulate the production

of antibodies with the correct fine specificity, at levels and Promiscuous Th can be provided by sequences derived from

affinities sufficient to block the interactions of HIV env potent foreign antigens such as measles virus F pritéin

glycoprotein with the receptor, while not generating overtly gp41 of HIV [12], and combinatorial Th peptide libraries

immunosuppressive activities against GBZ cells. [13—-15] Antibody responses to prototype fusion peptides of
The desired specificity was obtained by epitope mapping this class attained antibody concentrations and affinities suf-

for functional immunogenicity. Peptide constructs were de- ficient to neutralize a broad array of HIV-1 primary isolates.

signed from the CD4 and co-receptor regions systematically

[9], and selected for immunological cross-reactivity to the

mAb B4 binding site and for their ability to elicit neutraliz- 2. Materials and methods

ing antibodies. A sequence from the CDR2-like domain of

CD4, at AA 39-66, was found to be the most effective target 2.1. Design and synthesis of CD4- and chemokine receptor

antigenic site (B cell epitope) for the synthetic immunogen. peptide immunogens

This site was predicted to produce steric hindrance of the dis-

continuous recognition site of mAb B4. The loop structurein  Target antigenic site peptides, including those exempli-

the CDR2-like domain was imitated in the peptide by the in- fied in Fig. 1, were synthesized individually by solid-phase

sertion of cysteine residues followed by cyclization through synthesis on Applied Biosystems automated peptide synthe-

the sulphydryl group§l0]. The immunogenicity of the tar-  sizers (Models 430, 431 and 433A) using Fmoc chemistry,

geted CD4-CDR2 antigenic site was augmented by tandemin their corresponding “a”, “b”, “c”, “d”, “e”, “f", “g”

combination with promiscuous T helper cell epitopes (Th). or “x” forms (see Table 1for schematic descriptions of
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Fig. 1. Search for functionally antigenic sites on human CR4:)(cyclized peptide;£- - --—) “X” peptide; ) cross-reactive with rsCD4; (1) cross-reactive

with cell surface receptor complex.
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Table 2
Amino acid sequences of pathogen-derived immunostimulatory sites

Description of site Amino acid sequence

HBs1932 Th [16] FFLLTRILTIPQSLD

Invasin[14,17] TAKSKKFPSYTATYQF
CT P11 Th[18] TINKPKGYVGKE
UBITh®1 [15] ISISEIKGVIVHKIETILF

T RT TR

HIV-1 gp4ly72-7s7 Th [12] TDRVIEVLQRAGRAIL

peptides andrable 2for the sequences of the tandemly

attached immunostimulatory sites of the b—g peptides). Pep-
tides designated by “a” represent a CD4 or CC chemokine
receptor target antigenic site alone. These were used a
the substrate antigens for peptide-based ELISAs. The “a”
peptides were tandemly attached to immunostimulatory
sequences to form fused peptide immunogens. Peptide

marked by “b” (e.g. “b” peptides iffable 3 were synthe-

sized as target antigenic sites in tandem with a T helper

site from hepatitis B virus surface antigen, “HBSA[{6]
(Table 2 and glycine—glycine linker. Peptides marked by
“c” (“c” peptides in Tables 3-% are variants of the “b”
constructs, having an invasin domain immunostimulatory
peptide “Inv” [14,17] (Table 2 on the N-terminus. The
peptide designated as “d”, peptide 1848dTmble 3 was

Table 3
Inhibition of mAb B4 binding to MT2 cells by immune sera to CD4 or
co-receptor-derived peptides

Inhibition of
mAb B4
binding®

Peptide cod® Description of target antigenic site

CD4-derived peptidés

rsCD4 CD4(1-353) -
1901b CD4(1-26) -
1403b CD4(43-55) -
1471c CD4(39-67) +
1848d CDA4[(68-92)-M] -
1472c (C)CD4[115-130 (& S)-137](CY

1771b CD4 (117-140) -
1817b CD4[118-130(C)-159(C)-165] -
1864x CD4(1-20)x CD4 (156-173) -
1889b CD4(213-251) -
1684c (C) CD4 (315-346)(€) -

Chemokine receptor-derived peptifles

1990e CCKRA4(181-203) -
1999 CKR1(1-34) -
2028b CKR1(261-287) -
2047b CCR5(168-199) -
2048b CCR5(261-277) -
2049x CCR5[(88-102) (168-199)] -
2087b CKR2b(100-114) -

aSeeTable 1for explanation of letter code.

b Indirect immunofluorescence inhibition assay.

¢Numbering of CD4 amino acid sequence from Littman et{30].
dTarget site is cyclized through the indicated cysteines.

€ Chemokine receptor external domain peptides, numbering system of

S
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a variant of the “b” constructs synthesized in tandem with
a second Th peptide derived froBhlamydia trachomatis
“CT P11 Th”[18] (Table 2, and attached to the N-terminus
through a glycine—glycine linker. Peptides marked by “e”
(“e” peptides inTable 3 were synthesized as the reversal of
“b” with Th sites located at the C terminus of the construct.
Peptides marked by “x” irFig. 1 and Table 3represent
peptides comprising a two-chain structure linked by an
inter-disulphide bond via the naturally existing cysteine
residues present on the respective chains. Peptide immuno-
gens designated as “f” and “g”, peptides p2249f and p2249g
of Tables 5 and ,7have an idealized promiscuous library
Th site, UBITKP1, modified from measles virus fusion pro-
tein [15] (Table 2. The library Th site was synthesized by
providing a mixture of alternative amino acids for coupling
at each variable position. The “f" peptide, p2249f, also
has an HIV gp41 helper sitd4ble J [12] attached to the

N-terminus of UBITH1 through a glycine—glycine linker.

After complete assembly of a desired peptide, the peptide
was cleaved from the resin and protecting groups removed
from amino acid side chains by standard treatment with tri-
fluoroacetic acid. For peptide cyclization, the cleaved pep-
tide was kept in 15% DMSO for 48 h to facilitate intrachain
disulphide bond formation between cysteines. Cleaved, ex-
tracted and washed peptides were purified by HPLC and
characterized by mass spectrometry and reverse phase HPLC
[19].

2.2. Target antigenic site peptide ELISA or rsCD4 ELISA

ELISAs for binding to target “a” peptide~{g. 1) or re-
combinant soluble CD4 (rsCD4) were done in microtitre
plates as describgd 9] except that the plates were coated
with the indicated target peptide or rsCD4 (American
Bio-Technologies) at 5 and 0.28/ml, respectively.

2.3. Cell binding assay

For indirect immunofluorescence (IF) stainings & 10°
CD4-expressing cells (HPB-ALLB] per well were washed
and incubated in 50l (plateau concentration) mAb B4
at 10pg/ml or diluted immune sera, and bound anti-
body detected by FITC-conjugated goat anti-mouse IgG
or FITC-conjugated species-specific goat anti-IgG (Cap-
pel/ICN, Costa Mesa CA). The stained cells were analyzed
by fluorescence microscopy or cytofluorography (EPICS,
Coulten)[8].

2.4. Indirect immunofluorescence inhibition assay

For competitive “biotinylated monoclonal antibody B4-T
cell” binding inhibition assay, HPB-ALL or MT2 cells were
first incubated with the competitive reagents or immune sera

the amino acid sequences deduced from nucleic acid sequences in LESTRAiluted 1:10 and washed twice before the addition of bi-

or CCKR4[28] and CC-CKR1, CC-CKR2b, CC-CKRE9].

otinylated monoclonal antibody B4 to plateau concentration.
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Table 4

Ability of CD4 peptide immunogens to elicit neutralizing antibodies against HIV primary isolate

Peptide Description of target Amino acid sequence of target antigenic site TdrgetrsCD4  NA Titer®
codé  antigenic sit®

rsCD4  CDA4(1-353) N/A >5 1:10
pl471lc  CDA4(39-67) NQGSFLTKGPSKLNDRADSRRSLWDQGNF >5 2.7 <1:10
p2057c  (C)CD4(27-66)(C) (C)HWKNSNQIKILGNQGSFLTKGPSKLNTRADSRRSLWDQGN(C) 45 >5 1:165
p2190c  (C)CD4(27-71) 7 — C] (C)HWKNSNQIKILGNQGSFLTKGPSKLNDRADSRRSLWDQGN(C)PLII  >5 >5 1:15
p2189c  (C)CD4(39-71) 7 — C] (C)NQGSFLTKGPSKLNDRADSRRSLWDQGN(C)PLII >5 >5 1:23
p2240c  (C)CD4(39-66)(C) (C)NQGSFLTKGPSKLNDRADSRRSLWDQGN(C) >4 >5 1:283
p1585c  (C)CD4(36-47)(C) (C)ILGNQGSFLTKG(C) 4.3 3.0 <110
pl6l4c (C)CD4(38-45)(C) (C)GNQGSFLT(C) >5 26 <110
p1586¢c  (C)CD4(42-59)(C) (C)SFLTKGPSKLNDRADSRR(C) 4.3 3.2 <110
p1587c  (C)CD4(44-56)(C) (C)LTKGPSKLNDRAD(C) 4.3 3.2 <110
p1588c  (C)CD4(46-55)(C) (C)KGPSKLNDRA(C) 4.3 3.2 <1:10

2 All synthetic immunogens were “c” peptides, i.e. presented with the Inv-GG-HBsAg Th site on the N terminus.

b All were cyclized peptides, cyclized through added cysteines, with the exception of rsCD4 and linear peptide p1471c.
¢Logip ELISA anti-target antigenic site reciprocal titre.

dLogio ELISA anti-rsCD4 reciprocal titre.

€Serum dilution giving 50% inhibition of infectivity of HIV-1 VL135 in MT-2 neutralization assay.

Table 5
Neutralization of HIV-1 primary isolates and TCLA isolate MN by guinea pig and swine anti-sera and monoclonal antibodies, comparisons of antibodies
directed against CD4 cell surface complex and gf120

Source of antibodies UG029 DH12 VL135 Zim748 UG266 UG046 THO36 MN
(clade A) (clade B) (clade B) (clade C) (clade D) (clade D) (clade E) (clade B)
Guinea pig anti-p2057¢ (15w 54 34 478 418 20 ND 276 <10
Guinea pig anti-p2249b (35 wpi) 512 174 >270 322 40 135 199 <10
Swine anti-p2249f (46 wpi) 193 44 593 319 11 82 282 <10
Guinea pig anti-p200 MNgp120 <10 <10 <10 <10 <10 <10 <10 203,080
mAb B4 anti-CD4 complek 0.30 0.18 0.12 0.19 0.25 0.39 0.25 >50
mAb 19gG1b12 anti-gp120ug/ml)f 38.5 ND 41.7 >50 >50 >50 >50 >50

2Neutralization determinations by MT2 microplaque assay, activities of sera expressed as reciprocal titre at 50% endpoint.
bWPI: weeks post-immunization.

¢ Swine anti-p2249f (46 wpi) was further tested for neutralization by assays with PHA-stimulated PBife @.

d Neutralization activity of anti-peptide serum with specificity gp120 V3 domain of HIV-1 [3R.

€ Neutralization activity of mAb B48], expressed ag.g/ml of monoclonal antibody.

f Neutralization activity of mAb IgG1b1234], expressed agg/ml of monoclonal antibody.

Staining of the CD4-expressing T cell lines was completed Table 6
by subsequent incubation with diluted FITC-avidin, three Neutralization of HIV-1 primary isolates by swine anti-peptide immune
washes, and analysis by cytofluorograph or fluorescence mij-3¢2 by PHA-stimulated PBMC assay

croscopy[8]_ Swine anti-p2249f DJ-258 302056 CM-235
(clade A) (clade B) (clade E)
46 wpi
2.5. Virus stocks 509 neut 200 350 800
90% neut 160 160 180
HIV-1 stocks for neutralization are listed Trables 5 and 49 wpi
6. The T cell line-adapted (TCLA) isolate MN was a gift 50% neut 380 240 650
of R.M. Hendry (California Department of Health Services,  90% neut 100 125 130

VRDL). All other viruses were primary isolates grown in
PBMCs. B clade primary HIV-1 virus VL135 was isolated
in 1992 from a homosexual man patrticipating in the San HIV Research Program. Clade E isolate TH 32036 was also
Francisco Men’s Health Studg0]. Clade A isolate UG029  received as a gift from J. Bradac, NIAID. Isolate 302056
was acquired from the WHO Network for HIV isolation and and DH-12, a patient isolate passaged in chimpanzee PBMC
characterization. Clade C isolate ZIM748 was a gift from [21], was supplied by the NIAID AIDS Research and Ref-
D. Katzenstein, Stanford University. Clade A isolate DJ258, erence Reagent Program. Primary isolates were expanded in
clade D isolates UG266 and UG046 and clade E Sl isolatesPHA-stimulated PBMC. TCLA strain MN was grown in H9
TH32036 and CM235 were supplied by the US Military cells.
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Table 7
Neutralization of clade B HIV-1 primary isolate VL135 by anti-CD4 peptide guinea pig and swing sera
Source of antibodies wh| Neutralization titer
Group 1 6 =3) Group 2 (1 =3) Group 3 (1 =3)
Guinea pig anti-UBITh-receptor peptide (p2249q) 5 23 38 38
8 161 145 200
10 382 >270 259
Swine anti-UBITh-receptor peptide (p2249f) Animal no.: 86 Animal no.: 87 Animal no.: 88
5 16 99 50
8 56 496 117

aNeutralization determinations by MT2 microplague neutralization assay.
bWPI: weeks post-immunization.

2.6. Virus neutralization assays 0.5 ml per dose in Complete Freunds Adjuvant at week 0 and
Incomplete Freunds at 3 and 6 weeks, followed by monthly

The MT-2 microplaque assayigbles 4, 5, 7 and)8vas boosts in Incomplete Freunds thereafter. Immune sera from

carried out as describef@2] except that heat-inactivated swine and baboons were obtained at specified weeks after

sera were serially diluted in 50% high glucose DMEM with the three initial immunizations at weeks 0, 3, and 6 with

15% FBS, antibiotics, 2% glutamine and bicarbonate buffer, 300-40Q.g in 0.5 ml per dose in Montanide ISA 51 (Sep-

and 50% pooled, defibrinated normal human plasma. Neu-pic, Fairfield New Jersey) water-in-oil emulsions followed

tralization assays on mitogen-stimulated PBMTal{le § by boosts administered as needed (3—4 week intervals) to

were done with HIV essentially as descrif@d]. MAb B4 maintain antibody responsdgbles 5-8 Other serologi-

or immune sera neutralizing activity was the antibody con- cal reagents were obtained through previous studies, as de-

centration or reciprocal serum titer that provided 50% re- scribed in Table legends.

duction in virus as compared with controls containing no

antibody, except as noted otherwise. Serum dilutions or an-

tibody concentrations for the 50% endpoints were derived 3. Results

by interpolation between serial serum dilutions or antibody

concentrations. 3.1. Identification of sites affecting mAb B4 recognition

Candidate target antigenic sites within mAb B4 recog-
nition site for the HIV receptor/co-receptor complex were
selected from domains that had been implicated in gp120
binding. This included the extracellular domains of hu-
man CD4 and the four external domains of CC chemokine
receptors, including CC-CKR1, CC-CKR2b, CC-CKRS3,
CCKR5 and CCKR4. These peptides were modeled after
structure function maps and crystal structures for the four

2.7. Immunizations and antibodies

Guinea pig sera directed against rsCD4, CD4 receptor and
co-receptor-derived target antigenic sites were obtained at
the specified time points after intramuscular immunization
of 4-6 week old Duncan Hartley guinea pigs with 39in

Table 8 immunoglobulin-like domains of human C}4,24—27]and
Neutralization of primary isolate VL135 and TCLA isolate MN by baboon the overall three-dimensional model for human CD4 pro-
anti-peptide sefa vided by the Protein Data Bank http:www.rcsb.org/pdb/
WPl Animal no. and from the exposed domains of the chemokine re-

ceptors[28,29] The CD4 and CC sites were mimicked

9805 1988 1997 Lo . . .
as target antigenic site peptides of the “a” series and
VL135  MN VL135  MN VL135  MN screened for their cross-reactivity with mAb Bd]. Pep-

6 10 <10 <10 352 <10 176 tides taken from certain CD4 sites were selected for cyclic
10 <10 <10 <10 13122 29 12597 constraint based on predictions of surface-exposed loops
12 13 <10 <10 4900 31 17345 (http:www.rcsb.org/pdh/ These cyclized “a” peptides were
15 24 <10 <10 5169 21 11776 gynthesized with introduced cysteines to mimic predicted
20 1 <10 <10 3107 17 11381 100p structures by disulphide bonds. Elsewhere, naturally
23 46 <10 <10 1016 19 13743 ) , ) ! -1 =
26 19 <10 <10 978 21 27679 occurring cysteines were substituted with serines so as to
29 32 <10 37 22124 prevent the formation of loop conformations not favored
32 46 <10 33 27579 by the model. For chemokine receptor-derived peptides,
35 20 <10 39 23502 cross-linkage between peptides of external domains 2 and

aNeutralizations determined by MT2 microplaque neutralization assay. 3, was made via the existing cysteine residues found in
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the native structures, to form “X” peptides. Representative with reciprocal titers in the range of 2.5 to >5 LiggMany

CD4 target antigenic peptides are shownFig. 1, and

of the CD4-derived target antigenic sites having long seg-

several CD4 peptides and chemokine receptor peptides aranents of CD4 as well as some cyclized target sites were

described inTable 3

cross-reactive with rsCD4, as shown by immunoreactivities

Peptides were tested for cross-reactivities to mAb B4 by in the anti-rsCD4 ELISAFig. 1, Table 4. Cross-reactivities

ELISA. None of the first collection of “a” peptides from the

receptor/co-receptor complex reacted strongly with mAb
B4 in these ELISAs. The lack of strong reactivities of mAb
B4 with the continuous CD4 receptor or co-receptor pep-
tides indicates a fully conformational nature for the mAb
B4 recognition site. However, weak mAb B4 reactivities for
peptides derived from various regions of CD4 (AA1-A20,

of peptide constructs with rsCD4 were not predictable and
rsCD4 cross-reactivity extended only rarely to the cell
membrane-associated CD4 complex. Indirect immunofluo-
rescence staining of cells expressing CD4, with anti-peptide
immune sera, showed that only a few peptides (those marked
with (1) in Fig. 1) shared strong serological reactivity with
the in situ receptor complex. Interestingly, some immune

AA81-92, AAG60-AA109, AA118-AA165, AA235-251, sera with relatively low cross-reactivity for rsCD4 were
AA297-AA351, or AA361-AA375)[30] were detected highly reactive with the CD4 cell surface complexd. 1).
above background. These weak though specific reactivi- These were several of the sera raised to have specificities
ties were used to generate a speculative model for a con-for CD4 target antigenic site peptides with a cyclized struc-
formational B4 binding site based on the folding of the ture, for example p1472c, p1403b, and pl471c, the latter
cited regions into a discontinuous epitope. Our model for two from the CDR2-like domain of CD4Téble 3. For the

this presumed effector site prompted a different approach CC peptides, immune sera raised against peptides derived
aimed at synthetic peptides from CD4 and co-receptors thatfrom domains 1, 3 or 4 of the co-receptors had cell surface
will elicit high affinity antibodies reactive with continuous reactivity (data not shown).

site(s) neighboring the conformational mAb B4 recognition  Immune sera having bright immunofluorescence staining
site. We predicted that such peptides would evoke antibody patterns with CD4-expressing T cells were further evalu-
responses effective for inhibiting both antibody B4 binding ated for competitive inhibition of the binding by mAb B4 to
and HIV infection by steric hindrance of gpl120-receptor CD4-expressing T cells. Among all the immune sera evalu-
complex interaction. ated, only sera generated through immunization with peptide
pl471c, derived from the CD4-CDR2 domain, was found to
be inhibitory of mAb B4 binding Table 3. None of the im-
mune sera from co-receptor-derived peptides interfered with
this “mAb B4-T cell” binding.

Sequences for scattered sites on CD4 and the external All guinea pig immune sera (6 or 8 weeks post-initial
domains of various co-receptors were selected as targeimmunization) obtained for the initial peptide immunogens,
antigenic sites and rendered as immunogenic peptides bywhose “a” target antigenic sites are shownFig. 1, were
tandem linkage to promiscuous Th epitop&al{e 2, for also screened for their neutralizing activity against HIV-1
example HBsAg (“b” series peptides) and other related “e”, VL 135 by the MT-2 microplaque neutralization assay. De-
“f", “g” and “x” peptides and the “c” series with the invasin  spite the presence of high titers of antibodies cross-reactive
immunostimulatory sit¢31] (Fig. 1, Tables 3 and ¥ Other to rsCD4 and cell surface reactivity, none displayed signifi-
peptide immunogens had the M\derived artificial Th site, cant levels of neutralizing antibodies (data not shown).
UBITh®1 [15], and an HIV gp41 Th sit¢12] with KKK
on the amino terminus. 3.3. Immunogenic peptides to capture potential effector

The Th/target antigenic site fusions used glycine—glycine sites of the surface CD4 complex
spacers for separation of the target antigenic site from the
Th site, and separation of the Th from the immunostimula- New peptide constructs, based on the position of the
tory invasin or from a second Th site. The resulting peptide p1471 target antigenic site in CD4, were designed to more
immunogens were screened for functional immunogenicity accurately capture what may be an effector site on the surface
by testing them for the ability to induce antibodies inimmu- CD4 complex. Peptides comprising target antigenic sites
nized guinea pigs with the following properties: (1) binding spanning the CD4-CDR2 domain, amino acid residues from
to the target antigenic site “a” peptide in an ELISA assay; 20 to 75[30], were revisited. The new peptides covering this
(2) binding to rsCD4 in an ELISA assay, in the instances region were redesigned with a particular emphasis on the
of CD4-derived antigenic peptides; (3) binding in an im- preservation of the 3D-structure of the CDR2-like domain
munofluorescent assay to T cells that express the cell sur-by disulphide bonded loops in the range of 30-45 amino
face receptor/co-receptor complex comprising CD4; and (4) acids ([Table 4, and each was immunopotentiated by fusion
neutralization of an HIV primary isolate in an in vitro mi-  of the N-terminus to the “Inv-GG-HBsAg Th” site (the “c”
croplaque assayréble 4 Fig. 1). peptide format). Guinea pig immune sera were collected at

Most of the CD4 and chemokine receptor-derived pep- 6 or 8 weeks post-initial immunization for evaluation. Tar-
tide immunogens evoked guinea pig anti-peptide antibodiesget antigenic sites p2057, p2190, p2189, and p2240 were

3.2. Location of potential effector sites with proximity to
mAb B4 recognition site
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found to elicit neutralizing antibodies against HIV-1 isolate
VL135. It is worth noting that those neutralizing target anti-

95

shown by competitive staining with antibody B4 (data not
shown).

genic sites spanned an extended area around the CDR2-like The immunogenicity of the p2249f construct was further

domain of CD4 and were cyclizeddble 4. The CD4 tar-
get antigenic site of p2240, cyclized CD4 positions 39-66,
was the minimal “a” target for evoking effective neutralizing
activity (Table 4.

3.4. Hyperimmune sera against CD4-CDR2 effector site
peptides are broadly neutralizing

Hyperimmune guinea pig and swine sera against
CD4-CDR2 peptide immunogen p2057¢ and improved im-
munogen homologs p2249f and p2249g had significant
neutralizing antibody titers against HIV primary isolates
from clades A to E in a pattern reflective of the neutralizing
activity of mAb B4 (Table 9. In comparison, virus-directed
antibodies with specificities for either the gp120 N-terminal
V3 domain of TCLA isolate MN (guinea pig anti-MN
V3 immune sera[32,33) or a less variable conforma-
tional gp120 CD4 binding site (mAb 1gG1 b134]) had
poor neutralizing activity against the HIV primary isolates
(Table 5. Swine antisera to p2249f was further analyzed for
neutralizing activity with PHA-stimulated PBMC indicator
cells. The swine immune sera was found to have broadly
neutralizing antibodies against isolates of clades A, B, and
E at 50 and 90% endpoint3gble §.

3.5. CD4-CDR2 peptides having promiscuous artificial Th
are immunogenic in multiple species

Responses to the cyclized 39-66 CD4-CDR2 tar-

characterized by evoking neutralizing antibody responses
in baboons. Neutralizing antibodies against HIV-1 VL135,
albeit with lower titers than seen in guinea pigs and swine,
were consistently observed in baboons upon multiple im-
munizations with p2249f. (Sustained responses in the ba-
boons required frequent boosts, approximately monthly.)
In Table 8 animal no. 9805 received immunogen p2249f
only, in water-in-oil emulsion. The neutralizing antibodies
of this animal were effective against primary isolate VL135
while having little activity against T cell line-adapted MN.

In contrast, baboon no. 1988 was given only an MN V3
peptide immunogeri32,33] and developed strongly neu-
tralizing antibodies exclusively against MN. Baboon no.
1997 was co-immunized with both peptide immunogens
and developed neutralizing antibodies effective against both
the primary and the TCLA isolates. That animal showed
no suppression of the anti-MN V3 neutralizing response to
the second peptide immunogen despite the persistent pres-
ence of anti-CD4 neutralizing antibodies. Similar anti-MN
and anti-VL135 neutralizing titers coexisted in three other
baboons (nos. 1096, 1196, and 1697) that received p2249f,
the MN V3 peptide, and other immunogens. The distri-
butions of CD4, CD8, CD3 and CD20 positive B and T
cells remained within normal range in the immunized ba-
boons after persistent exposure to the site-specific anti-CD4
neutralizing antibodies.

4, Discussion

get antigenic site, more effective than responses to the We have focused on the cell membrane-associated

original p2240c construct, were elicited by the tan-
dem addition of two promiscuous T helper (Th) sites,
the idealized library palindromic Class Il site UBI¥h
[15] and an HIV Th site adapted from gpAt—s7
[12] (Table 2. The HIV Th epitope should be help-
ful for restimulation in individuals upon HIV exposure
or re-emergence. The wholly synthetic peptide immuno-

gen, designated p2249f, is represented by the formula:

“gp41772—787Th-GG-UBITH?1-GG-cysCD4gg6cys”. The

receptor/co-receptor complex for HIV, for the immuno-
prophylaxis and immunotherapy of HIV infection. This
cell-directed approach offers a method to overcome the
neutralization resistance of HIV-1 primary isolates and
their hypermutability. As shown previously in our report on
mAb B4, this approach can provide sterilizing immunity in
chimpanzees by passive immunizat{8h Here we demon-
strated that the anti-cell approach can also be accomplished
by a vaccine for active immunization. A chemically defined

domains are separated by glycine—glycine spacers and thémmunogen has been produced that evokes a site-specific

CD4 target site is cyclized through disulphide bonds be-
tween the cysteines at the N- and C-terminii of the site.

anti-cell antibody response with critical neutralization func-
tion against primary isolates of HIV-1.

p2249¢g, a homologous peptide without the gp41 helper site  For efficacy, such a synthetic immunogen must du-

was also effective for immunizing g animals.

Guinea pigs and swine were immunized with peptides in
Freunds Adjuvants or an ISA 51 water-in-oil emulsion at
weeks 0, 3 and 6 followed by monthly boosts. Neutraliz-
ing antibodies of titers=100 were present by week eight in
eleven out of twelve animals evaluatethble 3. The neu-

plicate or mimic a B cell epitope, a precise site on the
host cell receptor/co-receptor complex. The B cell site
must resemble the targeted site with sufficient fidelity to
evoke cross-inhibitory antibodies, while retaining a precise
site-specificity sufficient to avoid adverse immunosuppres-
sion. Most antibodies raised by immunization with CD4

tralizing antibodies of the vaccine sera were associated withlack such useful specificitiel@5]. For example, high titre

the cyclized cysCD#s6Cys target antigenic site as shown
by peptide ELISA and with the mAb B4 recognition site as

hyperimmune antiserum to whole rsCD4 was devoid of neu-
tralizing activity for primary isolates of HIVTable 4, and
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antibodies with broad reactivity for extensive regions of a T normal distributions of CD4, CD8, CD3 and CD20-positive
cell antigen are expected to be overly immunosuppressiveT and B cells is evidence that immunotoxicity is limited
[36]. Here, a useful effector site on CD4 was located in the when such site-specific anti-CD4 antibodies are generated.
CDR2-like domain when we localized a target antigenic site The phylogenic proximity of humans and baboons suggests
(on peptide pl47icTable 1) with immune reactivity that  that the elicited antibodies may be largely bound to CD4
interfered with mAb B4 binding to CD4 cells. The target  cells, thus accounting for the relatively low titer of infec-
antigenic site was refined for optimal sequence and confor-tion inhibiting antibodies circulating in the baboon plasma.
mation until it evoked neutralizing antibodies. Then Th sites The peptide immunized baboons had antibodies with signif-
with sufficient immunopotency to overcome the strong tol- icant cross-reactivities for recombinant soluble CD4 (data
erance exhibited towards self-molecules were incorporatednot shown), so it can be argued that high titers of antibod-
into prototype target antigenic site immunogens. The targeties to CD4-CDR2 were elicited by the peptide immunogen.
site, a constrained loop corresponding to positions 39-66 However, the highest quality antibodies, i.e. those responsi-
is consistent with the exposed residues of CD4 between 38ble for entry inhibition activity (shown here as neutralizing
and 60 that are inferred to contact gp126,37]. activity), would have been those antibodies that were bound
The creation of synthetic peptide immunogens of the ap- to CD4+ cells and thus were unavailable for the in vitro neu-
propriate immunopotency and specificity was accomplished tralizing assays. Prior to clinical application, this concept,
through consolidation of a collection of methods for the along with any potential immunotoxic side effects could be
identification and design of synthetic peptide immunogens. explored by vaccinating and challenging chimpanzees.
These methods included: (1) a procedure for the identifi- In summary, the chemically defined immunogen gener-
cation of an effective high affinity target antigenic site (B ated anti-HIV receptor antibodies with a breadth of neutral-
cell epitope); (2) the means for stabilization of the confor- izing activity similar to that of mAb B4. In addition to being
mational features of that target site on a synthetic peptide a possible approach to immunoprophylaxis, immunotherapy
by the introduction of cyclic constraints, so as to maximize by this approach may be an attractive orthogonal treatment
cross-reactivity to the native molecule; (3) the means to with low toxicity for HIV exposure and infection, in com-
augment the immunogenicity of the B cell target epitope by bination with or in place of anti-retroviral drugs.
combining it with peptides having broadly reactive promis-
cuous T helper cell (Th) epitopes; and (4) the means of
enlarging the repertoire of Th epitopes by application of Acknowledgements
combinatorial peptide chemistry (UBIPH) and thereby
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