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The HIV-1 Pr55%% precursors were previously shown to assemble and bud from a variety of different cell types as
noninfectious virus-like particles (VLPs) resembling immature HIV virions. The use of these VLPs as an immunogenic
and autologous carrier component may allow the presentation of defined epitopes deduced from reading frames other
than gag to the immune system, thereby avolding the induction of adverse immune responses. In order to identify
domains within Pr559% that can be replaced by immunologically relevant epitopes without affecting its capacity to
assemble into VLPs, we deleted three domains of a predicted high surface probability. Deletion of amino acids 211-241
within p24CA and amino acids 436-47 1 within the p6LI portion of Pr559°¢ had no effect on the assembly, ultrastructure,
biophysical properties, and yields of mutant VLPs when expressed via recombinant vaccinia viruses in mammalian
cells. Deletion of amino acids 99-154 overlapping the p17MA/p24CA cleavage site completely abolished the capacity
of the gag polyprotein to form VLPs and led to a reduction of immature Pr65 VEPs released into the cell-culture
supernatants when coexpressed with wild-type Pr659#. In contrast, assembly and budding of chimeric VLPs could be
demonstrated after replacing amino acids 211-241 and 436-471 by immunologically relevant epitopes derived from
reading frames other than Pr55%" (e.q., V3 loop; CD4-binding-domain; nef-CTL epitope) or after fusion of these se-
quences to the carboxy terminus of Pr659%, The importance of these data for the development of novel HIV candidate

vaccines is discussed. & 1994 Academic Press, Inc,

INTRODUCTION

Considerable efforts have been directed in recent
vears toward developing a safe and effective HIV vac-
cine. Most approaches tried to closely mimic the path-
ogen using killed virus preparations or complete sub-
units of the viral HIV-1 envelope glycoproteins. How-
ever, severe immune dysfunctions are suggested to be
induced by antibodies either enhancing the ability of
HIV to infect macrophages (Robinson et al., 1390; Ta-
keda et al., 1988) or cross-reacting with essential mod-
ulators of the immune response, e.g., with defined IgA
and 1gG subclasses (Maddon et a/, 1986) and with
class Il MHC molecules {reviewed by Habeshaw et af.,
1992; Young, 1988; Golding et a/., 1989; Blackburn et
al, 1991). There is evidence that at least part of the
mechanism involved in HIV pathogenesis is associated
with the HIV-1 envelope protein gp120/41, which itself
can contribute to the breakdown of the immune sys-
tem either by labeling CD4-positive cells for autoim-
mune attack or by cross-linking adjacent CD4 mole-
cules, rendering these cells unresponsive 1o antigenic
stimulation and possibly inducing apoptosis (reviewed
in Amadori and Chieco-Bianchi, 1990; Amadori et af,,
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1992, Silictano ef a/., 1988; Weinhold et al., 1989; Tyler
et al., 1989). Therefare, only immunologically defined
epitopes suggested to be involved in eliciting protec-
tive immune responses should be presented to the im-
mune system.

A number of different formats have been devised for
the presentation of selected epitopes to the immune
system including short peptides, particulate carrier
systems, or live viruses such as vaccinia or adenovi-
ruses (Macket et al., 1984; Graham and Prevec, 1992).
Particulate carrier systems, which are mainly based on
the hepatitis B virus {HBV) surface antigen {(Michel et
al., 1990), the HBV core antigen, or on the yeast trans-
poson TY-A gene product {Kingsman and Kingsman,
1988) appear to evoke strong immune responses, but
suffer from the presentation of only a small number of
relevant epitopes.

Accordingly, we investigated the possibility of con-
structing an antigen presentation system based on re-
combinant HIV-1 Pr55999 retrovirus-like particles. Incor-
poration of foreign antigens into retroviral particles has
been described previously using the gag proteins of
Rous sarcoma virus (RSV) and Moloney murine leuke-
mia virus MLV} as a particulate carrier (Weldon et af,,
1990; Jones et al., 1990; Hansen et a/., 1990). Inserting
immunologically relevant HIV-1 epitopes into the HIV-1
Pr&bee¢ precursor would allow the presentation of se-
lected epitopes by an autologous and highly immuno-
genic particulate carrier {Haftar et af., 1980; Wagner et
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al., 1992a). A serigs of clinical studies demonstrated
that the HIV-1 group specific antigens contribute ta the
stimulation of the host’s immune response {Weber et
al., 1987; Cheingsong-Popov et a/., 1991; Haist et &/,
1992). Additional evidence from in vitro studies on
virus-inhibiting activities of monoclonal antibodies
against Prb59% (Papsidero ef al, 1989; Wolf et al,
1990) and the characterization of gag-specific CTLs
{cytolytic T-lymphocytes) from AIDS patients (Nixon et
al, 1988; Philips et al, 1991) recommended the
Prbb%¢ precursor as an attractive carrier component
for the presentation of additicnal epitcpes.

The formation of noninfectious, morphotogically im-
mature HIV-1 retrovirus-like particles (VLPs) solely de-
pends on the expression of the myristoylated HIV-1
gag polyproteins {Goettlinger et al., 1989). Accord-
ingly, the production of recombinant VLPs has been
demonstrated by transiently (Smith et a/, 1990; Mer-
gener et al, 1992) or stably transfected eucaryotic
cells {Krduslich et af., 1993) and after infection of differ-
ent host cells with recombinant vaccinia {Karacostas et
al., 1989; Haffar et af, 1990; Wagner et a/., 1991) or
baculoviruses (Gheysen et al., 1989; Royer et al., 1991;
Wagner et &/, 1992a). The melecular mechanisms in-
volved in the assembly and budding of the immature
HIV virions ig still poorly understood. Very recently,
however, we were able to identify two domains located
in the p17MA {(aa 47-59) and in the p24CA {aa 339~
349) portions of Prb59%9 essential for the formation of
immature HIV virions (Niedrig et a/., 1992; von Pob-
lotzki et af., 1993).

Major conformational changes and consecutive loss
of the panticle-forming capacity would be expected
upon random insertion of selected epitopes into
Pr559%_In order to identify domains within Pro59% that
can be replaced by immunclogically relevant epitopes
without affecting its capacity to assemble to VLPs, sev-
eral deletion mutants were established and function-
ally characternized. To extend the immunological spec-
trum of the ahered Pr559% VILPs, a conserved CTL epi-
tope of the nef reading frame (Chenciner et af., 1989;
Culmann et al, 1988), a linear portion of the gp120
discontinuous CD4-binding domain {Lasky et af., 1987}
and a consensus sequence of the gp120 principal neu-
tralizing domain V3 (Wagner et a/.,, 1992b) were in-
serted into susceptible sites of Pro59%9. The effects of
inserting additional epitopes into the Prb59% precursor
on the formation of chimeric VLPs were investigated.

MATERIAL AND METHODS

Cells

CV-1 cells and 143B cells, grown in MEM, 10% FCS
(GIBCO) were used to establish recombinant vaccinia

viruses. Formation of V1.Ps was studied in SW480 co-
lonadenocarcinoma cells (L1656, 10% FCS, GIBCO).

HIV-sequence

All amino acid positions given in the text refer to the
HIV-1 LAl strain.

Monocional antibodies

The V3-specific murine monoclonal antibody recog-
nizing a central motive of the V3 loop region (RIQGRGP-
GRAFVTIGKI) was purchased from DuPont (Nea 9301).
The Prbb%¥-gpecific monoclonal antibodies used have
been previously mapped to amino acids 147154 (mab
13/5) and toc amino acids 307-336 within Pr559%9 {(mab
16/4/2) (\Wolf et af., 1990).

Selection of deleted epitopes

Three regions within the Pro59% precursor located (i)
at the MA/CA cleavage site, {ii) within the p24CA do-
main product, and (i) within the p6LI portion of Pri5%e¢
were setected for their predicted antigenic indices and
their logarithmic surface probabilities using computer-
assisted secondary struciure analysis of the HIv-1
group-specific antigen (UWGCG software; Modrow ef
al., 1987).

Construction of chimeric antigens

A new pUCS derivative, plinB, has been constructed
and has been treated as foliows. The pUC8 multiple
cloning site was replaced by a synthetic linker se-
guence containing all restriction sites (BamH|, Hindlll,
Xhol, Sacl, PsH, Spel, Sall} necessary for the construc-
tion of the described plasmids (Fig. 1): In order to de-
lete the p17MA/p24CA cleavage site inchluding flanking
amino acids (aa 99-154) a 300-bp BamHI/Hindlll frag-
ment encoding the amino-terminal part of Prb5%% was
cloned into the BamHVHindll site of pling (plin8Pro6BH;}.
The 1283-bp Nsil/Sall fragment encoding the carboxy-
terminal part of Pr559%¢ was inserted into the Pstl/Safl
site of plin8Prb5BH to achieve plin8Pr55A1. A stretch
of 30 amino acids {aa 211-241) located within p24CA
moiety was deleted by subcloning the complete 1752-
bp BamHI/Sall fragment of pUCBPr55 (Wagner et al.,
1892) into the BamH\V/Sall sites of pling {plin8Pr55) and
replacing a 90-bp Pstl/Spet fragment with a 27-bp
Xhol/Sacl tinker fragment {TGCAGCTCGA GAATTC-
GAGC TCACTAG) (plin8Pr55A2). For the construction
of deletion mutant Pr55A3 (lacking aa 436-471 within
p6Li), the original 3’ part of the Pr55%%¥ coding se-
quence was replaced by a PCR fragment, amplified by
using a 64-bp 5 primer (CGACTCGGAT CCAAGA-
TCTC TCTCGAGAAT TCGAGCTCGA AGAGAGATTC
AGGTCTGGGG TAGA) containing four 5 restriction
sites {BgM, Xhol, EcoRl, Sacl) and a 21-bp 3’ primer
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(TTCCAATTAT GTCGACAGGT G} containing a 3’ Sall
site. The amplified Bgllli/Sall fragment was inserted
into the corresponding vector fragment of plin8Pr&5
(pttinBPro5A3). tn order to aliow a carboxy-terminal fu-
sion of selected epitopes to the complete Prbb9% pre-
cursor, we inserted a Xhol/Sacl linker fragment be-
tween the codon encoding the carboxy-terminal gluta-
mine and the stop codon. For this purpose, a 260-bp
DNA fragment was amplified by PCR using a 5 primer
overlapping the Bg/ll restriction endonuclease site
{TAGGGAAGATCTGGCCTT), a 3’ primer to introduce
the restriction sites Xhol and Sacl, and a translation
stop codon followed by a Bell and a Safl site (CCGTTG-
CTGG GGAGCAGTGT TCGAGCTCAT CTACTCGAGA
TTACTAGTCA GCTGACTG). The Bgfl/Sall fragment
was used to replace the original 3" end of the complete
Pr556%% coding sequence (pHin8Prb5F4}.

A synthetic oligonuclecotide encoding a composite
sequence based on a subset of V3 sequences {V3c-
36; Wagner et al., 1992a) was then inserted into the
Xhol/Sacl sites of the above described Pr55 mutants to
create the Prob%9/V3c-1, -2, -3, and -4 chimeric genes
{Fig. 1}. A linear portion of the CD4-hinding domain
{CD4BR; 196 bp) was amplified from a HIV-1 4, provirus
clone using the & primer GAG GGA TCC GCT CGA
GGG TCA AAT AAC ACT GAA GGA AGT and the 3'
primer GAG AAG CTT ATC GAT CCG AGC TCA CCA
TCT CTT GTT AAT AGC AGC CC. A 98-bp DNA frag-
ment was amplified from a highly conserved nef CTL
epitope using the primer pair ACA GGA TCC GCT CGA
GCA CTT GAT CTT GAT CTG TGG ATC (5’ primer) and
CAC AAA GCT TCC GAG CTC CCC TGG TGT GTA
GTT (3" primer). All ampliied DNA sequences are
flanked by a Xhol and a Sacl site. This allowed a direct
subcloning of the selected subgenic fragments into the
Pro% deletion mutants plingProbat-A3 and plin8ProsF4,
resulting in the plasmids plin8Pr55v3c-1 to V3c-4,
plinBPro5CD4BR-1 to -CD4BR-4, and plin8Prb5nef-1
to nef-4 {Fig. 1}. All subcloned DNA sequences includ-
ing the flanking regions were verified by double-
stranded DNA seguencing.

Recombinant vaccinia viruses

Recombinant vaccinia viruses were established ac-
cording to standard procedures (Mackett et a/., 1984)
after subcloning of the BamHi/Sall fragments into the
pAvB vaccinia virus transfer vector (von Brunn et al,,
1991). Five days after infection {m.o.i. = 1), the cells
were harvested, resuspended in phosphate-bufiered
saline (PBS), and sonified three times for 10 sec at 150
W. The cell debris was discarded and the supernatant
containing the enriched virus preparation was centri-
fuged over a 37.5% sucrose cushion using a Contron
TFT41.14 rotor (36000 rpm, 20 min, 4°). The pelleted
virus was resuspended in PBS.

Detection and quantification of chimeric proteins

Expression of the chimeric proteins in cells infected
with the recombinant vaccinia viruses was tested by
Western blot and immunoprecipitation analysis as de-
scribed (Sambrook et a/., 1989). Renaturation of the
chimeric proteins following electrotransfer onto a nitro-
cellulose membrane was achieved by incubation of the
Western blots in decreasing urea and D17 concentra-
tions diluted with PBS starting with 260 mM DTT and 6
M urea at 37°. Yields of the chimeric proteins were
determined from crude celt lysates after sonification of
the infected cells using a commercial antigen capture
assay {Abbott, Chicago).

Electron microscopy

Infected SW4a80 cells were harvested with a cell
scraper, washed with PBS and then fixed for 2 hr with
2.5% glutaraldehyde in PBS. Cells were washed with
PBS and postfixed for 1 hr with osmium tetroxide in
PBS. After washing in PBS and in distiled water, fixed
cells were stained with 1% uranyl acetate in 20% ace-
tone, for 30 min. Following dehydration in a graded
series of acetone, cells were embedded in Spurr's low-
viscosity resin. Sections of 25 to 75 nm thickness were
cut with a diamond knife and mounted on uncoated
copper grids. The sections were poststained with 100
mmol tead () citrate, pH 12.6. All pictures were taken
with a Siemens Elmiskop 101 electron microscope.
The magnification was calibrated with a cross line grat-
ing replica.

Gradient sedimentation analysis

Supernatants of 3W480 cells infected with the de-
scribed recombinant vaccinia viruses were collected 5
days p.i. (postinfection). Enrichment of virus-like parti-
cles from precleared culture supernatant (3300 g) was
achieved by an Ultrasette-Filtron filter membrane (Sa-
torius, FRG) following the protocol of the manufac-
turers. Two-milliliter aliqguots of the concentrated mate-
rial were layered onto a 12-ml 10-60% sucrose gra-
dient in 10 mM phosphate buffer, pH 7.5, containing
Q.15 M NaCl and centrifuged at 20,000 rpmfor2 hrina
contron TFT41.14 rotor. Fractions (0.5 ml) were col-
lected, diluted by PBS, and virus-like particles were
pelleted at 16,000 rpm for 40 min in an Eppendorf cen-
trifuge at room temperature. The antigen preparations
were resuspended in 200 g 20 mM Tris-HCI, pH 7.5,
160 mAM NaCl, 2 mM EDTA and analyzed by conven-
tional Western blot analysis (Sambrook et al., 1989},
Antigen from all fractions was quantified exactly using
a commercial p24-specific antigen capture assay {Ab-
bott). Triplicate infection experiments followed by su-
crose sedimentation analysis of the cell culture super-
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natants yielded standard errors which were always
less than 8% of the means {pg p24CA).

RESULTS

Pr55% mutants

The assembly of immature Prbob%¥ virus-like parti-
cles is a complex multistep process that requires the
targeting of the myristoylated precursor molecules to
the inner face of the plasma membrane foliowed by
some poorly characterized interactions between gag
precursors which lead to the formation, budding, and
final release of immature VLPs from the cell surface. To
construct chimeric VLPs, allowing for the presentation
of additional epitopes, we first identified domains
within Prg59% which are not involved in the assembly
and budding process. We established three deletion
mutants selected on the criteria of both their biological
function and their logarithmic surface probability pre-
dicted by computer-assisted analysis of the Pr559%
secondary structure. Two domains within the carboxy-
terminal region of p17MA (aa 47-59) and of p24CA (aa
339-349), which had previously been demonstrated to
be involved in the assembly process (Yu et af., 1992hb;
von Poblotzki er @/, 1993; Niedrig et a/., 1992}, were
not impaired by the deletions. Accordingly, 30 to 55
amino acids were deleted in three regions: {i) overlap-
ping the p17CA/p24MA protease cleavage site (aa
99-154), {ii) located within p24CA {(aa 211-241), and
(i) located within the p6L1 moiety {aa 436-471) of
Prb59%9, Moreover, we investigated whether the fusion
of foreign amino acids is tolerated by adding a small
linker fragment to the authentic Prb5%%¢ carboxy ter-
minus (Fig. 1}. DNA sequences encoding the HIV-1
protease have not been expressed by the constructs
used.

Analysis of the Pr55%¢ mutants

The Pr559%9 mutants referred to as Pro5A1, ProBA2,
Prb5A3, and PrbbF4 were inserted into a highly atten-
uated vaccinia virus (strain tien tan) by recombination
and expressed in SW480 cells after infection with the
recombinant vaccinia viruses (Fig. 14). Correct expres-
sion of the mutant polypeptides was tested by conven-
tional Western blot analysis (Fig. 2A). The Pr559% deriv-
atives were detected by monoclonal antibody 16/4/2,
which specifically recognizes amino acids 307-336
within the p24CA portion of Probd® (Wolf et a/., 1990).
The molecular weight of the recombinant antigens in
relation 1o Pr&5%% primarily correlated with the number
of delteted or fused amino acids. Some lower bands
which were regularly observed are due to a limited deg-
radation of the gag derivatives within the infected cells
or due to premature translational stops. Using an anti-

A HIV-1,, Pr559
[p17 A [ p24 (CA) |[p7 et Jlpe a0 |
V-
] 154
-[A1} 454 |Pr55 A1
21 241
{52} 479  |PBsAe
AN
I “fg— 474 Pr55 A3
| i i T515 Pros5 F4
i * * *509 P55 -wt
B QCTRPNNNTRLRIRIGPGRAFVTIGKIGNMRQAHCN va
RIKGHNMWQEVGKAMYAPPISGQIR CD4BR
LOLWIYHTCGYFPDWONYTPG nef

Fia. 1. Schematic drawing of the mutant Pr&59%9 polypeptides. (A)
Deleted amino acids are indicated by open boxes. The associated
numbers represent the stretch of deleted amino acids relative to the
sequence of the complete HIV-1,,, Pr559 precursor. A carboxy-ter-
minal fusion of the amino acids ARVDEL resulting from the addition
of a polylinker sequence to the 3’ end of the Pro5%% gene is indicated
as a black box. The wt-Prb59% precursor is shown as a reference.
The total numbers of amine acids of the mutant Prb59% polypeptides
are given in italic letters. The correct designaticn of the mutant vac-
cinia viruses (V—) is given at the right. (B) Three domains derived
from reading frames other than Pr559%¢ were either inserted intc the
mutant gag polypeptides {Pr55A1-Pr554a3) to replace the deleted
sequences or fused to mutant ProbF4 to generate carboxy-terminal
fusion proteing. V3, composite sequence based on a subset of se-
quences of the HIV-1 gp120 major neutralizing epitope V3; CD4BR,
a linear portion of the discontinuous CD4-binding domain; nef, con-
served nef-CTL epitope. The complete amino acid sequence of the
selected epitopes is shown at the left and the abbreviations are
given at the right side of the figure.

gen capture assay, we calculated the amount of anti-
gen to be 1,0-1.2 ng/108 infected cells.

The capacity of the Prb59% mutants to assemble into
VLPs which are capable of budding into the cell-culture
supernatant was investigated by analyzing the cell-cul-
ture supernatants in 10-65% sucrose velocity gra-
dients (Fig. 2B). Mutants Prb5A2, Pr55A3, and ProbF4
demonstrated a maximum of p24CA antigen at a su-
crose density around 1.15 to 1.17 g/cm?, which is typi-
cal for HIV-virions {fractions 11-13). Similar results
were oblained for the Prbb%%9-positive control which
has been previously shown to include all essential in-
formation for the formation of VLPs. Reduced total
amounts of antigen were determined in triplicate infec-
tion experiments for mutant PrbbA2 compared to
Pr55A3 and PrbbF4 and only minute amaounts of mu-
tant protein could be detected in the corresponding
peak fractions of mutant Pr65A 1. Western blot analysis
performed with the identical sucrose fractions con-
firmed these data (Fig. 2C). The molecular weight of
the major protein species detected by monocional an-
tibody 16/4/2 corresponded exactly to that calculated
for the various Pr669%¢ derivatives. Some of the minor
bands could indicate a limited susceptibility of the pro-
teins to partial cleavage by cellular proteases. These
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Fig. 2. Biochemical analysis of Pr55%%¢ mutants. (A} Western blot
analysis of lysates of SW480 cells (b X 10% infected with recombi-
nant vaccinia viruses (m.o.i. = 10): v-Pra5 {lane 1), v-ProsA1 {lane 2),
v-Pre5A2 (lane 3), v-Pro5A3 {lane 4), and PribFa (lane 5). Recombi-
nant polypeptides were detected by & p24-specific monoctonal anti-
body (16/4/2); tull-length proteins are marked by arrows. Positions of
the molecular weight markers (kDa) are given al the right. (B, C)
Analysis of the particle-forming capacity of the mutant polypeptides
by sucrose sedimentation analysis. The supernatants of SW480 in-
fected with v-Prb5 (), v-Prbb A1 {A), v-Pr55A2 (@), v-Pr55A3 (@), and
Pra5F4 (O) (m.o.il. = 10) were analyzed as described under Material
and Methods. 20 fractions were collected. The yields of the mutant
proteins determined by a p24 capture assay from single fractions are
shown. The indicated values represent the means of three indepen-
dent infection experiments followed by sedimentation analysis of the
cell-culture supernatants. Standard errors of the means (pg p24CA)
were always less than 8% of the mean. Antigenic peaks were ob-
served at a density {A} of about 1.14~1.18 g/ecm?® (fractions 11-13}.
Only minute amounts of p24 were detected in supernatants of cells
infected with mutant v-Prb5A1 (a) (B). (C) Western blot analysis of
fractions 5-20 using a p24CA-specific monoclonal antibody (16/4/2)
for the detection of Pr&5 derivatives. The molecular weight of the
major protein species (indicated at the left) corresponded exactly to
that caiculated for the analyzed polypeptides.

results suggested that extended deletions within
p24CA and within pBLI or the fusion of additional se-
quences 1o the carboxy terminus of Preb¥ are toler-
ated without significantly affecting the assembly and
budding of VLPs. In conlrast, deletion of a 65-amino-
acid region overlapping the p17MA/p24CA protease
cleavage site almost completely abolished particle for-
mation.

We were able to confirm these observations by ul-
trathin-section electron microscopy of SW480 cells in-
fected with the indicated vaccinia viruses. Formation of
VLPs budding from the plasma membranes of SW480

expressing mutant PrbbA1 was not found. However,
gag material accumulated in large vacuole-like vesicles
in the cytoplasm of the infected cell. These vesicles
varied between 2 and 4 um in diameter and were cov-
ered on the inner side by a 15- to 17-nm-thick layer of
electron-dense material typically detected at the inner
side of the plasma membrane of v-Prb5-infected cells
(not shown). Similar structures were found neither in
noninfected cells nor in cells infected with wild-type
vaccinia virus (v-wt} or v-Prb5. In contrast, abundant
formation of VLPs has been demonstrated for mutants
PrebA2, PrbBA3, and Prb5F4 (Figs. 3A-3F). These
mutant VLPs showed a typical doughnut-shaped
structure, which is surrounded by a lipid bilayer derived
from the plasma membrane of the infected cell. The
inner face of the plasma membrane of these particulate
structures was coated with a 15-17 nm electron-
dense layer of gag protein. Occasionally, this layer ex-
hibited another, more electron-dense boarderline
surrounding the electron-translucent lumen of the
VLPs. The fine structure of VLPs generated by gag mu-
tants PrbbA2, PrbbA3, and Prb5F4 could not be distin-
guished from the structures generated by the wild-type
Pr55%%¢ precursor. Essentially, these VLPs strongly re-
sembled the structures previously described as HIV-1
immature HIV virions (Gelderblom et a/., 1989).

Transdominant negative effect of mutant Pr55A1

Quantitative analysis of the cell-culture supernatants
revealed almost identical yields of recombinant VLPs in
the supernatants of SWA480 cells expressing mutant
ProhA3 and Pre5F4 and a slight reduction in the case
of PrbbA2 compared to witd-type Pr559% (Table 1A).
For these gag mutanis, we found 63.9 to 75.8% of the
total antigen in fractions 11-13, clearly indicating an
antigenic peak at a sucrose density between 1.15 and
1.18 g/cm?. In contrast only minute amounts of p24CA
could be identified in the superatant of Pr65A1-in-
tected cells. In this case, only 27.2% of the total anti-
gen was restricted 1o fractions 11-13, suggesting a
rather equal distribution of the mutant protein over all
fractions tested. Coinfection of SW480 cells by v-
Pr559¢¢ and v-Prob A1 (m.o.i. = 25 for each virus} led to
the expression of similar amounts of wild-type and mu-
tant protein within the cell lysates tested {Fig. 4}. Dis-
crimination of both Prb59% alleles was performed by
immunoblotting using two different Pr559%9-gpecific
monoclonal antibodies. Mak 13/5, which has been pre-
viously mapped to amino acids 147-154, failed to de-
tect mutant Pri5 A1 (lacking aa 99-1564), whereas anti-
body 16/4/2, which recognizes aa 307-336, detected
both gag alleles. Coinfection of SW480 cells by v-wt
and v-Prb5%% neither reduced the synthesis of Prb59%¢
within the infected cells (Fig. 4} nor the number of
virus-like particles budding into the cell-culture super-
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Fig. 3. Ultrathin-section electron micrographs of SWA480 cells harvested 2 days after infection with recombinant vaccinia viruses expressing
the mutant polypeptides Prob A2 (A, B), Pro5A3(C, D), and Pr55F4 (E, F). Examples of typical retrovirus-like particles are labeled in A, C, and E by
asterisks. Details of the ultrastructure of the mutant virus-like particies, which strongly resemble immature H!V virions, are given in B, D, and F.
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natant (Table 1). In contrast, coinfection of SW480
cells by v-Pr559% and v-Prbb A1 resulted in a significant
reduction of particulate antigen released into the cell
culture supernatarts (Table 1). Moreover, for the coin-
fection experiment only 47.0% of the detected antigen
could be correlated to fractions 11-13, suggesting
that the antigen released into the cell-culture superna-
tants only partially consisted of VLPs. Analyzing a se-
ries of ultrathin sections of coinfected cells, we could
not detect lentivirus-like budding structures. Instead,
we found giant vacuole-like vesicular structures previ-
ously observed exclusively in v-ProbA1-infected cells.
Similar structures were detected neither in noninfected
cells nor in cells infected with v-wit or v-Pr&5 {Fig. b}
These data suggest a transdominant negative function
of ProbA1 over wild-type Prbb9%,

Analysis of Prog¥9/V3 chimeric polypeptides

For the construction of a successful HIV vaccine, it
might prove usetul 1o develop rationally designed anti-
gens excluding epitopes known to induce adverse side
effects and combining reading frames with epitopes
demonstrated to elicit beneficial immune responses.
For this purpcse, we either replaced the domains de-
leted in the gag constructs described above (ProbA1-
A3) with a composite epitope based on a subset of
variant V3 seguences cr inserted this epitope into the
linker fragment originally fused to the C-terminus of the
complete gag precursor {PrboF4). This domain was
previously characterized in its structure and extended
biological reactivity (Wagner et 4., 1992b; Habazettl et
al., submitted), therefore recommending this epitope
as an atiractive compound for a candidale vaccine,

TABLE 1

ANALYSIS OF CELL-CULTURE SUPERNATANTS

b
ipgl p24  [pglpes  fIAST o
H420* 11-013°  f1-f20
A p55 2192 1662 75.8
p55A1 40 12 272
p5542 678 440 84.9
p55A3 2402 1534 63.9
PE5F4 2251 1617 71.8
B pb5 & p55A1° 283 134 47
P55 & vt 2084 1621 77.8

# {pg p24] Determined from the supernatants of 107 SWA80 cells
infected with the indicated vaccinia viruses after sucrese sedimenta-
tion analysis (Abbott, p24 capture assay) (see Fig. 2). Total amounts
of antigen in fractions 1-20 (f1-f20) and in the antigenic peak frac-
tions {f11-113} are indicated.

b [pg p24] Determined for fractions 11-13 in relaticn to the total
amount of antigen in all fractions {f1-f20).

° [pg p24] Determined from the supernatants of 107 SW480 cells
coinfected with v-Pr56/-Pre5A1 or v-Prob/iv-wt after sucrose sedi-
mentation analysis {m.o.i. = 25 for each virus).
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FIG. 4. Analysis of SW480 cells (colinfected with various vaccinia
viruses (m.o.i. = 25 for each virus) by SDS-PAGE followed by immu-
noblotting. Recombinant proteins were detected by two different
menoclonal antibodies recognizing amino acids 147-154 (MAG 13/
5; A) and amino acids 307-336 (MAb 16/4/2; B) of the HIV-1
Prob9% precursor. Lane 1, v-Pr55; lane 2, v-Pr55AZ; lane 3, v-Pr55
and v-Pr85A2; lane 4, v-Pr55 and wild-type vaccinia virus (v-wt); lane
5, v-wt; lane 6, uninfected SW480 cells, The M, of the recombinant
protains is indicated to the right. Specifically detected proteing are
labeled by arrows. Paositions of the M, markers are given to the left,

The chimeric vaccinia viruses were referred to as v-
Prb69%/\V/3 -1, -2, -3, and -4 depending cn the position
of the V3, domain within the Pr559%¢ precursor (see Fig.
1B). Carrect expression of the chimeric proteins in ly-
sates of infected SW480 cells was tested by renaturing
Western blotting and immunoprecipitation analysis.
The chimeric proteins were detected by the monoclo-
nal antibody 16/4/2, which specifically recognizes the
p24CA portion of Pr66%%9. These data demonstrated
that the averall amount of the chimeric proteins was
comparable in all cell lysates considered (Fig. 6A). The
recognition of the V3, domain within Prbb%9 by a V3 4
specific monoclonal antibody differed among the cell
lysates considered depending on the position within
Pre59#9 (Fig. 6B). To confirm these ghservations under
native conditions, we performed an immunoprecipita-
tion analysis from lysates of infected SW480 cells us-
ing the V3, ,-specific monoclonal antibedy. This anti-
body was not able to precipitate the Pro5V3.-1 chi-
meric antigen, although the correct sequence of the
inserted V3, domain was verified by double-stranded
DNA sequencing. Confirming the Western blot data,
the antigenicity improved afler insertion of the V3, do-
main into position 2, 3, or 4 (Fig. 6C).

Sucrose sedimentation analysis performed with su-
pernatants of the infected cells indicated the formation
and budding of chimeric VLPs (Fig. 7A). As demon-
strated for the mutant polypeptides PrbbA2, ProbAS,
and Pro6F4 we identified an antigenic peak at a density
of about 1.15-1.18 g/cm? for the chimeric polypep-
tides Pro5v3,-2, -3, and -4. Inserting the V3 domain
into position 1 was not sufficient to reconstitute the
Pr5b particle-forming capacity. However, the total
amounts of chimeric antigens released into the celi-
culture supsrnatants decreased by a factor of 2 after
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FiG. 5. Ultrathin-section electron micrographs of SW480 cells infected by v-Pri5 (A; m.o.i. = 25) and coinfected by v-Prb5 and v-Pr56A1 (B;
m.o.i. = 25 for each virus). Budding of typical lentivirus-like structures demonstrated in {A} were not detected in coinfected celis (B}, Large
vacucle-like vesicles which were only found in v-Prb5at-infected cells {(not snown} and in cells ceinfected with v-Pras and v-Prs5a1 (B) are
labeled by asterisks.

insertion of the V3 loop into position -2, -3, and -4 com- the calculated molecular weights as the major protein
pared to the basic constructs Pro5A2, Pri5A3, and species {Fig. 7B). Analysis of the antigenic peak frac-
ProbF4. Western biot analysis of the collected sucrose tions {fraction 12) by immunoblotting confirmed that
fractions identified unprocessed Prb5 derivatives of the recognition of the V3, domain by a V3, -specific
A B C
12345 12345 12348
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anti-p24CA anti-gp120-V3 anti-gp120-V3

FiG. 8. Wastern blot {A and B) and immunogrecipitation analysis {C) of lysates of SW480 cells infected with v-Pr&5 {lane 1), v-Pro5V3 -1 {lane 2),
v-PrBEV3_-2 (lane 3), v-Pr56V3,-3 {lane 4), and v-Pro5V3_-4 {lane 5} {10 PFU/cell). {A and B) Cell lysates were analyzed by SDS-PAGE followed by
immunoblotting. The recombinant proteing were detected by a monoclonal antibody to p24CA (anti-p24CA; A) and by a gp120-V3 loop (LAI
isolate) specific monoclonal antibody (anti-gp120-V3; B). (C) Immunoprecipitation analysis from cell lysates of SW480 cells after infection with
the indicated vaccinia viruses. Pro5Va3 chimeric proteins were precipitated by the V3-loop-specific monoclenal antibody. Shifts in the electropho-
retic mobility chiefly correlate to the predicted molecular weight of the recombinant proteins indicated to the right. Specifically detected chimeric
proteins are labeled by arrows. Positions of the molecular weight marker are given in kDa to the left.
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Fig. 7. Analysis of the paricte-forming capacity of different
Pr56%9/V3 chimeric polypeptides by sucrose sedimentation analy-
sis. The supernatants of SW480 cells infected with v-Pr&5V3 -1 {4},
v-Pro5vV3,.-2 (@), v-Prbbv3.-3 (¢}, and PrbbV3.4 () {m.o.i. = 10}
were analyzed as described. 20 fractions were collected and the
vields of the mutant proteins were determined by a p24 capture
assay from single fractions. The indicated values represent the
means of three infection experiments foliowed by sedimentation
analysis of the cell-culiure supernatants. Standard errors of the
means (pg p24CA) were always less than 8% of the mean. {B) West-
ern blot analysis of fractions 5-20 using a p24CA-specific monaclo-
nal antibody {16/4/2) for the detection cf Prb5 derivatives. The molec-
ular weight of the major protein species (indicated to the left) corre-
sponded exactly to that calculated for the analyzed polypeptides. (C,
D) Fraction 12 of each gradient was further analyzed by immunoblot-
ting; Pro5V3-1 {lane 3), PrbbV3-2 {lane 4), Pr55V3-3 {lane &), and
Prb6V3-4 (lane 6). As a negative control we used coresponding
fractions of gradients performed with v-wt- {lane 1) and v-Pr55-in-
fected cells (lane 2). A HIV-1,, gp120-V3-specific monoclonal anti-
body (anti-V3,,,; C) and a polycicnal antiserum raised in rabbits to a
V3 consensus peptide (anti-V3c serum; D) were used to detect the
insened or fused V3 domain of the chimeric polypeptides. Specifi-
cally detected polypeptides are marked by open arrows from the
right. The molecular weights calculated for the chimeric antigens are
indicated. Positions of the M, markers (kDa) are given to the Jeft.

monoclonal antibody and a polyclonal V3 -specific rab-
bit serum clearly depends on its position with Prb59%
{Figs. 7C and 7D).

Ultrathin-section electron microscopical analysis of
5W480 cells infected with the Pro5V3 recombinant

wa /b fysuap v

vaccinia viruses confirmed these observations and
readily revealed the formation of chimeric retrovirus-
like particles in all cases tested except for that of mu-
tant Prb5V3-1 (Fig. 8). Careful analysis of the ultrathin
sections occasionally identified the budding of chi-
meric VLPs strongly resembling immature HIV virions.
However, in preparations of v-Pré5v3-2- (Figs. 8A and
8B), v-Prb56V3-3- (8C and 8D), and v-Pr65Vv3-F4 (8E and
8F} infected SW480 cells, we found representative
numbers of core-like particles which significantly de-
viated from the typical retrovirus-like structures in size
and shape. Similar deviations from the regular struc-
ture have been observed for the incorporation of RSV
gag chimeras into VLPs (Weldon et a/., 1990). These
morphologically irregular particles varied in their diame-
ters between 100 and 250 nm. They were surrounded
by a typical plasma membrane, which is covered on
the inner site by a 15- 10 17-nm electron-dense layer of
chimeric Pr559%, Short stretches were identified in
some sections which were characterized by a local
absence of Prb5%% precursor on the inner plasma
membrane (Figs. 7B, 7D, and 7F).

Pr55%%—a carrier for various epitopes
P

In crder to analyze the general applicability of this
Pr&b%%9-based carrier system for the presentation of
epitopes other than V3, we inserted a linear stretch of
the CD4-hinding domain (CD4BR; aa 419-444) and a
conserved nef-CTL epitope (nef; aa 110-130) into the
deletion mutants Prb5A1, Prb5A2, Pr55A3, and
Pro4F4. The recombinant vaccinia viruses expressing
these chimeric polypeptides were referred to as v-
ProbCD4BR1-4 and v-Prbbnef1-4 (see Fig. 1B). As
demonstrated by immunoblotting, the mobility of the
chimeric proteins expressed in infected SW480 cells
chiefly correlated with their calculated molecutar
weight {not shown). Harvested cell-culture superna-
tants were analyzed in sucrose sedimentation gra-
dients as described (Table 2). For all constructs tested,
antigenic peaks were detected at the expecied su-
crose density of 1.15-1.18 g/em?® {fractions 11-13).
The highest yields of VLPs were cbtained after fusion
of the selected epitopes 1o the carboxy terminus of the
unprocessed Prb559% precursor {Pr6bCD4BR-4 and
Prognef-4). For all Prbbnef chimeric polypeptides
tested, we repeatedly found the amount of antigen de-
tected in fractions 11-13 to correlate with the distance
of the inserted or fused nef-CTL epitope from the
Pr559% carboxy terminus. However, a similar correla-
tion could not be demonstrated for the chimeric poly-
peptides fused with the CD4BR. Electron micro-
scopical analysis of SW480 cells expressing either
Prb&nef-2, -3, and -4 or Pr55CD4BR-2 and -4 demon-
strated assembly and budding of particulate structures
strongly resembling the intact immature retrovirus-like
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Fic. 8. Ultrathin-section electron micrographs of HIV-1 virus-like particles produced from SW480 cells 2 days after infection with different
recombinant vaccinia viruses expressing the chimeric polypeptides Prabv3,-2 (A, B), Prosva,-3 (C, D), and PrbVa,-4 (F, F). Examples of
pariculate structures resembling typical retrovirus-like panicles are labeled in A, C, and E by asterisks. Due to their size and shape, these
virus-like particles can be easily distinguished from vaccinia viruses (200 X 250 nm; V). Details of the ultrastructure of the mutant virus-like
particles are given in B, D, and F. Areas within the virus-like particles characterized by a local absence of group-specific antigen are indicated by
black arrows.
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TABLE 2

CELL-CULTURE SUPERNATANTS

gl p24  [pglpea  fI-A8

f1-f20° f11-f13% f1-f20
Pr55CD4BR-1 795 520 65.4
Pr55CD4BR-2 1190 780 65.5
Prs5CD4BR-3 740 495 66.8
Pre5CD4BR-4 2650 1790 67.5
Probnet-1 580 380 64.0
Pr55nef-2 930 670 72.0
Pr55nef-3 1630 1070 6b.56
Prs&nef-4 3040 1980 65.1

# [pg p24] Determined from the supernatants of 107 SW480 cells
infected with the indicated vaccinia viruses after sucrose sedimenta-
tion analysis {Abbott, p24 capture assay) {see Fig. 2). Total amounts
of antigen in fractions 1-20 {f1-f20) and in the antigenic peak frac-
tions (f11-f13) are indicated.

® [pg p24] Determined for fractions 11-13 in relation to the total
amount of antigen in all fractions (f1-£20).

particles depicted in Fig. 3 (data not shown). Particu-
late structures detected in preparations of v-
Pro6CD4BR-1- and -3-infected cells were slightly
aberrant in size and shape, similar to those described
as Pr6BV3 chimeric particles (Figs. 8B, 8D, and 8F).
These data indicate that the length and/or chemical
properties of the epitopes inserted into or fused to the
Pr&65 mutants clearly determine the conformation and
capacity of the maodified gag precursor to assemble
and bud as VLPs from eucaryoctic cells.

DISCUSSION

In this paper, we describe the effect of three ex-
tended deletions {i) overlapping the p17MA/p24CA
cleavage site, (i) located within p24CA, and {iii) within
the p6LI portion on the assembly and budding process
of the HIV-1 Pr659%9 VL Ps (Fig. 1).

Deletion of amino acids 99-154 completely abol-
ished the capacity of the mutant polypeptide to assem-
ble into VLPs and resulted in the formation of large
cytoplasmic vacuole-like vesicles. These results con-
firmed previous data obtained for other retroviruses,
such as Mason—-Pfitzer monkey virus (M-PMV), which
indicate that MA genes are very sensitive to deletion
mutations {Rhee and Hunter, 1991). Accordingly, we
suggest that myristoylation of the amino-terminal gly-
cine is not sufficient to direct the gag polypeptides to
the correct membrane compariment. Whether the ob-
served transport deficiency is due to the elimination of
a specific targeting sequence or rather due to major
conformational changes within Prb59% needs further
investigation. Recently, Yu and co-workers described a
series of p17MA deletion mutants. Although clearly in-

volved in the process of budding and formation of virus
particles, p17MA also seems to play an important role
during early steps of the life cycle such as the entry into
the target cells {Yu et &/, 1992a,b).

Few gag proteins have been examined with regard
to deletions within the CA region. Different results have
been obtained for RSV and MuLV after intensive test-
ing. In the case of MuLV, the CA domain appears to be
exceedingly sensitive to even minor deletions and se-
guence alterations {Schwartzberg et af,, 1984). In ac-
cordance with RSV, which was shown to tolerate ex-
tended deletions within its capsid moiety (Wills and
Craven, 1991), we found that a stretch of 30 amino
acids within the central region of HIV-1 p24CA can be
deleted without significant loss of function. Very re-
cently, others demonsirated that a deletion of 56
amino acids {aa 155-211), which is directly adjacent to
the p24CA deletion {aa 211-231) described in this
paper, is tolerated without any effect on the morphol-
ogy of the budding particles (Wang and Barklis, 1993}.
Taken together, these data suggest that large parts of
the capsid proteins of type C retroviruses and of lenti-
viruses exhibiting a similar type of budding are not es-
sential for the assembly of immature HIV virions.

A 35-amino-acid deletion within the pélLt portion of
Pr559# was demonstrated in our assay system 1o be
well tolerated with respect to the release of immature
VLPs. However, our data and similar results by others
(Rover et al., 1981; Hoshikawa et af., 1991} deviated
from a previous report stating a clear effect of p6LI on
the closure and efficient release of immature particles
(Goettlinger et a/., 1991).

Additionally, we could demonstrate that the fusion of
a short polylinker sequence to the Pr559%9 carboxy ter-
minus does not alter the functional properties of the
gag precursor. Taken together, these data indicated
that distinct alterations are tolerated without negatively
influencing the assembly and release of VLPs from eu-
caryotic cells.

Based on the mutant Pr559? polypeptides described
we tried to extend the immunclogical spectrum of the
modified VLPs by inserting either the V3 principat neu-
tralizing determinant, the CD4-binding domain, or a
nef-CTL epitope into the gag mutants. In all cases
tested-—except in the chimeras based on mutant
Prb54a1—we found assembly and budding of particu-
late structures. Depending on the length and amino
acid sequence of the inserted epitopes, we detected
particulate structures of either identical or slightly al-
tered size and shape compared to immature HIV viri-
ons or recombinant Pr55%9% VI Ps. Accordingly, the
yields of budding chimeric VLLPs have been demon-
strated in some cases to be reduced compared to the
wt-Pr669%¢ precursor or the mutants ProbA1-Prb5A3
and PrbbF4.
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Different interpretations are possible to explain
these alterations. The insertion of foreign amino acids
may reduce the ability of the modified gag precursor
molecules to be involved in protein—protein interac-
tions which are not well characterized so far. As a con-
sequence, a lower packaging density of the chimeric
proteins at the plasma membrane might result in an
inefficient release of morphologically altered particu-
late structures. Alternatively, the insertions might alter
the flexibility of the chimeric gag precursors, thereby
preventing conformational changes which are sug-
gested 1o Jead to the exposure of more hydrophobic
residues and consecutive budding of spherical struc-
tures {Wills and Craven, 1991; Rhee and Hunter,
1991).

Due to the intrinsic adjuvant properties and high im-
munogenicity of particulate structures, a series of car-
rier systems has been developed for the presentation
of heterologous epitopes during the past years, mainly
based on the HBV surface antigen, its core antigen,
and on yeast Ty-A particles (Kingsman and Kingsman,
1989; Michel et al, 1990; Schlienger et af., 1992).
However, with respect to a future vaccine develop-
menti, rationally designed antigens should be as com-
plex as possible and allow the presentation of different
immunologically relevant epitopes. This paper de-
scribed the feasibility of constructing a novel nonin-
fectious, particulate carrier system based on the HIV-1
Prob# precursor. Inserting the above-mantioned epi-
topes into defined positions of the Pr55%%¢ precursor
leads in some cases to the generation of chimeric
VLPs. Very recently, we demonstrated in a BALB/c
mouse model that V3-specific CTLs can be induced by
the Prb59%9/\/3 recombinant vaccinia viruses described
above. This indicated that a CTL epitope can replace
different regions within an antigenic carrier protein
without significant loss of biological activity (Wagner et
al., 1992b; Wagner et a/., 1993). However, the use of
these viruses as a live vaccine in rabbits induced only
low titers of V3-specific antibodies {data not shown).
This was not unexpected, due to previous studies un-
derlining the low immunogenicity of Pro59%¢ recombi-
nant vaccinia viruses compared to purified Prb59%
VLPs (Wagner et &/, 1992a). Detailed immunological
analysis of the above-described chimeric VLPs will give
us more information on the possibility of inducing a
humoral immune response, on neutralizing activities of
antibodies directed toward the inserted V3 loop or the
CD4-binding domain, and on the induction of a cell-
mediated immune response. Whether the position of
the epitopes inserted or added to Prb59%9 will influence
the imrmunogenicity of the chimeric VLPs remains to be
demonstrated. The possibility of presenting more than
one epitope by a single chimeric VLP {unpublished re-
sults) appears to be very promising with respect to the
induction of a broad immune response.
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