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Abstract
Extensive glycosylation and variable loops of the HIV envelope protein (Env) are reported to shield
some neutralizing epitopes. Here, we investigated the immunogenicity of mutated HIV Envs
presented in virus-like particles (VLPs). We immunized mice with simian human immunodeficiency
virus (SHIV) VLPs containing mutant HIV Env with reduced glycosylation (3G), variable loop-
deleted mutations (dV1V2), or combinations of both types of mutations (3G-dV2−1G), and evaluated
immune responses. Immune sera from mice that received VLPs with modified HIV Envs (3G or
dV1V2) showed higher neutralizing activities against the homologous HIV 89.6 virus as well as
heterologous viruses when compared with wild type SHIV VLP-immunized mice. Lymphocytes
from immunized mice produced HIV Env-specific cytokines, with the 3G-dV2−1G mutant producing
high levels of cytokines. Interestingly, both dendritic cells and B cells were found to interact with
VLPs suggesting that VLPs are effective immunogens. Therefore, this study suggests that VLPs
containing modified HIV Env have the potential to be developed as candidate vaccines capable of
inducing cellular and humoral immune responses including neutralizing activities.
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1. Introduction
Within the last decade, several vaccine approaches have been shown to be promising for
induction of strong cellular immune responses controlling simian HIV (SHIV) infection and
replication upon subsequent pathogenic virus challenge. Among those the most effective
immunogens are live attenuated viruses, recombinant viral vectors, DNA vaccines, or
combinations of these components. However, some of these vaccine components may have
serious potential safety concerns such as induction of chromosomal rearrangements in the host
cell and a risk to immunodeficient recipients [1,2], which will be possible limitations on their
approval for use in humans.

When the gag and env genes of HIV or simian immunodeficiency virus (SIV) are co-expressed
in cells, these proteins are able to assemble on the plasma membrane to form virus-like particles
(VLPs) containing viral Gag and Env proteins. The self-assembled macrostructure of VLPs
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presents conformational epitopes to the immune system, which are comparable to those of live
virions [3,4]. In addition, the non-infectious nature of VLPs and their lack of viral genomic
material eliminate some safety concerns compared to live vector or attenuated strain based
vaccines for broad and repeated application, particularly for the elderly, infant, and
immunodeficient populations. Reflecting these attractive features of VLPs as vaccine
candidates, several studies have focused on developing viral vaccines based on VLPs including
hepatitis virus, papillomavirus, Norwalk virus, rotavirus, parvovirus, and influenza virus
[5-13].

One of the major obstacles in developing an effective AIDS vaccine is the difficulty in inducing
neutralizing antibodies that are broadly reactive against many HIV-1 isolates. Several
properties of HIV Env contribute to this difficulty. HIV-1 Env, the main neutralization target,
is highly variable among isolates with five hyper-variable regions (V1-V5) which induce strain
specific antibodies [14]. HIV Env is also extensively glycosylated, with 23 to 27 N-linked
glycosylation sites which equals half of the total protein mass [15]. Extensive glycosylations
and highly variable loops may enable HIV-1 to evade host immune recognition by shielding
some conserved neutralizing epitopes, such as regions of HIV-1 Env that bind to cellular
receptors and coreceptors [16].

In a recent study, we demonstrated enhanced binding of broadly neutralizing monoclonal
antibodies to mutated HIV-1 Envs expressed on cell surfaces [17]. The representative mutants
of HIV Env with higher binding capability contained glycosylation site modifications around
the receptor binding domain (3G), V1-V2 variable loop deletions (dV1V2), and a combination
of both types of mutations (3G-dV2−1G). In the present study, we investigated the
immunogenicity of these mutant HIV Envs when presented on VLPs, including induction of
neutralizing antibodies against homologous and heterologous strains. The possible mechanism
for inducing strong humoral and cellular immune responses after immunization with VLPs in
the absence of adjuvant is discussed.

2. Materials and Methods
2.1 Cells, proteins, and antibodies

Spodoptera frugiperda Sf9 cells were maintained in suspension in serum-free SF900 II medium
(GIBCO-BRL) in spinner flasks at a speed of 70−80 rpm. HIV 89.6 Env protein was purified
from CV-1 cell (African green monkey kidney fibroblast cells) lysates infected with a
recombinant vaccinia virus expressing HIV 89.6 Env (rVV-HIV 89.6) using a lectin column
as described previously [18,19]. Purified mouse IgG, IgG1, IgG2a, IgG2b, IgG3, IgA, and goat
antimouse-HRP for ELISA were purchased from Southern Biotechnology Associates
(Birmingham, AL).

2.2 Production of SHIV VLPs
The construction and characterization of recombinant baculoviruses (rBV) expressing mutant
Envs were previously described [17]. To produce SHIV VLPs, Sf9 insect cells were coinfected
with rBVs expressing the SIV Gag and mutant HIV Env at an MOI of 2 and 5, respectively.
SHIV VLPs in culture supernatants were harvested and purified by sucrose gradient
ultracentrifugation as described [20,21]. Incorporation of HIV Envs into VLPs was confirmed
by Western blot using monkey anti-SHIV 89.6 sera (Dr. Patricia Fultz, University of Alabama
at Birmingham). To determine the amount of HIV Env incorporated into VLPs, VLPs were
lysed by RIPA buffer (0.1 % NP40, 0.5 % deoxycholic acid, 0.1 % SDS, 150 mM NaCL, and
50mM Tris, pH 8), serially diluted, and added to the ELISA plates coated with purified sheep
antibody specific to the C5 domain of HIV (BH-10) Env (5μg/ml) (CLINIQA, Fallbrook, CA).
Purified HIV-1 gp120 protein (NIH AIDS reagent program) was used as a standard. The
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amount of HIV Env captured onto the ELISA plate was estimated using pooled HIV patient
sera (NIH AIDS reagent program). The total protein concentration of VLPs was determined
by the detergent compatible Bio-Rad protein assay kit.

2.3 Immunizations, blood sample collection, and ELISA
Groups of female inbred BALB/c mice (Charles River) aged 6 to 8 weeks were used. Individual
mice were immunized subcutaneously with 50 μg VLP in 100 μl of PBS. Blood samples were
collected by retro-orbital plexus puncture before immunization and 2 weeks after every
immunization. After clotting and centrifugation, serum samples were collected and stored at
−20 °C prior to antibody titration.

All sera were individually collected, and IgG, IgG1, IgG2a, IgG2b, IgG3, and IgA antibody
titers to HIV Env were determined by enzyme-linked immunosorbent assay (ELISA) as
described [19]. Briefly, 96-well microtiter plates (Nunc-Immuno Plate MaxiSorp™) were
coated with 100 μl/well of purified HIV 89.6 Env protein (4 μg/ml) or the V3 loop peptide
(amino acids 309 to 318, IGPGRAFYAR 4 μg/ml) in coating buffer (0.1 M Sodium carbonate,
pH 9.5) at 4 °C overnight. After blocking and wash, the plates were incubated with horseradish
peroxidase (HRP) -labeled goat anti-mouse antibodies (Southern Biotechnology, Birmingham,
AL) at 37 °C for 1.5 hrs. After washing, the substrate O-phenylenediamine (OPD) (Zymed,
San Francisco, CA) in citrate-phosphate buffer (pH 5.0) containing 0.03% H2O2 (Sigma) was
used to develop color, and optical density at 450 nm was read by ELISA reader (Model 680,
Bio-Rad).

2.4 ELISPOT and cytokine ELISA
Spleens were collected from individual mice at 2 weeks after the final immunization, a single
cell suspension was prepared, and used for enzyme-linked immunospot (ELISPOT) and
cytokine ELISA as described [19]. Briefly, all antibodies against mouse cytokines used in
ELISPOT assays were purchased (BD-PharMingen, San Diego, Calif.). Anti-mouse IFN-γ,
IL-2, IL-4 and IL-5 antibodies (3 μg/ml in coating buffer) were used to coat Multiscreen 96-
well filtration plates (Millipore) at 4 °C overnight and freshly isolated splenocytes (1.5 × 106

cells) were added to each well. H2-Dd restricted HIV 89.6 Env peptide, IGPGRAFYAR [22]
or wild type SHIV VLPs were added at a concentration of 2 μg/ml, and plates were incubated
for 36 h at 37 °C with 5% CO2. Biotinylated anti-mouse cytokine (IFN-γ, IL-2, IL-4 and IL-5)
antibodies (1.5 μg/ml), streptavidin-HRP (BD-PharMingen, San Jose, CA), and stable
diaminobenzidine (Invitrogen, Carlsbad, CA) were used to develop spots as described
previously [19]. Spots were counted by an ImmunoSpot ELISPOT reader (Cellular
Technology, Ltd.). Cytokine ELISA was performed as described previously [23]. Briefly,
spleen lymphocytes (1.5 × 106 cells/well) were cultured in the presence of 5 μg of peptide,
VLPs, or concanavalin A (5 μg/ml) as described above. The culture supernatants were
harvested on day 3 after incubation at 37 °C, and cytokine levels (IFN-γ, TNF-α, IL-4, IL-6
and IL-10) were determined. OptEIA™ Set Mouse IFN-γ and IL-4 (BD-PharMingen, San Jose,
CA), and Ready-Set-Go TNF-α, IL-6, IL-10 (eBioscience, San Diego, CA) were used for
detecting cytokine levels in the supernatants following the manufacture’s procedures.

2.5 Neutralization assay
Neutralization assays were performed as described previously [19,24]. JC 53 BL cells were
used with HIV-1 89.6, IIIB or pseudovirions of a non-T-cell line primary isolate YU2. In brief,
serum samples were heat inactivated (56 °C, 30 min), serially two-fold diluted in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS, and a final volume of 30 μl was
mixed with 30 μl of diluted virus stock containing approximately 50 to 100 infectious particles
for 1 hr at 37 °C prior to infection. At 3 days post infection, the medium was removed, and the
cells were fixed and stained. The blue cells in the wells without antisera indicated the total
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number of infectious virus particles. The neutralization activity was expressed as the
percentage reduction (%) of infectious spots compared to that of the well without serum sample.

2.6 Biotinylation of VLPs and FACS
To conjugate VLPs, 300 μg of VLPs were mixed with 60 μg of biotin and incubated in the dark
for 60 min at room temperature. Tris-buffered saline (10 mM Tris pH 7.4, 150 mM NaCl) was
added to quench the remaining free biotin. The biotin conjugated VLPs were washed with Tris
buffer twice by ultracentrifugation through a 20 % sucrose cushion and followed by dialysis
against PBS buffer. The protein concentration of VLPs was determined by a detergent
compatible protein assay kit (Bio-Rad) and levels of biotin were determined with HRP-
streptavidin by ELISA. All VLPs were found to be conjugated with biotin at similar efficiency
(data not shown).

For fluorescence-activated cell sorting (FACS), 1μg of biotin labeled VLPs were mixed with
naïve mousespleen cells or dendritic cell (DC) enriched splenocytes (1×106 cells). DC-
expanded splenocytes were prepared by injection of Flt3 ligand encoding DNA as described
[25]. The mixture of VLPs and cells was incubated for 20 min at 4 °C, washed with PBS
containing 2% bovine fetal serum, and stained with APC or PE streptavidin and phenotypic
cell surface antibodies (PE conjugated CD11c, CD19, FITC conjugated CD4 and MHCII, and
PerCP conjugated CD8, and Fc blockers CD16 and CD32 antibodies). 50,000 events were
collected and analyzed with a FACS Calibur instrument (Becton Dickinson) and WINMDI 2.8
software (The Scripps Research Institute Cytometry Software).

2.7 Statistical analysis
Serum antibody levels were recorded for individuals within all groups. Statistical comparisons
of these data were carried out using the ANOVA and Npar1-way Kruskal-Wallis tests of the
PC-SAS system. A value of P < 0.05 was considered significant. Immunization experiments
were repeated to confirm that immune responses were reproducible.

3. Results
3.1 Production of SHIV VLPs with mutated Env.

In a recent study [17], we described the antigenicity of a series of mutant HIV Env proteins
expressed on the cell surface using broadly neutralizing monoclonal antibodies. An N-linked
glycosylation motif modification which contained mutations of Asn to Gln at aa 304, 341, and
363 in the V3/C3 domains of HIV-1 gp120 CD4 binding site (3G) was found to bind to a panel
of broadly neutralizing monoclonal antibodies at higher levels as compared to the wild type
control. Mutants with a deletion of both the V1 and V2 loop domains (dV1V2) or with a
combination of both types of mutations (3G-dV2−1G: 3G and V2 loop deletion plus a mutation
of Asn to Gln at aa 635 in gp41) also bound to the neutralizing monoclonal antibodies at high
levels [17].

In the present study, we investigated the immunogenicity of these mutant Envs presented in a
VLP form. To produce VLPs containing mutated HIV-1 Envs, Sf9 insect cells were co-infected
with rBVs expressing either HIV-1 wild type or mutant env genes (dV1V2, 3G, 3G-dV2−1G)
[17] and an rBV expressing SIV Gag [26], and VLPs in the culture supernatants were collected
and purified. The presence of wild type or mutant HIV Envs and SIV Gag in the released VLPs
was analyzed by Western blot and all HIV Envs were found to be incorporated at similar levels
(data not shown). The amounts of HIV Envs incorporated into VLPs were quantitated by an
ELISA. HIV Env mutants were found to be incorporated into VLPs at equivalent levels as wild
type (Fig. 1).
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3.2 Antibody responses after immunization with VLPs containing HIV Env mutants.
Serum samples were collected after each immunization, and HIV Env-specific total IgG
antibody levels were determined by ELISA using lectin-affinity column purified HIV Env 89.6
as a coating antigen (Fig. 2A). The levels of HIV Env-specific IgG were significantly increased
after the first boost (P < 0.0001) and highest after the second boost in all groups. Mice
immunized with SHIV VLPs containing a combination of glycosylation and variable loop
deletion (3G-dV2−1G) showed the highest level of IgG binding to HIV Env. IgG levels induced
in the group of mice immunized with SHIV VLPs containing the mutant dV1V2 were similar
to those induced in wild type SHIV VLPs. Antibody levels induced by the 3G mutant VLPs
were lower than the wild type control after the 1st boost (p <0.05) but differences were not
statistically significant after the 2nd boost. The group of mice immunized with the Env-negative
SIV Gag VLPs showed only background levels of antibody responses as pre-immune sera,
indicating that the immune responses are HIV Env specific (Fig. 2). To determine the antibody
response to the V3 loop peptide, a strain-specific neutralizing epitope, antibody levels were
analyzed using ELISA plates coated with the 89.6 V3 loop peptide. It is interesting to note that
levels of V3-loop binding antibodies were significantly higher in mice immunized with dV1V2
mutant VLPs than with wild type although both groups were similar in levels of antibody
binding to the whole HIV Env antigen (Fig. 2B).

When antibody responses against VLPs were determined by ELISA using wild type or mutant
SHIV VLPs as coating antigens, no differences were observed in levels of binding antibody
responses to VLP antigens (data not shown). Regarding the induction of serum IgG subtypes,
IgG1, IgG2a, IgG2b, IgG3, and IgA antibodies binding to the HIV Env antigen were observed
in all groups of mice immunized with wild type or mutant SHIV VLPs (data not shown),
indicating that both T helper type 1 (Th1)- and Th2-like cellular immune responses are elicited.
These results indicate that SHIV VLPs with modified Env protein are as immunogenic as wild
type SHIV VLPs in inducing binding antibody to the HIV Env antigens.

3.3 Neutralization activities.
We determined neutralizing activities against the homologous strain, HIV 89.6 virus. Using
luciferase reporter viruses pseudotyped with an HIV Env or live virus, normal mouse sera
exhibit 20 to 50% background neutralization activities compared to immune sera [19,27].
Similarly, we observed relatively high background neutralizing activity in pre-immune sera
(Fig. 3). The immune sera from mice immunized with wild type SHIV VLPs showed significant
increases in neutralization activity as compared with those observed with pre-immune sera
(P < 0.05), whereas the immune sera of mice immunized with Env-negative SIV Gag VLPs
showed similar levels of background neutralizing activity as pre-immune sera (Fig. 3). The 3G
mutant SHIV VLPs induced the highest level of neutralization activities resulting in 80%
reduction in infectivity, which is a significant increase compared to VLPs containing wild type
Env (P < 0.05) (Fig. 3A). SHIV VLPs with a dV1V2 mutation also showed significantly higher
neutralization activities than the wild type SHIV VLPs (P < 0.05).

Next, we determined neutralization activities using YU2 pseudotyped virions, a primary isolate
using CCR5 as a coreceptor [28]. The 3G-dV2−1G mutant VLP-immune sera showed the
highest neutralization activity, with a reduction up to 60 % of YU2 infectivity (data not shown).
In case of the laboratory-adapted, T cell-tropic IIIB strain virus using CXCR4 as a coreceptor
[29] (Fig. 3B), immune sera from mutants dV1V2, 3G-dV2−1G, showed neutralizing activity
up to 90% reduction against the IIIB strain. Overall, these results indicate that immunization
with SHIV VLPs can induce neutralizing activities against homologous as well as heterologous
strains and that mutated HIV Env containing variable loop deletions or deglycosylations
presented in VLPs can enhance these neutralizing activities.
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3.5 Cytokine responses induced by immunization with SHIV VLPs
An ideal vaccine against HIV-1 infection should elicit both humoral and cellular immune
responses, which would provide protective immunity. To evaluate cellular immune responses,
we determined the levels of a series of cytokines (IFN-γ, TNF-α, IL-4, and IL-10) produced
by splenocytes from immunized mice. We compared cytokine responses stimulated using
SHIV VLPs, a multi-epitope antigen and Con A, a strong T cell stimulator as a positive control.
We observed that Con A stimulated splenocytes to secrete cytokines equally well from
immunized and naïve mice, whereas stimulation with wild type SHIV VLPs resulted in
differential effects on splenocytes in immunized and naïve mice (Fig. 4). IFN-γ was observed
at moderately higher levels in mice immunized with 3G-dV2−1G VLPs than wild type or other
mutant VLPs (Fig. 4A). Cytokines TNF-α, IL-4, and IL-10 were produced at 4 to 10-fold higher
levels in SHIV VLP immunized mice than in naïve mice (Fig. 4B, C, D). Interestingly, SHIV
VLP stimulated splenocytes to secrete IL-4 and IL-10 at significantly higher levels than Con
A while other cytokines (IFN-γ, TNF-α) were produced at similar levels by both stimulators
(Fig. 4). These results indicate that SHIV VLPs are a strong stimulator for inducing cytokine
production.

3.6 HIV Env peptide specific cytokine responses
To evaluate HIV Env peptide specific cytokine production, splenocytes from immunized or
naïve mice were cultured in the presence of HIV Env 89.6 derived-peptide (Fig. 5). We
observed approximately 4 to 5-fold increases in IFN-γ and IL-6 levels from the 3G-dV2−1G
groups compared to the naïve group (Fig. 5A and 5B). All VLP-immunized groups showed
over a 10-fold increase in numbers of cytokine (IL-2, 4, 5) secreting cells compared to the
naïve mice (Fig. 5C, 5D, 5E). Mutant 3G-dV2−1G group increased IL-4, IL-5, and IL-6
secreting cells by over 2-fold compared to the wild type group (Fig. 5B, 5D, 5E), which is
statistically significant (P < 0.05). Thus, these results indicate that SHIV VLPs can induce both
Th1 and Th2 types of cellular immune responses, and that mutations in HIV Env affect the
levels of cellular immune responses.

3.7 SHIV VLPs interact with antigen presenting cells.
To determine the phenotypes of cells binding to VLPs, biotin conjugated wild type, mutant
SHIV VLPs, or SIV Gag VLPs (Env-negative control) were incubated with spleen cells,
extensively washed to remove unbound VLPs, and then cells were stained with specific cell
marker antibodies for CD4 and CD8 T cells, and CD19+ B cells (Fig. 6). Neither CD4 nor CD8
T cells showed significant binding to VLPs. Interestingly, VLPs were found to bind CD19+ B
cells in a differential manner. Wild type 89.6 SHIV VLPs bound to B cells at 2 to 3 fold higher
levels than those of Env-negative SIV Gag VLPs (Fig. 6J and 6K). Mutant 3G-dV2−1G bound
to CD19+ B cells at a slightly higher level than that of wild type (Fig. 6K and 6L). Mutants
dV1V2 and 3G VLPs showed similar levels of binding to CD19+ B cells as wild type VLPs
(data not shown).

To study VLP binding to dendritic cells (DCs), splenocytes with DC-enriched populations
were obtained from mice injected with Flt3 ligand encoding DNA as described [25]. SHIV
VLPs containing HIV Env showed higher levels of binding to CD11c+ populations compared
to Env-negative Gag VLPs (Fig. 7B, C, and D). Mutant 3G-dV2−1G VLPs was moderately
higher in binding to CD11c+ populations than wild type (Fig. 7D) and other SHIV VLPs (data
not shown). When gated with MHCII+ populations, most of the VLP bound populations were
MHCII+ phenotype (Fig. 7F, G, and H). Thus, the results indicate that VLPs interact with DCs
and B cells, both of which are antigen-presenting cells.
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4. Discussion
HIV-1 Env mutants lacking the V1 and V2 loops or the V2 loop were reported to exhibit
increased sensitivity to neutralization by antibodies directed against the V3 loop [30]. Serum
from a monkey immunized with a V2 loop-deleted oligomeric HIV Env exhibited a slightly
higher neutralizing antibody titer against the parent virus and moderately broader, albeit weak,
neutralizing activity against a limited number of heterologous HIV-1 isolates [31]. In addition,
we previously showed that higher levels of broadly neutralizing monoclonal antibodies (b12,
447−52D, 2G12, 2F5, 17b) bound to the V1-V2 loop-deleted HIV Env expressed on cell
surfaces [17]. Consistent with these previous studies, the current study shows that the dV1V2
HIV Env on VLPs induced higher levels of antibodies binding to the V3 loop peptide antigen,
and moderately enhanced neutralizing activity against the homologous strain 89.6 and the
heterologous strain IIIB compared to VLPs containing unmodified 89.6 Env. Our results also
suggest that deletion of the V1-V2 loops may play a role in exposing the V3 loop resulting in
enhancement of antibodies against the V3 loop peptide, which may contribute to enhancing
neutralizing activities. However, neutralizing activity against the YU2 primary isolate that is
widely considered to be neutralization-resistant, was not improved by the V1-V2 loop deletion.
This may be due to the fact that primary isolates have more cryptic neutralizing epitopes
including the V3 loop than T cell tropic strains using CXCR4 as a coreceptor [32].

N-linked glycosylations on HIV Env are known to be engaged in shielding some important
neutralizing epitopes. Elimination of the highly conserved glycans was demonstrated to render
the mutants more susceptible to neutralization by antibodies against the CD4 binding site
epitopes [33,34]. Macaques infected with V3 loop glycan-deficient viruses elicited broadly
neutralizing antibodies [35]. We found that VLPs containing a combination mutation 3G-dV2
−1G exhibited moderately but significantly enhanced neutralizing activity against heterologous
strains (YU2, IIIB). This may be due to high levels of binding antibodies coating the virion, a
mechanism suggested previously [36]. These results suggest that further alterations in the Env
structure may increase the breadth of neutralizing activity.

Soluble recombinant viral proteins frequently exhibit poor immunogenicity and inability to
stimulate cellular immune responses. Thus, the co-administration of adjuvants is needed to
initiate effective immune responses. Unfortunately, many experimental adjuvants (cholera
toxin, monophosphoryl lipid A, CpG oligonucleotides) have potential side effects such as
toxicity or inflammation, and thus are not currently licensed for use in human vaccines. This
and other studies [3,37-40] demonstrate that VLPs containing HIV Env can induce humoral
and cellular immune responses without use of adjuvants. We also found that VLPs stimulate
lymphocytes to secrete various cytokines (IFN-γ, TNF-α, IL-4, IL-10) as good as Con A, a
well-known T lymphocyte stimulator. This is likely to be related to the particulate structure of
VLPs. Interestingly, a combination mutant 3G-dV2−1G VLPs induced higher levels of certain
cytokines (IL-4, IL-5, IL-6) in responses to HIV Env peptide stimulation than the wild type
Env VLPs.

VLP-based vaccines are currently under investigation for several human viruses, such as
hepatitis virus, papillomavirus, rotavirus, parvovirus, and influenza virus [5-8,12,13].
Understanding the possible underlying mechanisms of immunogenicity of VLP antigens will
be informative for designing more effective vaccines. We investigated the phenotypes of
immune cells interacting with VLPs and demonstrated, for the first time, that enveloped SHIV
VLPs interact with CD19+ B cells as well as CD11c+ DC populations and that MHCII+ antigen
presenting cells are more likely to bind SHIV VLPs. A recent study also showed an interaction
of SHIV VLPs with in vitro derived human DCs although the phenotypes of cells were not
characterized [41]. In addition, VLPs containing 3G-dV2−1G bound to CD11c+ DC
populations at moderately higher levels than wild type or other mutant VLPs suggesting that
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Env mutations may affect interactions with antigen presenting cells. The higher binding level
of this mutant to DC populations, the most potent antigen presenting cells, may have
contributed to its enhanced immunogenicity.

In summary, we observed that design of VLPs containing modified HIV Env could be an
effective strategy to develop vaccines inducing neutralizing activity as well as cellular immune
responses against HIV-1, although further improvement is necessary to increase the breadth
of neutralizing activity. Also, identifying immune cells interacting with HIV VLP antigens
provides insight for better understanding VLP-induced immune responses and designing more
effective HIV immunogens.
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Fig 1.
Incorporation of wild type and mutant HIV Env into VLPs. Quantitative estimation of Env in
VLPs was performed using an ELISA. Gag: HIV Env-negative SIV Gag VLPs, WT: SHIV
VLPs with wild type HIV Env 89.6, dV1V2: SHIV VLPs with dV1V2 mutant HIV Env, 3G:
SHIV VLPs with 3G mutant HIV Env, 3G-dV2−1G: SHIV VLPs with 3G-dV2−1G mutant
HIV Env.
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Fig 2.
IgG antibody responses against HIV Env after immunization with SHIV VLPs. A) HIV Env-
specific total IgG antibody. Sera were collected before immunization and 2 weeks after every
immunization. Results are expressed as the arithmetic mean ± SD of 100-fold diluted serum
samples from 6 mice per group. Error bars indicate standard deviation (SD). The ANOVA test
from the PC-SAS program showed significant differences between 3G-dV2−1G and WT (**:
P < 0.001) and between WT and 3G (*: P <0.05). B) V3 loop peptide specific total IgG
antibody. After the 2nd boost immunization, total IgG antibody binding to the V3 loop peptide
(100 fold-diluted sera) was determined. Gag: HIV Env-negative SIV Gag VLPs, WT: SHIV
VLPs with wild type HIV Env 89.6, dV1V2: SHIV VLPs with dV1V2 mutant HIV Env, 3G:
SHIV VLPs with 3G mutant HIV Env, 3G-dV2−1G: SHIV VLPs with 3G-dV2−1G mutant
HIV Env. (*: P < 0.05, **: P < 0.001).
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Fig 3.
Neutralization activities in sera of mice immunized with VLPs. To compare the neutralization
activities in immune sera from groups, individual serum samples (six mice per group) after the
2nd boost were diluted to 30 (30X) and 90 times (90X). The neutralization activity was
expressed as the percentage (%) of infectious spots of the immune serum samples as compared
to those of control wells without serum samples and the activity of individual samples was
determined as average from three independent experiments. Error bars indicate the standard
deviation (SD). Statistically significant differences are indicated; between pre-immune sera
and WT or mutants as “a” (P <0.05) and between WT and mutants as “b” (P <0.05). A)
Neutralization activity against HIV 89.6. B) Neutralization activity against HIV IIIB.
Immunization groups are the same as described in Fig. 2.
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Fig 4.
Secretion of cytokines in responses to VLP stimulation. Bars indicate standard deviations from
six mice per group. A) IFN-γ, B) TNF-α, C) IL-4, D) IL-10. Naïve: unimmunized mice, WT:
immunized mice with wild type SHIV VLPs, dV1V2: immunized mice with dV1V2 SHIV
VLPs, 3G: immunized with 3G SHIV VLPs, 3G-dV2−1G: immunized mice with 3G-dV2−1G
SHIV VLPs.
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Fig 5.
HIV Env peptide specific cytokines produced by spleen cells. A) IFN-γ ELISA. B) IL-6 ELISA.
The culture supernatants of splenocytes after stimulation with an HIV Env 89.6 peptide were
used to determine cytokines IFN-γ and IL-6 using ELISA. C to E) Cytokines (IL-2, 4, 5)
determined by ELISPOT. The spots for cytokine-producing splenocytes after stimulation with
an HIV Env 89.6 peptide were counted and expressed based on 1.5 × 106 cells. Bars indicate
standard deviations. Immunization groups are the same as described in Fig. 4. Statistically
significant differences between WT and mutants are indicated as * (P <0.05).
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Fig 6.
VLPs bind to splenic B cells. A to D) CD4+ cells binding VLPs. E to H) CD8+ cells binding
VLPs. I to L) CD19+ cells binding VLPs. A, E, I) Unlabeled SHIV 89.6 VLPs. B, F, J)
Biotinylated Gag VLPs without HIV Env. C, G, K) Biotinlyated SHIV 89.6 VLPs. D, H, L)
Biotinylated 3G-dV2−1G SHIV VLPs. Numbers in each FACS profile indicate percentages
in total gated populations and numbers in parentheses of I, J, K, L indicate percentages of gated
CD19+ B cells. The FACS profiles shown in this figure are representative from four
independent experiments.
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Fig 7.
VLPs bind to dendritic (DCs) and MHCII+ cells. A to D) CD11c+ cells binding VLPs. E to H)
MHCII+ cells binding VLPs. A, E) Unlabeled SHIV 89.6 VLPs, B, F) Biotinylated Gag VLPs
without HIV Env. C, G) Biotinlyated SHIV 89.6 VLPs. D, H) Biotinylated 3G-dV2−1G SHIV
VLPs. Numbers in each FACS profile indicate percentages in total gated populations and
numbers in parentheses indicate percentage of gated CD11c+ and MHCII+ cells. The FACS
profiles shown in this figure are representative from four independent experiments.
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