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ABSTRACT Previously, a modified HIV Env protein with a heterologous membrane anchor was found to be incorporated into
HIV virus-like particles (VLPs) at 10-fold-higher levels than those of unmodified Env. To further improve the immunogenicity
of such VLPs, membrane-anchored forms of bacterial flagellin (FliC) or a flagellin with a truncated variable region (tFliC) were
constructed to be incorporated into the VLPs as adjuvants. HIV-specific immune responses induced by the resulting VLPs were
determined in a guinea pig model. The VLPs induce enhanced systemic antibody responses by either systemic or mucosal vacci-
nation and enhanced mucosal immunity by a mucosal immunization route, as demonstrated by high levels of HIV-specific se-
rum IgG and mucosal IgG and IgA. The quality of the antibody responses was also improved, as shown by enhanced neutraliza-
tion capacity. VLPs incorporating FliC were more effective in inducing systemic responses, while VLPs containing tFliC were
more effective in inducing mucosal IgA responses. The IgG titers in sera were found to last for at least 5 months without a signifi-
cant drop. These results indicate that HIV VLPs incorporating high levels of Env and a molecular adjuvant have excellent poten-
tial for further development as a prophylactic HIV vaccine.

IMPORTANCE A prophylactic vaccine is urgently needed to control the spread of HIV/AIDS. Antigens inducing strong systemic
and mucosal immune responses are promising as vaccines for this mucosally transmitted disease. We found that novel HIV
virus-like particles (VLPs) presenting a high level of Env in its native membrane-bound form and coincorporating an innate
immune-signaling adjuvant in the same particles were effective in inducing enhanced systemic and mucosal immunity. As new
HIV vaccine candidates, these VLPs bridge the gaps of the innate and adaptive, as well as systemic and mucosal, immune re-
sponses, providing a new approach for HIV vaccine development.
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uman immunodeficiency virus type 1 (HIV-1) has infected

over 60 million individuals, resulting in acquired immuno-
deficiency syndrome (AIDS), and has caused the death of over 20
million people worldwide since its discovery as the etiologic agent
of AIDS (1). The development of a prophylactic vaccine would be
the most effective measure to curb this fatal AIDS pandemic. Al-
though previous clinical trials of HIV vaccines have failed, a recent
trial conducted in Thailand reported a modest ability (around
30%) to protect from HIV by a combined vaccination strategy,
indicating the possibility of a prophylactic vaccine and the impor-
tance of further studies (2).

A prophylactic HIV-1 vaccine should elicit effective antibody
responses, including broadly cross-reactive neutralizing activity
(3-5). The gp120-gp41l Env protein on the native virion is the
primary target for eliciting such antibodies. Recent studies dem-
onstrated that effective antibodies even at lower titers can protect
against low-dose repeated mucosal simian/human immunodefi-
ciency virus (SHIV) challenge in macaques, which mimics infec-
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tion of humans by sexual contact (6). This finding supports the
important potential role of mucosal antibody in protective immu-
nity. Progress has been achieved in recent years in enhancing the
immunogenicity of Env by modifying its structure, employing
novel delivery platforms, and coadministering of adjuvants (7-9).
The use of virus-like particles (VLPs) has shown great potential as
a new vaccine platform (10-14). Such VLPs present the Env pro-
tein in its native membrane-bound form and have a high level of
safety because they lack the viral genome.

Flagellin is the primary protein component of the highly com-
plex flagellar structures that extend from the outer membrane of
Gram-negative organisms. It is known that Toll-like receptor 5
(TLR5) recognizes a conserved site on flagellin (15). Acting as the
natural agonist of TLR5, flagellin was found to be a highly potent
and effective adjuvant in humans and nonhuman primates (16—
18). The adjuvant effects of flagellin for antibody responses, as well
as T cell responses, have been demonstrated for purified natural,
recombinant, and truncated forms (19-22). Removal of the vari-
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able region from flagellin has been shown to stimulate mucosal
innate immunity while decreasing the antigenicity of flagellin
(23). Here we investigated whether the immunogenicity of HIV
VLPs can be enhanced by incorporation of a membrane-bound
form of flagellin or a flagellin with a truncated variable region as an
adjuvant for induction of both systemic and mucosal antibody
responses.

RESULTS

Construction of membrane-anchored forms of full-length
flagellin and flagellin with a truncated variable region. In a pre-
vious study, we found that a modified form of HIV-1 Env with
heterologous transmembrane/cytoplasmic (TM/CT) domains de-
rived from the mouse mammary tumor virus (MMTYV) glycopro-
tein was incorporated into Gag-derived HIV-1 VLPs at 10- to
15-fold-higher levels than native Env (24). In the present study, we
determine whether coincorporation of a membrane-anchored
flagellin, the Toll-like receptor 5 (TLR5) ligand, into such VLPs
will induce enhanced antibody responses and neutralization reac-
tivity. Thus, we constructed genes encoding membrane-anchored
flagellin (FliC), as depicted in Fig. 1A. We also constructed a
membrane-anchored flagellin with a truncated variable region
(tFliC) because the soluble truncated protein was reported to be
more effective as a mucosal adjuvant (23). The N-terminal do-
main 1 and 2 (ND1-2; amino acids [aa] 1 to 176) and C-terminal
domain 2 and 1 (CD2-1; aa 402 to 459) sequences corresponding
to the full-length Salmonella enterica serovar Typhimurium
flagellin-encoding DNA were fused by overlapping PCR with a
hinge region to enhance the flexibility for the terminal sequences
of flagellin to form the necessary conformation for TLR5 recogni-
tion (21). The mellitin signal peptide (SP) and MMTV TM/CT
domain-encoding sequences were used in the membrane-
anchored flagellin constructs because they were found to result in
a higher incorporation of modified HIV Env protein into VLPs
(24). The resulting chimeric flagellin genes were used to generate
recombinant baculoviruses (rBVs) expressing membrane-
anchored flagellin in insect cells.

Characterization of HIV-1 cVLPs containing high levels of
Env and membrane-anchored flagellin. Standard and chimeric
HIV VLPs (cVLPs) were produced by rBV expression as described
in Materials and Methods. Our hypothesis is that incorporation of
the antigen (Env) and the adjuvant into the same cVLP structure,
as schematized in Fig. 1B, will deliver both components to the
same cells and thus be advantageous for enhancing immunoge-
nicity. The protein composition of VLPs was characterized by
Western blotting, as shown in Fig. 1C. As described previously, the
modified Con-S Env is a derivative of Con-S gp145ACFI (25),
with heterologous TM/CT domains from the MMTV Env glyco-
protein to enhance incorporation into VLPs at high levels (24). As
shown in Fig. 1C, the modified Env incorporated into standard or
cVLPs was observed to have a molecular mass of about 120 kDa.
This is lower than expected for mammalian cell expression
(145kDa), probably because of a different glycosylation pattern in
insect cells. Quantitative analysis showed that these VLPs con-
tained up to 16 ug of Env per 100 ug of VLPs, which is similar to
the previously observed incorporation level (24). The membrane-
anchored flagellin is predicted to have a molecular mass of about
60 kDa. Western blotting showed protein bands around 60 kDa,
but with isoforms, suggesting nonuniform glycosylation. These
results are consistent with our previous observation that a
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FIG 1 Schematic diagrams of flagellin constructs and characterization of HIV
cVLP. (A) Flagellin constructs. Soluble monomeric flagellin contains
459 amino acid (aa) residues. The N-terminal (ND1-2; aa 1 to 176) and
C-terminal (CD2-1; aa 402 to 459) domains contain motifs that are necessary
for TLR5 recognition. The membrane-anchored flagellin (FliC) construct was
generated by fusing the mellitin signal peptide, flagellin, and MMTV trans-
membrane/cytoplasmic domain-encoding sequences by overlapping PCR.
The membrane-anchored, FliC construct with a truncated variable region
(tFliC) was formed by replacement of the variable region sequence (corre-
sponding to aa 177 to 401 in full-length flagellin) with a flexible hinge by using
overlapping PCR. (B) Diagram of HIV-1 ¢VLP. Env and membrane-anchored
flagellin (FliC) are both anchored in the envelope. The Gag protein is assem-
bled as a core inside the VLPs during the budding process. (C) Western blot
characterizing Env, Gag, and flagellin components in HIV VLPs. VLP samples
(1 pg) were resolved by SDS-PAGE followed by Western blotting. Env bands
were visualized by goat anti-gp120 polyclonal antibody (top); Gag bands were
detected by HIV-positive human sera; flagellin bands were visualized with
mouse anti-flagellin polyclonal antibody. Lane 1, Gag-only VLPs; lane 2, Env/
Gag VLPs; lane 3, Env/Gag/FliC cVLPs; lane 4, Env/Gag/tFliC cVLPs.

membrane-anchored form of flagellin had a nonuniform glyco-
sylation pattern in insect cells (12). Multiple bands also were ob-
served for the membrane-anchored truncated flagellin (molecular
mass of approximately 39 kDa), for which the Western blot
showed two bands detected by flagellin-specific antibody. The in-
corporation levels of flagellin into VLPs (ranging from 1 to 2 ug/
100 ug of VLPs in different preparations) can be regulated by
varying the multiplicity of infection (MOI) of the rBV used for
expression.

HIV-1 cVLPs induce high titers of Env-specific antibody. As
shown in Fig. 2, cVLPs containing membrane-anchored flagellin
administered either intramuscularly (i.m.) or intranasally (i.n.) in
guinea pigs induced serum antibody responses with higher titers
than those observed with standard VLPs. After three immuniza-
tions (bleed 3 in Fig. 2A), guinea pigs immunized i.m. with
flagellin-containing VLPs (Env/Gag/FliC c¢VLPs) achieved 36-
fold-higher IgG levels (endpoint titer, 1.8 X 10°) than a standard
VLP group (5 X 10°). The tFliC-containing group (Env/Gag/tFliC
cVLPs) also exhibited 11-fold-higher IgG levels (5.4 X 10%) than
the standard VLP group. Data in Fig. 2B demonstrate that HIV-1
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FIG 2 Flagellin-containing HIV-1 cVLPs induce enhanced systemic immune
responses. Guinea pigs (four animals per group) were immunized with the
indicated VLPs either intramuscularly (IM; A) or intranasally (IN; B) at weeks
0, 4, and 8, respectively. Serum IgG endpoint titers were assayed as described
previously (12). Maxisorb 96-well plates were coated with purified His-tagged
Env (Con-S gp120; 100 ng per well) purified from HeLa cells infected with a
recombinant vaccinia virus (rVV) expressing Env gp120. Serum IgG endpoint
titers were measured at week 2 (bleeding 1), week 6 (bleeding 2), and week 10
(bleeding 3). Results are expressed as geometric mean titers with 95% confi-
dence intervals. Triangles and stars indicate statistically significant differences
between the FliC- or tFliC-containing VLP groups and the standard VLP
group (P < 0.05 by Student’s ¢ test) in bleeds 2 and 3, respectively. G, Gag
VLPs; E/G, Env/Gag VLPs; E/G/tF, Env/Gag/tFliC cVLPs; E/G/F, Env/Gag/
FliC ¢VLPs; E/G + sF, Env/Gag VLPs plus soluble flagellin.

cVLPs also induce enhanced systemic responses by i.n. immuni-
zation. FliC- and tFliC-containing cVLPs elicited 14- and 8-fold-
higher serum IgG titers (4.5 X 10* and 2.7 X 10%, respectively)
than a standard VLP group (3 X 10%). In contrast, similar amounts
of soluble flagellin did not show any adjuvant effect when mixed
with standard VLPs prior to i.m. immunization, but induced
slightly enhanced serum antibody responses by i.n. immuniza-
tion. These results indicated that incorporation of the flagellin
molecules into the VLPs is much more effective in enhancing anti-
Env immune responses than addition of soluble flagellin to stan-
dard VLPs. Although flagellin-containing VLPs induced en-
hanced IgG responses, we did not detect I[gA immune responses in
the sera of immunized animals.

We also evaluated the serum IgG subclass profiles in bleed 3
and observed that standard VLPs induced IgG2-dominant im-
mune responses, while the FliC-containing cVLPs enhanced both
IgG1 and IgG2 production when administered i.m. (Fig. 3A),
demonstrating that a balanced antibody profile is induced by
cVLPs. In contrast, both full-length cVLPs and cVLPs containing
flagellin with the variable region deleted as well as standard VLPs
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FIG 3 IgG subclasses and duration of antibody responses induced by flagellin-
containing cVLPs. (A) Endpoint titers of IgG1 and IgG2. For IgG isotyping, the
endpoint ELISA was performed as above, except that HRP-conjugated goat
anti-guinea pig IgG1 or IgG2 secondary antibodies (Immunology Consultants
Laboratory, Newburg, OR) were used. Asterisks indicate a statistically signifi-
cant difference (P < 0.05) from the Env/Gag group. (B) Duration of antibody
response. Serum IgG endpoint titers at week 10 (bleed 3), week 30 (bleed 4),
and week 43 (bleed 5) were determined as in Fig. 2.

induced IgG2-dominant antibody responses (Fig. 3A), but IgG1
levels were undetectable when guinea pigs were vaccinated by the
i.n. route, indicating different effects of flagellin when adminis-
tered in. and i.m. It is desirable for vaccine-induced immune
responses to persist for a prolonged period after immunization. As
shown in Fig. 3B, serum IgG titers were high after three immuni-
zations (bleed 3) and remained at similar levels for 5 months
(bleed 4). An additional boost immunization did not raise the
response levels any further (bleed 5). These data demonstrate that
flagellin-containing cVLPs are effective in inducing long-lasting
immune responses.

HIV-1 cVLPs induce enhanced neutralizing reactivity. The
above data demonstrate that HIV-1 ¢VLPs induce significantly
higher titers of serum IgG compared to standard VLPs by either
the im. or i.n. immunization route. We further compared the
resulting immune sera for neutralizing infection by a panel of
HIV-1 pseudoviruses, using a high-throughput, pseudotype virus
assay system. Five type B viruses, including two tier 1 and two tier
2 strains and one intermediate strain, were compared in the neu-
tralizing antibody assay. Their coreceptors and neutralization sen-
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TABLE 1 HIV isolates used for neutralization assays

Isolate” Subtype Coreceptor _Sensitivity/resistance to neutralization
HXB2 B CXCR4 Sensitive (tier 1)

NL4-3 B CXCR4 Sensitive (tier 1)

6535.3 B CCR5 Intermediate

RHPA4259.7 B CCR5 Intermediate

Dul56.12 C CCR5 Intermediate

Yu2 B CCR5 Resistant (tier 2)

Du422.1 C CCR5 Resistant (tier 2)

@ The subtype B and C isolates were arranged in the order of the most-sensitive (tier 1),
intermediate, and most-resistant (tier 2) strains to neutralization from the top to the
bottom of the table.

sitivity/resistance are described in Table 1 (26-28). Data in Fig. 4
show that the neutralizing reactivity of the 80-fold-diluted im-
mune sera (20-fold diluted for RHPA4259.7) obtained after the
third immunization varied: standard VLP groups neutralized less
than 20% of the virus infectivity for both i.m. and i.n. immuniza-
tions, except against HXB2 (27.5%) after i.n. immunization
(Fig. 4A and B). FliC-containing cVLPs (Env/Gag/FliC cVLPs) by
i.m. immunization induced the highest neutralization antibody
responses against HXB2, NL4-3, 6535.3, or RHPA4259.7
(Fig. 4A). In contrast, tFliC-containing cVLPs (Env/Gag/tFliC cV-
LPs) were more effective in inducing neutralizing activity against
tier 1 strains (HXB2 and NL4-3) when administered i.n. (Fig. 4B).

We also evaluated the capacity of the immune sera for neutral-
izing one tier 2 and one intermediate type C pseudovirus, Du422.1
and Dul56.12, as listed in Table 1 (27). We found that immune
sera at a 100-fold dilution after the third immunization (bleed 3)
had no detectable neutralization of Dul56.12; sera from groups
immunized with FliC-conaining ¢VLPs (Env/Gag/FliC cVLPs)
neutralized 45% of Du422.1, while other groups showed much
lower neutralization (less than 20%) against this strain after i.m.
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immunization (Fig. 4C). The sera from guinea pigs immunized by
the i.n. route with tFliC-containing cVLPs (Env/Gag/tFliC cVLPs)
and FliC-containing cVLPs neutralized 47.5 and 15% of Du422.1
infectivity, respectively, while other groups did not show detect-
able neutralizing activity (Fig. 4D). These results indicate that the
IgG levels in sera correlate with neutralization. We also found that
when soluble flagellin was mixed with standard HIV-1 VLPs (Env/
Gag VLPs plus sFliC), there was no significant increase in neutral-
izing antibody responses compared to that with the standard VLPs
alone, demonstrating the importance of the physical association
of flagellin with antigens.

HIV-1 cVLPs incorporating tFliC are more effective in in-
ducing mucosal immunity. Mucosal immunization is known to
induce mucosal responses in local, as well as distal mucosal sites
(29, 30). To determine whether flagellin-containing cVLPs induce
strong mucosal immune responses, we evaluated the vaginal mu-
cosal secretory IgA (S-IgA) and IgG levels after i.n. immunization
at week 18 (Fig. 5A and B) and after the last boost at week 38
(Fig. 5C and D). As observed in blood, the highest Env-specific
IgG level in vaginal secretions was detected in the FliC-containing
cVLP group (compare Fig. 5B and D and Fig. 2). S-IgA profiles in
vaginal secretions were, however, different. Remarkably, tFliC-
containing cVLP-immunized guinea pigs showed 20-fold-higher
S-IgA levels at week 18 (Fig. 5A) and 60-fold-higher levels at week
38 (Fig. 5C) than standard VLP-immunized guinea pigs. FliC-
containing VLP-immunized guinea pigs showed 2-fold-higher
S-IgA at week 18 and 30-fold-higher S-IgA at week 38 than the
standard VLP group (Fig. 5A versus C), thus demonstrating that
the truncated form of flagellin is a more effective adjuvant for
mucosal immunization. In mucosal samples, the data scattering is
intrinsically larger than in sera due to the sample collection pro-
cedure and variations in the estrous cycle. There was a difference
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FIG 4 Neutralization of subtype B and C HIV-1 strains by sera from immunized guinea pigs. (A and B) Intramuscularly (IM) and intranasally (IN) immunized
groups neutralizing subtype B pseudoviruses. Immune sera (bleed 3) were diluted to 80-fold for assays. For neutralization of RHPA4259.7, serum samples were
diluted to 20-fold. Neutralization assays were performed on JC53-BL cells, a derivative of HeLa cells that express high levels of CD4 and the HIV-1 coreceptors
CCRS5 and CXCR4. Infected cells were detected by luciferase activity. (C and D) Intramuscularly and intranasally immunized groups neutralizing a subtype C
pseudovirus, Du422.1. Results are expressed as means * standard deviations (SD).
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FIG 5 Mucosal responses. Chimeric VLPs induce enhanced mucosal immune
responses measured at 18 weeks (A and B) or 38 weeks (C and D) in vaginal
washes. The final dilutions of the vaginal secretion were 5-fold in panel A
(S-1gA), 40-fold in panel B (IgG), 7-fold in panel C (S-IgA), and 150-fold in
panel D (IgG). Env-specific S-IgA and IgG were detected by ELISA and
expressed as mean OD, 5, = standard deviation (SD). Asterisks and triangles
indicate statistically significant differences between two cVLP groups
(P < 0.05 by Student’s t test). (E) Neutralization of HXB2 pseudovirus. Vagi-
nal washes from i.n.-immunized guinea pigs were diluted 10-fold for the neu-
tralization assay. The infected cells were detected by -galactosidase expres-
sion.

between group mean values; however, this difference was not sta-
tistically significant. Importantly the same trend, namely the high-
est S-IgA levels in the truncated-flagellin group, was observed in
samples collected at two different time points 143 days apart, de-
spite variations introduced by sample collection and the estrous
cycle phase. These data support the conclusion that the truncated
form of flagellin is a more effective adjuvant for mucosal immu-
nization.

We further determined whether mucosal antibodies conferred
neutralization of infectivity. We used type B tier 1 HXB2
pseudovirus to evaluate the neutralizing activity of the vaginal
samples collected at week 38. As shown in Fig. 5E, vaginal washes
at low dilution from VLP-immunized guinea pigs partially neu-
tralized HXB2. Samples from the standard VLP group had no
detectable neutralization capacity. These results were consistent
with the S-IgA levels in the same vaginal wash samples (Fig. 5C).

We also observed that cVLPs induced flagellin-specific serum
IgG responses, and tFliC-containing VLPs induced lower re-
sponses than FliC-containing VLPs by either i.m. or i.n. immuni-
zation (data not shown), although it has been known that preex-
isting immunity to flagellin has no effect on its adjuvant function
(12,17, 31).
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DISCUSSION

The design of antigens which are effective in inducing improved
functional antibody responses is of high importance for AIDS vac-
cine development. Since VLPs are particulate structures which
present trimeric Env proteins in their native membrane-bound
form, they have attractive features as vaccine antigens. We ob-
served previously that the Env incorporation levels into HIV VLPs
can be improved significantly by engineering of constructs having
heterologous TM/CT domains (24). Here we have shown that by
attaching a membrane anchor sequence from MMTV Env, the
TLRS5 ligand flagellin can also be incorporated as an adjuvant into
HIV VLPs. We observed that these flagellin-containing VLPs elicit
high levels of systemic antibody responses by either i.m. or i.n.
vaccination, as well as both systemic and mucosal immunity by
i.n. vaccination. Chimeric VLPs containing full-length flagellin
were more effective in inducing systemic responses, whereas
cVLPs containing a flagellin with a truncated variable region were
more effective in eliciting mucosal IgA responses. We also ob-
served that these cVLPs induced antibody responses with broad
subtypic reactivity.

High antibody responses are expected to be important for a
prophylactic HIV vaccine. Our results demonstrated that anti-
body binding titers against gp120 were surprisingly high, reaching
36-fold higher levels than those of the standard VLPs after three
i.m. immunizations with ¢VLPs containing FliC or 8-fold higher
than those of the standard VLPs after three i.n. immunizations
with ¢VLPs containing tFliC. Previous studies with simian immu-
nodeficiency virus (SIV) have also shown that VLPs are highly
immunogenic when antigens and adjuvants are coincorporated
into the same VLP structure (11) or when adjuvant molecules are
chemically conjugated with VLPs (32). The present data demon-
strate the potential of HIV c¢VLPs incorporating membrane-
anchored flagellin in inducing antibody responses. Flagellin binds
to TLR5 and thus not only initiates innate signaling to secrete
cytokines which can upregulate other immune cells, but also fa-
cilitates DCs to take up antigens and then present them to helper T
cells in secondary lymph nodes (33, 34). These helper T cells form
stable cognates with B cells and enhance the ability of B cells to
proliferate and differentiate into plasma B cells (35). It is likely
that the relationship of TLR5 signaling to antigen presentation
could contribute to the enhancement of antibody responses to
HIV VLPs. Because TLR5 is found to be expressed in antigen-
presenting cells (APCs), in particular dendritic cells (DCs), we
have hypothesized that flagellin-containing c¢VLPs can be
taken-up by APCs after TLR5 binding and promote antigen pre-
sentation because of innate signaling in the same cell (12).

We observed that FliC-containing cVLPs induced higher titers
ofboth IgG1 and IgG2 after i.m. immunization. In contrast, tFliC-
containing cVLPs induced enhanced IgG2 titers and undetectable
IgG1 levels after i.n. immunization. In guinea pigs, the connection
between Th1/Th2 responses and IgG subclasses is not established,
but there are indications that IgG2 may be related to a Th1 type of
immunity. For instance, Gag-specific IgG2 levels correlated with
gamma interferon (IFN-vy) production (36). Different systemic
effects of full-length flagellin and flagellin with a truncated vari-
able region have been reported previously upon systemic or mu-
cosal immunization, but the underlying mechanisms are not clear
(23). Studies with fusion proteins indicated that physical associa-
tion of flagellin with antigens is necessary for flagellin to promote
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antigen-specific immune responses (20). The present results
showed that soluble flagellin has no adjuvant effect by i.m. immu-
nization and has a low adjuvant effect by i.n. immunization when
mixed with VLP antigens. Although the exact mechanisms in-
volved in the different adjuvant effects of the bound and soluble
flagellins are not completely understood, a different association
pattern of flagellin with antigen could contribute to its ability to
function as an adjuvant. For c¢VLPs, incorporated flagellin can
bind to surface TLR5 on APCs and thus facilitate VLP uptake and
consequent antigen processing and presentation. In contrast, if
coadministered with VLPs as a mixture, flagellin and VLPs may
interact with different APCs. Furthermore, independent of TLRS5,
a member of the NOD-like receptor (NLR) family, Ipaf, has been
found to detect intracellular flagellin and initiate innate signaling
by caspase 1 activation (37). VLPs are similar in their structure to
viruses which the immune system has evolved to combat and thus
can be taken up directly by APCs (38). Consequently, flagellin
incorporated into cVLPs may also be sensed by its cytosolic recep-
tor for independent innate signaling. In contrast, soluble flagellin
mixed with VLP antigens cannot be transported into the cytosol
without the help of bacterial virulence factors (39). These differ-
ences in interactions with the dual sensors for cVLPs containing
flagellin may explain why the VLP-bound molecules are more
effective in translating innate immune signaling into adaptive im-
munity.

It is of particular interest that HIV cVLPs incorporating
membrane-anchored truncated flagellin induced enhanced mu-
cosal antibody responses. Mucosal transmission is the predomi-
nant pathway for HIV infection in humans, and the intestinal
mucosa is the major reservoir for virus replication and amplifica-
tion (7). Effective HIV-specific mucosal antibody responses can
be capable of reducing the occurrence of initial infection and pos-
sibly blocking the escape of virus from the genital or intestinal
mucosa into systemic lymphoid organs (6, 7, 40). Recent studies
demonstrate that effective antibody even at low titer can block
repetitive low-dose SHIV infection, which simulates the natural
sexual transmission process of HIV (6). Although our results show
that the IgA levels in mucosal samples are consistent with the
neutralizing activity, it has not been demonstrated that IgA is re-
sponsible for the increased neutralization capacity.

Most Env protein-based vaccine candidates are able to induce
Env-binding IgG responses, but without enhancement of neutral-
ization (41). The quality of antibody responses is more important
than their quantity. The present data demonstrate that flagellin-
containing cVLPs elicit broadened neutralization activity against
five strains from both clades B and C. Two characteristics of these
cVLPs may contribute to their ability to induce broadened neu-
tralizing activity: (i) HIV Env is presented by VLPs in its natural
trimeric structure in a membrane-bound microenvironment like
that of the native protein (42); (ii) the adjuvant effect of flagellin
can enhance HIV-specific adaptive immunity, in particular by in-
creasing the efficiency of antigen presentation of epitopes shared
by different subtypes. HIV cVLPs incorporating flagellin as an
adjuvant therefore are promising as antigens for the development
of a prophylactic HIV vaccine.

MATERIALS AND METHODS

Generation of rBVs expressing membrane-anchored full-length flagel-
lin (FIiC) or FliC with a truncated variable region (tFliC). To produce a
gene encoding the membrane-anchored FliC, the coding DNA sequences
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for the mellitin signal peptide, full-length form of flagellin (fliC; GenBank
accession no. D13689 [a gift from Alan Aderem]), and TM/CT domain of
MMTV Env were fused in frame by overlapping PCR (12, 24). To produce
the membrane-anchored tFliC-encoding gene, the DNA fragment coding
the variable region (corresponding to aa 177 to 401 in the flagellin pro-
tein) was deleted from the flagellin gene, resulting in a gene encoding a
truncated flagellin. The coding DNA sequences of the mellitin signal pep-
tide, truncated flagellin, and TM/CT domain of MMTV Env were fused in
frame by overlapping PCR to generate the membrane-anchored tFliC-
encoding gene. The membrane-anchored FliC or tFliC gene was cloned
into pFastBac-1 (Invitrogen, Carlsbad, CA), and the integrity of these
genes was confirmed by DNA sequencing. Recombinant BVs expressing
FliC or tFliC were generated by using the Bac-to-Bac insect cell protein
expression kit (Invitrogen) following the manufacturer’s instructions.

Production of standard or chimeric HIV VLPs. Standard HIV VLPs
(Env/Gag VLPs) were produced by coinfection of insect cells (Spodoptera
frugiperda Sf9 cells) with rBVs expressing Env and Gag as described pre-
viously (24). The cVLPs containing membrane-anchored FliC or tFliC
(Env/Gag/FliC or Env/Gag/tFliC cVLPs) were produced by coinfection of
S£9 cells with rBVs expressing Env, Gag, FliC, or tFlic. VLPs containing
Gag only used as a control were produced by infection of Sf9 cells with BVs
expressing Gag. VLPs were concentrated from the supernatants of Sf9 cell
culture 62 to 70 h postinfection by porous fiber filtration using the Quix-
stand benchtop system (GE Healthcare, Uppsala, Sweden) followed by
sucrose density gradient ultracentrifugation, as described previously (12),
and were characterized by protein assay, Western blotting, and sterility
assay. Amounts of incorporated Env and flagellin were quantified by
Western blotting using corresponding purified recombinant proteins
as standards. The final preparations of VLPs were normalized by Env
content.

Immunization of guinea pigs and sampling. Female guinea pigs were
obtained from Charles River Laboratory (Wilmington, MA) and immu-
nized (four animals in each group) four times with Gag-only VLP (100 ug
total protein) or with Env-containing VLPs with doses containing 10 ug
Env with or without incorporated flagellin, or with a mixture of standard
VLPs (10 ug Env) with soluble flagellin (1.86 g sFliC as an average), by
the intramuscular (i.m.) or intranasal (i.n.) route. As averages, one dose of
cVLP contained 1 to 2 ug FliC. For i.n. immunization, VLPs in 100 ul
phosphate-buffered saline (PBS) were instilled into each nostril (50 ul
plus 50 wl) of guinea pigs lightly anesthetized with ketamine. Four immu-
nizations were performed at weeks 0, 4, 8, and 30. Serum samples were
collected at weeks 0 (preimmune bleeding), 2 (bleed 1), 6 (bleed 2), 10
(bleed 3), 30 (bleed 4), and 43 (bleed 5) by vena cava bleeding of anesthe-
tized guinea pigs. To collect vaginal samples, guinea pigs were anesthe-
tized, and the vaginal membranes were wiped with medical swabs. Pre-
weighed medical cotton Q-tips were inserted into the genital tract and left
for 30 min and then weighed and extracted with PBS plus 0.02% Tween
20. Samples were stored at —80°C. Vaginal samples were collected at week
18 (10 weeks after the third immunization) and 38 (8 weeks after the last
boost).

Serum and mucosal ELISA endpoint titers. Histidine-tagged Con-S
Env gp120 protein was purified from supernatants of HeLa cells infected
with a recombinant vaccinia virus expressing this protein, as described by
Blasco and Moss (43), using a nickel bead column. The Env-specific an-
tibody endpoint titers, including serum IgG and its subtypes (IgG1 and
IgG2) and mucosal IgA and IgG, were determined by enzyme-linked im-
munosorbent assay (ELISA) as described previously (44). In brief, 96-well
microtiter plates (Nunc-Immuno Plate Maxisorp; Nunc Life Technolo-
gies, Basel, Switzerland) were coated with 100 ul/well of recombinant
Con-SEnvgp120 protein (5 pug/ml) in a carbonate coating buffer (pH 9.2)
overnight at 4°C. The serum and mucosal samples were serially diluted in
2-fold steps. After washing and blocking with 1.5% bovine serum albumin
(BSA), plates were used for assay of antibody binding with the diluted
samples. The detection color was developed by binding horseradish per-
oxidase (HRP)-labeled goat anti-guinea pig IgG, 1gG1, IgG2, or IgA anti-
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bodies at 37°C for 1 h. After extensive washing, the substrate tetrameth-
ylbenzidine (TMB; Zymed, Invitrogen) was added. The optical density at
450 nm (OD,5,) was read with an ELISA reader (model 680; Bio-Rad).
The highest dilution which gave an OD,, 2 times higher than that of the
naive group without dilution was designated as the antibody endpoint
titer.

Antibody neutralization assays. Serum samples were heat inactivated
at 56°C for 30 min, followed by neutralization assays. Neutralization was
performed with a highly sensitive, single-round infectivity assay with Env-
pseudotyped virions (45-48). Neutralization activity is measured as the
percentage of reduction of viral infectivity in comparison to that in con-
trol wells infected with virus alone. The optical density reading in the
control well is indicative of the number of cells being productively in-
fected with virus. A reduction in luciferase production in wells infected
with virus preincubated with plasma indicates neutralization activity.
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