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Abstract

Developing an effective HIV-1 vaccine will require strategies to enhance antigen presentation to the
immune system. In a previous study we demonstrated a marked increase in immunogenicity of the
highly glycosylated HIV-1 gp120 protein following enzymatic addition of a-gal epitopes to the
carbohydrate chains. In the present study we determined whether gp120,,4,) can also serve as an
effective platform for targeting other HIV-1 proteins to APC and thus increase immunogenicity of
both proteins. For this purpose we produced a recombinant fusion protein between gp120 and the
HIV-1 matrix p24 protein (gp120/p24). Multiple a-gal epitopes were synthesized enzymatically on
the gp120 portion of the fusion protein to generate a gp120,4a/p24 vaccine. Immune responses to
9p120,gai/p24 compared to gp120/p24 vaccine lacking a-gal epitopes were evaluated in knockout
(KO) mice. These mice lack a-gal epitopes and, therefore, are capable of producing the anti-Gal
antibody. T cell responses to p24, as assessed by ELISPOT and by CD8+ T cells intracellular staining
assays for IFNy, was on average 12 and 10-fold higher, respectively, in gp120,4a1/p24 immunized
mice than in mice immunized with gp120/p24. In addition, cellular and humoral immune responses
against gp120 were higher by 10 to 30-fold in mice immunized with gp120,44/p24 than in gp120/
p24 immunized mice. Our data suggest that the a-gal epitopes on the gp120 portion of the fusion
protein can significantly augment the immunogenicity of gp120, as well as that of the fused viral
protein which lacks a-gal epitopes. This strategy of anti-Gal mediated targeting to APC may be used
for production of effective HIV-1 vaccines comprised of various viral proteins fused to gp120.

Introduction

Effective protection against HIV-1 infection may be achieved by prophylactic vaccines that

elicit a combined humoral immune response against envelope proteins and a cellular immune
response against matrix and core proteins. The humoral immune response comprises primarily
of neutralizing anti-gp120 (anti-Env) antibodies that prevent the infection of cells by HIV-1,
whereas the cellular immune response includes the activity of cytotoxic T lymphocytes (CTLs)
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that destroy HIV-1 infected host cells [1]. One of the major factors determining the efficacy
of such prophylactic vaccines is the number of memory B and T cells that circulate post-
vaccination. These memory cells are rapidly activated in early stages following transmission
of the virus, while the number of the infected cells is relatively low. In the absence of a rapid
immune response, the infecting HIV-1 replicates and mutates before anti-Env antibodies are
produced in sufficiently high titers to prevent viral spread to a large number of cells. Mutations
in envelope glycoproteins enable HIV-1 to escape the neutralizing antibodies without losing
receptor binding activity [2-11]. In order to elicit effective humoral and cellular immune
responses, vaccine antigens must be effectively taken up by antigen presenting cells (APC)
which process and present the immunogenic peptides on class | and class 1| MHC molecules
in order to activate the corresponding cytotoxic and helper T cells. In our previous study we
described a method that exploits the multiple carbohydrate chains on gp120 of HIV-1 for anti-
Gal mediated targeting of a gp120 vaccine to APC [12].

Anti-Gal is the only natural antibody known to be abundantly produced in humans, comprising
~1% of total serum 1gG [13]. Anti-Gal interacts specifically with a carbohydrate antigen termed
the a-gal epitope (Galal-3Galp1-4GIcNAc-R) [14,15] which is produced by the activity of the
glycosylation enzyme al,3 galactosyltransferase (a1,3GT). Non-primate mammals,
prosimians and New World monkeys carry the active a1,3GT gene and naturally produce large
amounts of a-gal epitopes on cell surface and secreted glycoproteins [16,17]. In contrast,
humans, apes and Old World monkeys lack a-gal epitopes because they lack active 01,3GT
genes [18] and naturally produce anti-Gal in high titers [17]. Natural anti-Gal antibodies can
be exploited to effectively target microbial or cancer vaccines carrying a-gal epitopes to APC
[19-21]. Such vaccines form immune complexes with anti-Gal at the vaccination sites and are
effectively targeted for uptake by APC as a result of the interactions between the Fc portion
of the immunocomplexed anti-Gal and Fcy receptors (FcyR) on APC [22].

We previously showed that the multiple N-linked carbohydrate chains of complex type (i.e.
with terminal SA-GalpB1-4GIcNAc-R) on recombinant gp120 can be converted into a-gal
epitopes by incubation with neuraminidase (for removal of terminal sialic acid [SA]),
recombinant a1,3GT and UDP-galactose (UDP-Gal) as the sugar donor [12]. This enzymatic
reaction results in the synthesis of ~30 a-gal epitopes per gp120 molecule. The immunogenicity
of gp120 carrying a-gal epitopes (gp120,4q) can be studied in the a1,3GT gene knockout
mouse (referred to as KO mice). These mice lack a-gal epitopes and, therefore, are capable of
producing anti-Gal (31). In previous studies we reported that KO mice producing anti-Gal and
immunized with gp120,, displayed ~100-fold higher titer of anti-gp120 antibodies than KO
mice immunized with gp120 lacking a-gal epitopes [12]. The activities of neutralizing anti-
gp120 antibodies were also significantly higher in KO mice immunized with gp120,,g, than
in those immunized with gp120. We further observed a similar ~100-fold increase of immune
responses against influenza virus in KO mice immunized with inactivated influenza virus
expressing a-gal epitopes, in comparison with KO mice immunized with the same dose of
inactivated virus lacking these carbohydrate epitopes [23].

We hypothesized that gp120 processed to express multiple a-gal epitopes may serve as a
platform for delivering other less immunogenic viral proteins to APC, in order to enhance
immune responses against HIV-1. Matrix or core proteins of HIV-1 may serve as vaccine
antigens since they are highly conserved compared to the viral envelope gp120. Inclusion of
other viral proteins such as Nef, Tat and Rev in an HIV-1 vaccine may further increase efficacy
since they may elicit broad immune responses against the virus, as observed in long-term non-
progressors [21,24]. The internal proteins of HIV-1 cannot be enzymatically modified to
display a-gal epitopes since they lack carbohydrate chains. Anti-Gal mediated targeting of the
various HIV-1 internal proteins to APC may be achieved by fusion of the genes encoding them
with the gp120 gene and production of the fusion protein in mammalian cell expression systems
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for the synthesis of carbohydrate chains of the complex type (e.g. CHO or 293 cells). The
glycosylated gp120 portion of the protein containing multiple N-linked carbohydrate chains is
subsequently subjected to enzymatic synthesis of a-gal epitopes by using neuraminidase and
recombinant a1,3GT. Upon vaccination, such fusion protein vaccines would form immune
complexes with anti-Gal antibodies in vivo and therefore will be targeted for uptake by APC
via Fc/FcyR interactions.

In the present study we evaluated the effect of a-gal epitopes on the immunogenicity of a fusion
protein between gp120 and the HIV-1 matrix protein p24. The immunogenicities of both p24
and gp120 in gp120,ga)/p24 were compared to that of gp120/p24 in the KO mice producing
anti-Gal. Our data suggest that this strategy of fusing gp120,4q to other viral proteins can
enhance both humoral and cellular immune responses to candidate HIV-1 vaccines.

MATERIALS AND METHODS

Supplies

Recombinant a1,3GT was produced in the Pichia pastoris expression system as described
previously [25]. Neuraminidase from Vibrio cholera was purchased from Sigma (St. Louis
MO). Recombinant gp120BAL was received as a gift from NIH AIDS Research and Reference
Reagent Program. The monoclonal anti-Gal antibody designated M86 was obtained in tissue
culture supernatants of the hybridoma M86 cells, as previously described [26]. Horseradish-
peroxidase (HRP) conjugated anti-mouse 1gG and anti-mouse IgM antibodies were purchased
from Accurate Laboratories (Westbury, NY). The Ribi adjuvant, Trehalose Dicorynomycolate
(TDM), was purchased from Corixa (Hamilton, MT).

Mice and immunization procedures

The mice used as the experimental model were a1,3GT knockout (KO) mice on H-2bxd genetic
background [27] which are bred and maintained at the animal facility of the University of
Massachusetts Medical School. Studies were performed with both males and females which
yielded similar results. Production of anti-Gal 1gG in the KO mice was achieved by three i.p.
immunizations with 50 mg of pig kidney membrane (PKM) homogenate. These injections,
administered in one week intervals, induced anti-Gal production in titers similar to those of
anti-Gal in humans (titers of 1:200 to 1:2000 as measured by ELISA with a-gal BSA as solid
phase antigen) [28,29]. Following the demonstration of anti-Gal 1gG production, the mice
received a subcutaneous injection of gp120/p24 or gp120,gs)/p24 at 5 ug per injection in Ribi
adjuvant. These injections were repeated after 2 weeks, and the immune responses were
evaluated two weeks after the second immunization.

Production of gp120/p24 fusion gene

Production of gp120/p24 required the generation of a fusion gene between the coding regions
of gp120 and p24. The vector used for this purpose was pPCDNA3.1 (=) (Invitrogen). The gp120
JR-FL codon-optimized sequence was reported previously [30]. The p24 DNA gene was cloned
from a non-infectious HIV-1 clone pNL4-3.dpol with LTR and partial pol gene deletion [31].
The gp120 region of the HIV-1 env gene was amplified by PCR using the forward primer
gp120-jrfl-1 5-CAGACAGAATTCATGGATGCAATGAAGAGAG-3’ and the reverse
primer gp120-jrfl-2 5-ATCTATGGTACCAGCCACAGCGCGCTTCTCCCTC-3'. The p24
region was amplified by PCR with forward primer NL4-3 p24-1 5'-
ATCTATGGTACCGCAATAGTGCAGAACCTCCAGGG-3' and reverse primer NL4-3
p24-2 5'-TGTGATGGATCCTCATTTATGGCCGGGTCCC-3'. The gpl120 primers were
used to amplify the codon-optimized JR-FL gene and the p24 primers amplified the NL4-3
p24 gene [30]. The PCR product of gp120 was digested with EcoRI and Kpnl, and the p24
gene product was digested by Kpnl and BamHI. The digested gp120 and p24 gene fragments

Vaccine. Author manuscript; available in PMC 2011 February 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Abdel-Motal et al.

Page 4

were ligated into the vector pPCDNAS3.1 (—) cut with BamHI and EcoRI. The presence of the
gp120-p24 fragment in pPCDNA3.1 (—) was confirmed by digesting the vector with EcoRI and
BamHI enzymes. The gp120-p24 fragment was further confirmed by sequencing. The p24 gene
was fused to the C terminus of gp120 in order to keep the codon-optimized t-PA leader signal
proximally upstream of the gp120 gene [32].

Production of gp120/p24 fusion proteins

Gp120-p24 fusion proteins were produced by transfection of 293T cells with pPCDNA3.1(-)
plasmid expressing the HIV-1 gp120-p24 protein, using Lipofectamine reagent (Invitrogen)
as in previous studies. The fusion proteins were purified from the pooled supernatants using
ammonium sulfate precipitation and a glycoprotein purification kit according to the
manufacturer’s instructions (Qiagen). The purified fusion glycoprotein was stored in aliquots
at —20°C until use.

Synthesis of a-gal epitopes on gp120/p24 fusion proteins

Synthesis of a-gal epitopes on gp120/p24 was performed by the use of two enzymes:
neuraminidase (extracted from Vibrio cholera) and recombinant a1,3GT [12]. Briefly, gp120/
p24 was brought to a concentration of 100 ug/ml in the enzyme buffer containing 0.1 M MES
(methyl ethyl morpholino sulfonate) pH 6.0, and 25 mM MnCl5. The terminal SA was removed
from the carbohydrate chains on the gp120 portion of gp120/p24 by neuraminidase (1 mU/ml),
and a-gal epitopes were synthesized on these carbohydrate chains by a1,3GT (30 ug/ml) and
UDP-Gal (1 mM). The control gp120/p24 fusion proteins lacking a-gal epitopes were added
in the enzyme solution at 100 mg/ml in the presence of the two enzymes which were previously
heat inactivated (10 min at 95°C). The lack of a-gal epitopes on gp120/p24 was confirmed by
ELISA, as described below.

ELISA assays

Production of anti-Gal in KO mice immunized with PKM homogenates were determined by
ELISA, as previously described [12,23]. Briefly, ELISA wells were coated with a-gal BSA
(10 pg/ml) overnight at 4°C. Plates were washed once with PBS and blocked with 1% BSA in
PBS. Serum samples at various dilutions were plated at 50 ul aliquots in the wells for 2 h at
24°C. After washing, HRP-coupled goat anti-mouse 1gG was added for 1 h. The colored
reactions were developed with ortho-phenylene diamine (OPD) and absorbance measured at
492 nm. KO mice included in the immunization study were those found to display anti-Gal
production in titers comparable to those in humans (i.e. 1:200 — 1:2000). Production of anti-
gp120 antibodies was assayed by a similar assay, using gp120 (10 pug/ml) as solid-phase
antigen. The presence of a-gal epitopes on gp120,4,/p24 was also determined by coating this
fusion protein in ELISA plates and detection using monoclonal anti-Gal antibody M86 [26] as
a primary antibody followed by HRP-anti-mouse IgM as secondary antibody.

Western blot analysis

The gp120-p24 proteins in supernatants from transiently transfected 293T cells were separated
by SDS-PAGE electrophoresis, blotted onto polyvinylidene difluoride membranes (PVDF;
Bio-Rad) using 120 amp for 2 h, and blocked overnight at 4°C in blocking buffer (0.2% I-block
0.1% Tween 20 in PBS). Membranes were incubated with rabbit sera containing anti-gp120
or anti-p24 antibodies at 1:20 dilution and incubated for 2 h at room temperature (RT).
Subsequently, the membranes were washed and reacted with alkaline phosphatase (ALP)-
conjugated goat anti-rabbit 1gG (Tropix, Bedford, MA) at a 1:5000 dilution. Signals were
detected using the Western-Light Kit (Tropix). Western-light substrate was applied for 5 min
to the membranes which were then dried, exposed to X-ray films and developed by a Kodak
processor.
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Analysis of neutralizing anti-gp120 antibodies

The assay for neutralizing antibodies was previously described [30]. The assay was performed
with HIV-1 SF162 pseudotyped virus. Pseudoviruses were generated by the co-transfection of
HIV-1 SF162 gp160 envelope with the pSG3AEnNv backbone. Pseudotyped viruses were added
at 200 50% tissue culture infective doses (TCID)/well and incubated with the tested sera or
with rabbit sera (positive control) at 37°C for 1 h. TZM-bl cells were then seeded at 10,000
cells/well in a final concentration of 20 ug/ml DEAE-dextran. Plates were incubated at 37°C
for 48 h and then developed with Luciferase assay reagent according to the manufacturer’s
instructions (Promega). Neutralization was calculated as the percent reduction in luciferase
activity in the presence of mouse or rabbit immune sera compared to the luciferase activity
induced by the virus in the presence of pre-immune sera as follows: [1 — (luciferase + immune
sera)/(luciferase + pre-immune sera)] x 100 [33].

IFNy ELISPOT assay

Intracellular

ELISPOT assays for IFNy-secreting cells were performed with a commercial kit (Mabtech,
OH, USA), as described previously [12,23,34]. Briefly, 96-well ELISPOT plates were coated
with 100 pl/well of anti-IFNy monoclonal antibody AN18 overnight at 4°C. The plates were
washed with PBS and blocked with PBS containing 10% fetal calf serum (FCS) for 30 min. at
RT. Freshly isolated splenocytes (2x10° cells per well) were plated in triplicates together with
gpl120 (LJR-FL V3 peptide) or p241g9_o97 peptides [35]. After overnight incubation at 37°C
in 5% CO,, cells were removed by washing with PBS and aliquots of 100 pl of anti-1FNy-
biotin (monoclonal antibody R4-6A2, Mabtech) were added to each well for 2 h at RT. The
plates were then washed with PBS and 100 pl of Streptavidin-ALP were added per well and
incubated for 1 h at RT. After washing with PBS, 100 ul of chromogenic substrate (NBT-plus,
Mabtech) were added to each well for 15 min to allow color development and formation of
spots. Color reaction was stopped by addition of water. Wells were then air-dried, and spots
were counted with the ELISPOT Automated Reader System (performed by Zellnet, Fort Lee,
NJ). Calculated frequencies were based on the average of the triplicates wells. The results are
expressed as gp120 or p24 specific IFNy secreting T cells per 108 splenocytes, i.e. the number
of spots after subtraction of the spots number in corresponding control wells.

cytokine staining for determining T cell activation

For intracellular cytokine staining (ICS), spleens were harvested from mice, and splenocyte
suspensions were adjusted to 2x10° cells per tube for each mouse. Spleen lymphocytes were
incubated at 37°C in 5% CO, with 5 ug of p24 peptide. Recombinant human IL-2 (10 unit/ml)
was added to all samples and after 1 h of culture, 10 ug/ml of brefeldin A (Sigma Chemical
Co., St. Louis, MO) was added to impair cytokine secretion. After another 5 h of incubation,
the cells were washed once in 2% FCS-PBS and kept overnight at 4°C. The following day,
these cells were stained for surface markers and intracellular cytokines as described by Bottrel
et al. [36]. Briefly, cultured cells were stained for surface markers using fluorescein
isothiocyanate-labeled anti-CD3 and PerCP-labeled anti-CD8 monoclonal antibodies (BD
Pharmengen, CA) by incubation for 30 min on ice, followed by two washes and fixation using
solution A (Fix & Perm kit, Caltag Laboratories). These cells were washed and permeabilized
using solution B (Fix & Perm kit, Caltag Laboratories) and stained with PE-labeled anti-
IFNy (BD Pharmingen, CA). After 20 min, cells were washed and resuspended in 2%
paraformaldehyde. A minimum of 50,000 splenocyte-gated events were acquired using a
lymphocyte gate determined based on size and granularity profiles. Data were analyzed by
CELLQuest software (Becton Dickinson, San Jose, CA). Antigen-specific cells were defined
as CD3*CD8* T lymphocytes that co-expressed IFN-y.
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RESULTS

Production of gp120/p24 fusion protein

The gene regions of env coding for gp120 and of gag coding for p24 were fused by ligation of
the restriction sites Kpnl as shown in Fig. 1A. The fused gene was inserted into the plasmid
pCDNAZ3.1 (=) which contains the CMV promoter to enable protein expression in mammalian
cells. The fusion gp120/p24 products were produced by transient transfection of 293 cells by
Lipofectamine. The fusion proteins secreted from the transfected cells were isolated from the
culture medium by ammonium sulfate precipitation. Approximately 0.8 mg of the fusion
protein was isolated from a total volume of 450 ml of supernatant from transfected 293 cells.
For analysis, the fusion protein was electrophoresed in an SDS- polyacrylamide gel. As shown
in Fig. 1B, the size of the obtained band was approximately 150 kDa (the sum of the sizes of
gp120 and p24 proteins), and it reacted with both anti-gp120 and ant-p24 antibodies.
Unmodified gp120 and p24 proteins were also run in parallel with the fusion protein (data not
shown).

Synthesis of a-gal epitopes on gp120/p24 by recombinant al1,3GT

We assumed that since none of the original N-glycosylation sites of gp120 was altered in the
fusion protein gp120/p24, the N-linked complex carbohydrate chains on the fusion protein are
likely to be similar to those on gp120. The p24 portion of the protein lacks N-glycosylation
sites. Many of the N-linked complex carbohydrate chains are capped with SA as SA-
Galp1-4GIcNAC-R. Replacement of SA on the gp120 carbohydrate chains with a-gal epitopes
was performed as previously detailed [12] by two enzymes within the same solution: 1. SA
was removed from the carbohydrate chains by neuraminidase to expose the penultimate N-
acetyllactosamine residues (Galp1-4GIcNAC-R) on gp120/p24, and 2. The N-
acetyllactosamines exposed on the carbohydrate chains functioned as acceptors for
recombinant a1,3GT which link to them terminal a1-3galactosyl residues, to form a-gal
epitopes. The sugar donor providing galactose to a1,3GT is uridine-diphosphate galactose
(UDP-Gal). The de novo expression of a-gal epitopes on gp120,,4,/p24 was demonstrated in
ELISA wells coated with 1 pg/ml of the fusion proteins and with the monoclonal anti-Gal
antibody M86 [26]. As shown in Fig. 2, monoclonal anti-Gal displayed no binding to the gp120/
p24 that was incubated with heat-inactivated enzymes, since the original molecule produced
in the human 293T cells have no a-gal epitopes. Carbohydrate chains of the complex type of
gp120 produced in human cells are capped with SA. In contrast, the monoclonal anti- Gal
antibody readily bound to gp120,4,/p24 due to the multiple a-gal epitopes synthesized on this
fusion protein. In a previous study (1) we estimated that the number of a-gal epitopes
synthesized on each original (i.e. non-fused) gp120,g4, molecule to be ~30. It is probable that
the number of a-gal epitopes synthesized on gp120,g,)/p24 is similar. This is supported by the
finding that the binding of monoclonal anti-Gal to BSA with linked 12 synthetic a-gal epitopes
is 2 to 3-fold lower than that of gp120,4a1/p24 (Fig. 2).

Analysis of gp120 specific T cell responses by ELISPOT

Our previous immunization studies with gp120,gq indicated that the anti-Gal mediated
targeting of this vaccine to APC resulted in increased T cell responses, as evaluated by
ELISPOT detecting IFNy secreting T cells (i.e. gp120 specific TH1 and CD8+ T cells) [12].
The main objective in the present study was to determine whether gp120,,4, can target the
fused p24 to APC, thereby increasing the efficacy of activation of p24 specific T cells. For this
purpose anti-Gal producing KO mice were immunized twice with a two week interval as
described in the methods. The splenic lymphocytes harvested two weeks after the second
immunization were incubated with the p24 immunodominant peptide p241gg_o¢7 for 24 h and
tested for secretion of INFy by ELISPOT. As shown in Fig. 3A, in all mice immunized with
gp120,ga1/p24, the number of T cells secreting IFNy in response to the p24 peptide was much
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higher than in mice immunized with gp120/p24. On average, the number of p24 specific T
cells in gp120,,4a1/p24 immunized mice was 12-fold higher than in gp120/p24 immunized mice.
The results were compared using the Student’s t-test and found to be statistically significant
with t = 5.9 and P-value < 0.001.

The fusion of p24 to gp120 did not affect the increase in immunogenicity of the gp120 portion
of the molecule when it carried a-gal epitopes. Thus, immunization with gp120,,4,)/p24 resulted
in higher numbers of gp120 specific T cells secreting IFNy than in mice immunized with gp120/
p24 (Fig. 3B). Mice immunized with the fused protein carrying a-gal epitopes displayed ~10
fold higher gp120 specific T cells than those immunized with the fusion protein lacking this
epitope (Fig. 3B). The results were compared using the Student’s t-test and found to be
statistically significant with t = 11.3 and P-value < 0.01.

We have observed previously a similar increase in T cell responses to gp120 vaccine when the
vaccinating protein contained a-gal epitopes (1). The present ELISPOT results imply that the
effective anti-Gal mediated targeting of the fusion protein to APC increases the processing and
presentation by APC of peptides in both regions of the vaccine, the region with a-gal epitopes
and that lacking the anti-Gal binding epitope.

Confirmation of increased T cell responses to p24 by intracellular cytokine staining (ICS)

The ELISPOT data described above did not differentiate between TH1 and CD8+ T cell
response to p24. In order to determine whether there is an increased response of CD8+ T cells
to p24 in mice immunized with gp120,4a1/p24, we performed ICS analysis for detection of
IFNy production in activated T cells that are also stained with CD8, and CD3 specific
antibodies. The splenic lymphocytes obtained from mice immunized with gp120,,4,/p24 or
gp120/p24 were pulsed overnight with 5 ug of the immunodominant p241g9_207 peptide.
Subsequently, CD3+, CD8+ T cells were measured for production of intracellular IFNy as a
result of activation by the p241g9_207 peptide. As shown in Fig. 4, four of five mice immunized
with gp120,4,/p24 displayed between 0.5-2.0% of activated CD8+ T cells (mice #1- #4),
whereas one of the five mice immunized with gp120- gal/p24 displayed no CD8+ activation.
In contrast, in mice immunized with gp120/p24 lacking a-gal epitopes (mice #6-#10), only
0.09-0.1% of CD8+ T cells were activated by the p24 peptide. On average, the proportion of
p24 specific CD8+ T cells was found in this assay to be 11-fold higher in mice immunized
with the gp120,ga)/p24 vaccine than in mice immunized with the gp120/p24 vaccine. These
results suggest that CD8+ T cells were effectively primed in vivo by the gp120,4,/p24 vaccine
and thus, were activated in vitro by the p24 peptides presented on APC. The low p24 specific
CD8+T cell activation in gp120/p24 vaccinated mice indicate that the unmodified fusion
protein antigen has low immunogenicity, likely due to poor uptake by APC.

Increased anti-gp120 antibody responses in mice immunized with gp120qga/p24

The proposed vaccine is aimed at eliciting a combined cellular immune response against core
or matrix virus proteins, such as p24, and both humoral and cellular immune responses against
the envelope glycoprotein gp120. Thus, it was of interest to determine whether anti-gp120
antibody activity in gp120,ga)/p24 immunized mice was significantly higher than that in gp120/
p24 immunized mice. The serum obtained prior to euthanasia of the immunized mice was
analyzed by ELISA for the presence of IgG antibodies binding to gp120. Figure 5A describes
the anti-gp120 antibody activity in the individual immunized mice. In 4 out of the 5 mice
immunized with gp120,4a1/p24, the anti-gp120 antibody activity was 15 to 100-fold higher
than in the gp120/p24 immunized group. In the fifth gp120,g,/p24 immunized mouse, the
antibody activity was only 4 to 8-fold higher than in gp120/p24 immunized mice. The average
anti-gp120 antibody response in gp120,4a/p24 immunized mice was 32-fold higher than in
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gp120/p24 immunized mice (Fig. 5B). The means were compared using the Student’s t-test
and found to be statistically significant with P-values < 0.01.

The increased anti-gp120 antibody response as a result of anti-Gal mediated targeting of the
vaccine to APC was further demonstrated in an assay analyzing neutralizing antibody activity.
As shown in Fig. 6, serum from all mice immunized with gp120,4,)/p24 displayed high
neutralization activities (mouse #6 to #10). In contrast, serum from mice immunized with
gp120-p24 displayed no neutralizing activity with the exception of mouse #4. The response
in this one mouse may be associated with variations between individual mice. A similar
variation is seen in the group immunized with gp120,g4a)/p24 where the response in mouse #9
was more than double that in the other mice in this group. The results were compared between
the two groups using the Chi square test and found to be statistically significant, Chi square
(x?) = 6.67 and P-value < 0.01.

Discussion

The present study demonstrates that gp120,g, can serve as an effective platform for targeting
HIV-1 p24 protein to APC and thereby increase its immunogenicity. The gp120 portion of Env
has an unusually high number of N- (asparagine -Asn) linked carbohydrate chains relative to
its size. The significance of these carbohydrate chains in protecting HIVV-1 from immunological
assaults was demonstrated by Wei et al [11]. These carbohydrate chains may generate a
protective hydration layer that surrounds the virus and affect the access of lymphocytes and
antibodies to antigenic peptides on the virus. In addition, the SA capping on these carbohydrate
chains can induce electrostatic repulsion with SA on glycoproteins and glycolipids on the APC
cell membrane, thereby reducing the uptake of the vaccinating Env by APC. The conversion
of the complex carbohydrate chains from SA carrying epitopes into a-gal epitopes can convert
the effect of the carbohydrate chains from decreasing to increasing the immunogenicity of the
virus or of gp120 by formation of immune complexes (i.e. opsonization) of gp120 vaccines
with highly abundant anti-Gal 1IgG molecules. APC, such as macrophages, skin Langerhans
cells and dendritic cells (DC), all express Fcy receptors (FcyR). Therefore, the Fc/FcyR
interactions between immune complexes of anti-Gal and vaccines with FcyR on APC result in
effective uptake of the vaccine by these cells [37-39]. Such interactions between immune
complexes and the FcyR of APC, are in fact, the most effective mechanism by which APC
internalize Ags to stimulate the immune system [37-39].

The ability to express multiple a-gal epitopes on gp120 makes this HIV protein an optimal
platform for the targeting proteins of low immunogenicity to APC. In general, the low
immunogenicity in various vaccines is in large part due to the lack of markers on the vaccine
for optimal uptake by APC. In a recent study[40], we showed that in vivo binding of anti-Gal
to liposomes expressing multiple a-gal epitopes increases uptake, processing, presentation and
transport by APC to draining lymph nodes of ovalbumin (OVA) encapsulated in these
liposomes. The APC further demonstrated effective cross-presentation of immunogenic OVA
peptides. This results in a marked increase in immunogenicity of the encapsulated OVA as
indicated by increases in CD4+ and CD8+ T cell activations and increased antibody production
[40]. In HIV-1 vaccines for eliciting a combined anti-p24 and anti-gp120 immune response, a
similar effect can be achieved by fusion of p24 to gp120 and synthesis of a-gal epitopes on the
carbohydrate chains of gp120. As shown in the present study, all mice immunized with
gp120,4a1/p24 fusion protein displayed a much higher number of T cells secreting IFNy in
response to the p24 peptide than mice immunized with gp120/p24 (Fig. 3A). Accordingly, the
ICS analysis indicated that the proportion of CD8+ T cells activated in vitro by p24 peptides
presented on APC and producing IFNy was much higher in gp120,,44/p24 immunized mice
than in gp120/p24 immunized mice (Fig. 4). These observations strongly suggest that the
binding of anti-Gal to a-gal epitopes on the fusion protein vaccine enables the effective
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internalization of p24 by APC. In the absence of immune complexes with anti-Gal, such uptake
is likely to be relatively low and is mediated only by random pinocytosis. The increases in T
cell and antibody responses to gp120 within the fusion protein gp120,g,)/p24 also implies that
the fusion of p24 to gp120 does not diminish the immunogenicity of gp120, which is markedly
increased as a result of a-gal epitopes expression. Moreover, the observed increase in anti-
gp120 antibody response following immunization with gp120,4,/p24 suggests that CD4+ T
cells are also effectively activated by the proposed vaccine, since activation of B cells
producing these antibodies is dependent on effective CD4+ T cell help.

The collective experience accumulated in development of HIV vaccines in the recent two
decades has resulted in the notion that vaccination only with gp120 may not suffice for
conferring resistance to HIV-1 infections in large populations [2-11]. The high mutation rate
of HIV-1 gp120 leads to the generation of escape mutants that can evade recognition by CTLs
and detrimental effects of neutralizing antibodies. The inclusion of other viral proteins of low
mutability in HIV-1 vaccines, such as rev, p17 or p24 may be beneficial for eliciting a protective
cellular immune response that destroys HIV-1 infected cells. However, poor uptake of those
proteins by APC would render them ineffective vaccine targets. Fusion of these proteins with
gp120 and expression of a-gal epitopes on the gp120 portion of the vaccine may result in
prophylactic vaccines that elicit a combined humoral immune response against envelope
proteins and a cellular immune response against matrix and/or core proteins.

The proposed strategy of fusion proteins comprised of envelope glycoproteins expressing o-
gal epitopes and other immunogenic proteins of a given virus, may also be useful in eliciting
protective immune responses against other viral infections, as well as other microbial
infections. One example may be influenza virus. The envelope hemagglutinin (HA) molecule
has ~7 N-linked glycosylation sites. We have shown that expression of a-gal epitopes on HA
of an inactivated influenza virus results in a marked increase in immunogenicity and a much
higher protection against viral challenge than with a flu vaccine lacking a-gal epitopes [23].
The present study suggests that a vaccine comprised of a fusion protein between HA and other
viral proteins of low variation and mutability may result in induction of an immune response
that is protective against a wide range of strains which have HA molecules that differ from that
used in the vaccine.

The ubiquitous presence of anti-Gal antibodies in large amounts in humans ensures the
effective in vivo targeting of any vaccine expressing a-gal epitopes to APC. Therefore,
increased immunogenicity of fusion protein vaccines that express a-gal epitopes in HIV-1,
influenza and potentially other viruses, will likely be observed in wide populations of
vaccinees.
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Figure 1.

(A) Schematic representation of the fusion gene used for production of gp120/p24. Note: the
p24 gene was fused to the C terminus of gp120 in order to keep the codon-optimized t-PA
leader signal proximally upstream of the gp120 gene. (B) Detection of the gp120/p24 fusion
protein by Western blots. Western blot stained with rabbit anti-gp120 (left lane) or rabbit anti-
p24 antibodies (right lane). Note that each antibody detected a band of the expected size of the
gp120/p24 protein.
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Figure 2. Binding of monoclonal anti-Gal to gp120/p24 and to gp120gq)/p24 in ELISA

Binding of the monoclonal anti-Gal M86 to gp120/p24 (©); gp120,gai/p24 (e) and to a-gal
BSA that expresses 10 synthetic a-gal epitopes (m), as measured by ELISA with different
amounts of glycoproteins coating the ELISA wells.
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Figure 3. ELISPOT analysis of IFNy secretion by T cells in KO mice immunized with gp120/p24
or gp1204ga)/p24, and in response to p24 peptide

(A) or gp120 peptide (B). Presentation of ELISPOT data of 6 mice immunized twice with
gp120/p24 (mice #1-#6) and 6 mice immunized twice with gp120,,4,/p24 (mice #7-#12) as
the number of spots per 10° splenocytes. Splenocytes were stimulated with 5 pg of p24 peptide.
Data are presented as mean + standard deviation of triplicate wells.
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Figure 4. Analysis of intracellular staining of IFNy in CD8+ T cells from KO mice immunized with

gp120/p24 or gp1204gai/p24 in response to p24 peptide

ICS analysis of IFNy production in CD8+ T cells in response to p24 peptide from mice
immunized with gp120/p24 (left panels mice #1 - #5) and mice immunized with gp120gqa)/
p24 (right panels mice #6 - #10). Lymphocytes were stained for CD3+, CD8+ membrane
markers and intracellular IFNy. Gated CD3+/CD8+ positive events were analyzed for IFNy
production. The % of CD8+ T cells with intracellular IFNy is indicated in the upper right
quadrant for each mouse. Note that 4 of the 5 mice immunized with gp1204q)/p24 (#6-#9)
displayed higher proportions of IFNy positive CD8+ T cells in comparison to mice immunized

with gp120/p24.
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Figure 5. Anti-gp120 response in KO mice immunized with gp120/p24 or gp1204ga1/p24

A. Production of anti-gp120 antibodies in KO mice immunized twice two weeks apart in KO
mice either with gp120/p24 (©) or gp120,4s/p24 (). Note that KO mice immunized with
gp120/p24 produced low titers of anti-gp120 antibodies or completely lacked such antibodies,
whereas extensive anti-gp120 antibody production was observed in mice immunized with
gp120,ga/p24. B. The mean values + standard deviation calculated from Figure 5A.
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Figure 6. HIV neutralization activity in mice immunized with gp120/p24 or gp120,gqi/p24

HIV neutralization activity in mice immunized with gp120/p24 (mice 1 to 5) or gp120,ga)/p24
(mice 6 to 10). Titer is defined as the reciprocal of the serum dilution displaying 50%
neutralization
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