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Abstract

Virus-like particles (VLPs) can be exploited as platforms to increase the immunogenicity of poorly
immunogenic antigens, including self-proteins. We have developed VLP-based vaccines that target
two domains of the HIV coreceptor CCRS5 that are involved in HIV binding. These vaccines induce
anti-CCR5 antibodies that bind to native CCR5 and inhibit SIV infection in vitro. Given the role of
mucosal surfaces in HIV transmission and replication, we also asked whether an aerosolized, VLP-
based pulmonary vaccine targeting CCR5 could induce a robust mucosal response in addition to a
systemic response. In rats, both intramuscular and pulmonary immunization induced high titer 1gG
and IgA against the vaccine in the serum, but only aerosol vaccination induced IgA antibodies at
local mucosal sites. An intramuscular prime followed by an aerosol boost resulted in strong serum
and mucosal antibody responses. These results show that VL P-based vaccines targeting CCR5 induce
high-titer systemic antibodies, and can elicit both local and systemic mucosal response when
administered via an aerosol. Vaccination against a self-molecule that is critically involved during
HIV transmission and pathogenesis is an alternative to targeting the virus itself. More generally, our
results provide a general method for inducing broad systemic and mucosal antibody responses using
VLP-based immunogens.
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1. Introduction

Many viral structural proteins can self-assemble into virus-like particles (VLPs) that resemble
infectious virus, but lack a viral genome and are therefore non-infectious. Because of their
repetitive, multivalent structures, VLPs are highly immunogenic and make excellent vaccines
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for the virus from which they were derived; the human papillomavirus (HPV) and hepatitis B
virus (HBV) vaccines are two examples of VLP-based vaccines. VLPs can also be adapted as
platforms for display of antigens that are either not normally or poorly immunogenic.
Heterologous antigens displayed in a highly dense, multivalent format on the surface of VLPs
are extremely immunogenic; VLP-displayed antigens can induce high titer antibody responses
at low doses and in the absence of exogenous adjuvants [1]. VLP display can even be used to
induce antibody responses against self-antigens, essentially abrogating the mechanisms of B
cell tolerance [2-4]. This observation has led to the development of a new class of vaccines
that target self-molecules involved in a variety of chronic diseases, including Alzheimer’s
Disease [5,6], hypertension [7,8] and rheumatoid arthritis [3,9].

As an alternative strategy to conventional HIV vaccines, we have been interested in using VLP
display technology to target CCRS5, a self-molecule that is critically involved in HIV
acquisition. During infection, HIV uses chemokine coreceptors in addition to its primary
receptor, CD4, to gain entry into cells [10-12]. Although HIV can use several coreceptors,
CCRS is the most physiologically important. In the early stages of infection, the virus strains
isolated are exclusively CCR5-tropic, suggesting a possible selective advantage for these
viruses during transmission or during the early stages of disease [13]. Furthermore, individuals
harboring a homozygous genetic mutation of the CCR5 allele (termed Delta-32) are resistant
to HIV infection, and infected heterozygous individuals (who express lower levels of CCR5)
progress more slowly to AIDS [14-16]. In 2008 the first small molecule CCRS5 inhibitor,
Maraviroc (Pfizer), was clinically approved. Maraviroc binds to CCR5 and changes its
conformation so that it is not recognized by the coreceptor binding sites present on the HIV
envelope glycoprotein, gp120. HIV infected patients receiving Maraviroc monotherapy have
dramatically decreased viral loads, often to undetectable levels [17-19]. These data, in addition
to the effects of the Delta-32 mutation on HIV infection, indicate that a reduction in the
availability of functional CCR5 on target cells profoundly affects viral pathogenesis.

Unlike most viral vaccine targets, which mutate rapidly during the course of infection, CCR5
is a cellular protein and therefore genetically stable. We hypothesized that a vaccine that
targeted CCRS5 - either by limiting its expression on the cell surface or by blocking virus-
receptor interactions - could block viral replication and affect viral pathogenesis. A number of
vaccine strategies targeting CCR5 have been tested, including the use of a recombinant Flock
House Virus that contains a CCRS5 epitope [20], a CCR5-HSP70 fusion protein immunogen
[21,22], a DNA vaccine consisting of human CCRS5 fused to tetanus toxoid [23], and CCR5
peptide conjugate vaccines [24,25], among others. Our laboratory has developed several VLP-
based vaccines to induce anti-CCRS5 antibodies in which CCR5 epitopes are conjugated to the
surface of pre-formed VLPs. We have previously shown that a papillomavirus (PV) VLP-based
vaccine targeting the N-terminal extracellular domain of macaque CCR5 induced antibodies
that bound to native CCR5 and blocked HIV infection in vitro [26]. Although this initial study
was complicated somewhat by the low fitness of the challenge SHIV virus, prophylactic
vaccination of macaques with the VLP-CCRS5 vaccine reduced viral loads and time to clearance
in pig-tailed macaques infected with a CCR5-tropic SHIV [27]. These data, and similar data
from Misumi and colleagues [24], suggest that prophylactic vaccination against CCR5 may
play a role in controlling viral replication in a SHIV/macaque model. In this study, we have
developed second generation vaccines based on CCR5-derived peptides conjugated to
bacteriophage VLPs. These vaccines target multiple domains of CCR5.

Most current vaccines are administered by intramuscular (IM) or subcutaneous injection. While
these routes of immunization are extremely effective for the induction of systemic immunity,
they generally result in poor mucosal immune responses. Most infectious pathogens, including
HIV, enter the body and infect target cells at mucosal surfaces, so an ideal vaccine against HIV
would induce both systemic and mucosal immune responses. Both the genital and
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gastrointestinal mucosa play crucial roles in the establishment of HIV infection, either as a site
of transmission (at the vaginal or rectal mucosa) or as an important and critical site of viral
replication and amplification seeding the bloodstream (in the gastrointestinal mucosa) [28].

We have been interested in examining the ability of VLP-based immunogens to induce mucosal
immune responses. In particular, we have investigated the effectiveness of pulmonary
vaccination using aerosolized VLP-vaccines in inducing broad immune responses. Aerosol
delivery to the lung has a number of advantages. First, the lower respiratory tract contains
abundant antigen-presenting cells, predominantly pulmonary macrophages and dendritic cells,
which play important roles in priming adaptive immune responses. Second, although the
mucosal immune system is, by and large, compartmentalized, pulmonary vaccination results
not only in local mucosal responses in the lung, but also can give rise to strong mucosal
responses in the genital/vaginal mucosa [29]. Third, previous studies have shown that mucosal
immunization can in turn induce systemic immunity, which could eliminate the need for an
intramuscular immunization [30].

In this study, we compared the immune responses induced by VLP-based vaccines targeting
macaque CCR5 upon intramuscular and pulmonary immunizations. Both routes of
immunization resulted in high-titer antibody responses against the vaccine preparation, and
anti-CCR5 antibodies were effective at blocking SIV infection. However, only aerosol
exposure led to the induction of local mucosal antibody responses.

2. Materials and Methods
2.1 CCR5-VLP preparation

A 21 amino acid peptide (designated EC1) representing the N-terminal 21 amino acids
(MDYQVSSPTYDIDYYTSEPC; sulfated at Y10 and Y14) of pig-tailed macaque CCR5
(ptCCR5) was synthesized by American Peptide (Sunnyvale, CA), and then directly linked to
QR bacteriophage using a bifunctional cross-linker (SMPH, Pierce Endogen, IL), as described
previously (4). A second peptide representing the second extracellular loop (ECL2) of ptCCR5
was synthesized by Celtek Peptides (Nashville, TN). The ECL2 peptide (DRSQREGLHYTG)
isacyclic peptide spanning amino acids 168 - 177 of ptCCR5 in which the Arg and Thr residues
are linked through an Asp-Gly dipeptide spacer. Both peptides are shown in Figure 1. As with
the EC1 peptide, the ECL2 peptide was linked to QR bacteriophage via SMPH.

2.2 Animal inoculations

Intramuscular Immunizations—=6-8 week-old female rats (Harlan Sprague Dawley,
Indianapolis, IN) were inoculated with 15 pg of QB-EC1 VLPs in incomplete Freund’s adjuvant
(IFA). 6-8 week-old female C57BI/6 mice were inoculated with either 10 pg of QB-EC1 or
QB-ECL2 VLPs, or 5ug of each VLP preparation, in incomplete Freund’s adjuvant (IFA).
Inoculations were administered intramuscularly as shown in Table 1. Serum samples
(approximately 0.1-0.2 mL) were collected one week following the 15t and 2"d immunization,
and every week following the 3™ immunization (in rats) until sacrifice.

Aerosol Immunizations—QR-EC1 VLP preparations, both prior to and after nebulization,
were visualized by electron microscopy. VLPs were adsorbed to carbon-coated grids, stained
with 1% uranyl acetate, and then were examined with a Philips electron microscope model
EMA400RT at magnification x36,000. Groups of rats were each exposed to 0.1 mg of Qp or
QB-EC1 nebulized VLPs (for a total of 0.3 mg in 5mL of phosphate-buffered saline (PBS) in
a nose-only exposure chamber (InTox, Albuquerque, NM). The chamber incorporated an
aerosol pathway that provides individual supply and exhaust routes in order to ensure uniform
delivery of the test atmosphere. Compressed air was used for both nebulization air and dilution
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air to ensure adequate air supply. The chamber pressure was maintained just below zero during
the dosing. Doses were determined by sampling the nose-only chamber and quantifying the
aerosol concentration and using the following equation: Dose = (Aerosol concentration x
Respiratory minute volume x Exposure time) / Body weight. Aerosol particle size was
determined using a laser diffraction particle size analyzer (Sympatec, Germany). The median
diameters of the aerosols were between 0.8 and 1.2 microns, thus ensuring predominant
respiratory deposition in rodents[31]. Rats were acclimated to aerosol exposure restraint tubes
prior to the initial exposure. Shown in Table 1, two groups (QR-immunized rats and QR-EC1
immunized rats) received an IM prime as their first inoculation, with three subsequent aerosol
boosts. Two additional groups (QR-EC1 immunized rats) received only aerosol inoculations,
either with or without Cholera Toxin B (CTB) adjuvant. Serum samples were collected as
described above unless otherwise indicated (IM prime groups). Animals were housed three per
cage in autoclaved, ventilated cages (Tecniplast, Phoenixville, PA) containing autoclaved Tek-
Fresh bedding (Harlan). The animals had ad libitum access to irradiated chow (Harlan) and
autoclaved water. All animal care and experimental protocols were in accordance with the
National Institutes of Health and University of New Mexico School of Medicine guidelines.

2.3 Quantifying antibody responses

2.4 ELISPOT

Sera and, if appropriate, feces, uterine washes and bronchial-alveolar lavage fluid (BAL) were
tested for antibodies specific for the CCR5-EC1 and ECL2 peptides and Qp bacteriophage
VLPs by ELISA. Briefly, Immulon Il ELISA plates (Dynex Technologies, Chantilly, VA) were
coated overnight at 4°C with either 0.5 ug of bovine serum albumin (BSA)-conjugated EC1
or ECL2 peptide or 0.5 ug QP VLPs per well. Wells were then blocked with 50 puL of PBS
with 0.5% milk (w/v) per well for 2 h at room temperature. An initial 1:40 dilution of serum
was serially diluted 4-fold and applied to wells for 2.5 h at room temperature. All dilutions
were done in 0.5% milk (w/v) in PBS unless otherwise noted. Reactivity to target peptides was
determined by using horseradish peroxidase (HRP)-labeled goat anti-mouse or anti-rat 1gG
(Jackson Immunoresearch, Bar Harbor, ME) at a dilution of 1:2000 and incubated for 1 h at
room temperature. Upon development, the optical density at 405nm (OD405) was determined
using a Thermo Max microplate reader (ThermoLab Systems, Fisher Scientific, Pittsburgh,
PA). Absorbancies greater than twice the background were considered positive. ELISAs for
IgA in sera were conducted as above, incorporating the following changes: sera were diluted
1:10 in PBS with 0.5% BSA, and presence of antibodies was detected using HRP-labeled goat
anti-rat IgA (Open Biosystems, Huntsville, AL). For ELISA analysis of BAL fluids, feces and
uterine washes, samples were diluted 1:1 in PBS.

96-well ELISpot plates were activated with 70% ethanol according to manufacturer’s
instructions (Millipore, Billerica, MA) and coated overnight at 4°C with 0.5 ug QB VLPs or
BSA-EC1 peptide. Lungs were harvested, perfused and processed for lymphocyte isolation as
previously described [32]. 4x10° cells per well were plated in complete RPMI and incubated
overnight at 37°C. Wells were washed three times with 0.5% fetal calf serum (FCS) in PBS
and the appropriate HRP-labeled goat anti-rat secondary (1gG or IgA) antibody was added at
a 1:1000 dilution. Following a 2 h incubation at room temperature, wells were washed as
described above and developed with TMB substrate (MABtech, Mariemont, OH) until spots
appeared. Spots were quantitated using an AID ViruSpot/EliSpot Reader (Cell Technology,
Inc., Columbia, MD).

2.5 Flow cytometry

Binding to CCR5 was tested by incubating pooled sera from immunized animals with 293T
cells that were transiently transfected (or mock-transfected) with a pig-tailed macaque CCR5
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expression vector (obtained from the NIH AIDS reference and reagent program). Two days
after transfection, CCR5-expressing 293T cells were detached from the plate using 0.5mM
EDTA and then washed three times in FACS buffer (0.5% BSA in PBS). Cells were incubated
with Protein G-purified I1gG isolated from the pooled sera of animals (rats or mice) immunized
with QR VLPs, QR-EC1, or QR-ECL2. Approximately 10° cells were resuspended in 100 uL
of staining buffer and then incubated with 10-20 uL of purified 1gG (at a concentration of 1
mg/mL) followed by a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse or FITC-
labeled goat anti-rat 19gG (Jackson Immunoresearch, West Grove, PA). As a positive control,
cells were incubated with a phycoerythrin (PE)-labeled anti-human CCR5 monoclonal
antibody (3A9; BD Biosciences, San Jose, CA). Flow cytometric analysis was performed on
a FACS Calibur by using the Cell Quest software package (BD Biosciences, San Jose, CA).
Specific 19G binding was measured relative to mock-transfected cells.

2.6 SIV inhibition assay

3. Results

SIVmac251 inhibition was measured using MAGI-ptCCRS indicator cells [33] pretreated with
heat-inactivated sera from immunized mice for 30 minutes at 37 degrees and then infected with
approximately 100 infectious SIVmac251 particles (obtained from the NIH AIDS Research
and Reference Reagent Program). Two days after infection, infected cells were scored by
counting the number of blue cells in each well. Inhibition of SIV infection was determined by
comparing the number of blue (infected) nuclei in the presence of antibody versus the number
of blue nuclei in the absence of sera.

3.1 Vaccine Preparation

Antigens displayed at high density on the surface of VLPs are highly immunogenic. We have
used the VLP-display approach to develop vaccines targeting the HIV/SIV coreceptor CCRS.
Because of their role in HIV binding to CCR5 [34,35], we targeted the N-terminal extracellular
domain of CCRS, also referred to as extracellular domain 1 (EC1), and a domain from
extracellular loop 2 (ECL2). For the EC1 vaccine, a 21 amino acid peptide corresponding to
the amino region of EC1 of pig-tailed macaque (pt) CCR5 was synthesized. The tyrosines at
positions 10 and 14 of the peptide were sulfated to reflect the fact that sulfation of these residues
in native CCR5 is thought to be important in HIV binding [36]. The ECL2 peptide is a cyclic
peptide spanning amino acids 168 - 177 of ptCCRS5 in which the Arg and Thr residues are
linked through an Asp-Gly dipeptide spacer. This peptide was originally identified as an
immunogen capable of inducing anti-CCR5 antibodies by Misumi and colleagues [37]. The
EC1 and ECL2 peptides were chemically conjugated to VLPs derived from an RNA
bacteriophage, QR, using a bifunctional crosslinker, SMPH, that allowed us to link the C-
terminal cysteine on the peptides to exposed surface lysine residues on the coat protein of QR
(Fig. 1a). The extent of conjugation was determined by analysis of denatured particles by gel
electrophoresis (Fig. 1b). Peptide-modified QR coat protein displays a mobility shift relative
to unmodified QR coat protein. The degree of the mobility shift reflects the addition of one,
two, or three peptides per coat protein molecule. As is shown in Fig. 1b, the majority of coat
protein has been modified with peptide. We estimate that the average QR-ECL2 vaccine
preparation contains 1.5 copies of peptide per coat protein and the QR-EC1 preparation contains
greater than 0.5 copies of peptide per coat protein, resulting in a total of ~270 (ECL2) or >90
(EC1) peptides being presented on the VVLP surface. In either case, our earlier studies have
indicated that these densities of peptide on the surface of the VLPs are sufficient to induce a
strong antibody response [4,38].
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3.2 VLP-based CCR5 vaccines are immunogenic

We determined whether QR-EC1 and QR-ECL2 could elicit anti-CCR5 antibody responses
upon intramuscular (IM) immunization. Groups of three to seven mice were immunized with
QB-EC1 and/or QR-ECL2 as shown in Table 1. Briefly, animals were given two doses of 10
ug total inoculum (mice immunized concurrently with QR-EC1 and QR - ECL2 received 5 ug
of each), at a two-week interval and then sera were collected weekly and analyzed for antibodies
specific to the EC1 and ECL2 peptides by end-point dilution ELISA (Fig. 2a). Immunization
with either QB-EC1 or QB -ECL2 elicited high-titer (geometric mean titer = ~10%) 1gG
antibodies specific to the peptide of interest, but not against the other peptide. Animals
immunized with QR VLPs alone did not produce antibodies that recognized either of the CCR5
peptides. Simultaneous immunization with QR-EC1 and QR-ECL2 elicited high-titer 1I9G
antibodies against both CCR5 peptides.

3.3 Anti-CCR5 antibodies bind native CCR5 in vitro and inhibit SIV infection

Although these data indicated that the two CCR5 peptide-conjugated VLP vaccines elicited
antibodies that recognized ptCCR5 peptides, it was possible that these antibodies might not
recognize the EC domains in their native conformation on membrane-associated ptCCR5. To
examine this question, the ability of anti-EC region antibodies to bind to membrane-associated
ptCCR5 was assessed by flow cytometry. 1gG was purified from the pooled sera of QR-EC1
or QR-ECL2 intramuscularly immunized mice and incubated with ptCCR5- or mock-
transfected 293T cells. Asa positive control, some cells were incubated with 3A9, amonoclonal
antibody that binds to the EC1 domain of CCR5. As a negative control, transfected cells were
incubated with purified 19G from the sera of mice immunized with QR VLPs alone. As shown
in the right panels of Fig. 2b, 1gG from the sera of QR-EC1 and QR-ECL2 immunized mice
specifically bound to CCR5-expressing cells relative to mock-transfected cells, indicating
binding of IgG to CCRS5. There was no binding detected in 1gG purified from the sera isolated
from QR-immunized mice (Fig. 2b, bottom left). Thus, both QR-EC1 and QR-ECL2 vaccines
elicited antibodies that recognize the conformation of native CCR5 expressed on 293T cells.

To assess the ability of induced sera to inhibit SIV infection, we used a single cycle infectivity
assay utilizing the MAGI-ptCCR5 indicator cell line (previously described by [33]) to
determine whether antibodies elicited from our CCRS5 vaccines could inhibit SIV infection in
vitro. Cells were incubated with increasing dilutions of heat-inactivated sera from mice
immunized intramuscularly with QR-EC1, QR-ECL2, both QR-EC1 and QR-ECL2, or QR VVLPs
alone and then infected with the CCR5-tropic strain SIVmac251. As shown in Fig. 3, sera from
animals immunized with either QR-EC1 or QR-ECL2 inhibited SIVmac251 infection. Although
anti-ECL2 and anti-EC1 antibodies were somewhat weakly inhibitory individually, in
combination they displayed 50% inhibition at a 1:40 serum dilution. Although this inhibition
titer is not particularly high, it is important to recognize that inhibition of virus infection by
blocking the receptor is a much more stringent task than blocking the virus; every potential
target cell expresses multiple copies of CCR5.

3.4 Pulmonary immunization induces systemic antibodies against CCR5

To see whether our VLP-based vaccine could also induce antibody responses upon mucosal
immunization, we translated our intramuscular QR-EC1 vaccine into an aerosolized vaccine
for pulmonary administration. We first wanted to determine whether QB-EC1 VLPs remained
intact following the aerosolization process. VLPs were nebulized, recovered, and concentrated,
and then visualized by electron microscopy. The nebulized and recovered VVLPs had similar
morphology to un-nebulized VLPs (Fig. 4).

Pulmonary immunizations were carried out in to 6-8 week-old female rats. We used rats
because they have larger tidal volumes than mice, thereby inspired particles are better able to
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reach the lower respiratory tracts in this species [39]. Particles that reach the lower respiratory
tracts are more difficult to expel, and are in a milieu rich in antigen-presenting cells ideal for
initiating an immune response throughout mucosal tissues. Since the induction of anti-CCR5
antibodies in the genital tract was also a primary aim, female rats were chosen so that uterine
washes could be collected (along with sera) throughout the study, and the uterus later recovered
and analyzed.

First, we assessed the antibody responses in rats immunized via the pulmonary route. Rats
received aerosol immunizations of 100 pg QR-EC1 twice at a two-week interval. One group
of rats was immunized with QR-EC1 formulated with 25 pg of cholera toxin B (CTB). CTB is
anon-toxic and recombinantly produced cholera toxin B-subunit that has been reported to have
mucosal adjuvant properties. Sera was collected every week until necropsy and 1gG and IgA
antibodies against Qp and EC1 were quantitated by end-point dilution ELISA and compared
to the antibody responses elicited by intramuscular (IM) immunization. As shown in Fig. 5a,
aerosol administration of QBR-EC1 elicited anti-EC1 and anti-QR 1gG and IgA antibodies that
were comparable to those elicited when the vaccine was delivered intramuscularly.
Coadministration of CTB adjuvant had slightly enhanced IgG titers, but elicited no appreciable
difference in IgA titers. Rats given IM immunizations had the highest titers against the VLP
platform, but had similar anti-EC1 antibody levels as those measured in rats receiving the
aerosolized vaccine.

We also wanted to determine whether systemic antibody responses could be increased by
“priming” rats with an initial IM immunization followed by an aerosol boost. Groups of rats
were immunized with two IM injections, two aerosol exposures, or an IM prime followed by
an aerosol boost. One week following the second immunization, sera was collected and 1gG
and IgA titers against the EC1 peptide were measured (Fig. 5b). Rats receiving two IM
immunizations had the highest serum-associated 1gG levels against EC1, but had lower IgA
levels. In contrast, rats receiving two aerosol immunizations had lower 1gG levels, but higher
IgA antibodies. Rats receiving the prime/boost regimen had an intermediate response that
achieved a balance between the two other immunization strategies. The 1M prime group
displayed a 10-fold increase in IgA titers as compared to rats given only IM immunizations;
there was also a moderate increase in IgA titer compared to the group receiving the aerosolized
vaccine. Moreover, the level of IgG elicited by the IM group was not lower in the IM prime
group, and was slightly higher than that seen in animals receiving only pulmonary
immunizations. To investigate the longevity of the immune response and the efficacy of a boost
in evoking memory, we continued collecting sera from the prime/boost group over 27 weeks.
Animals in this group were given additional aerosol boosts at weeks 6 and 15, and then
sacrificed 27 weeks after the initial immunization. IgG titers against EC1 were sustained, and
remained above 102 for 12 weeks following the final boost in all three animals (Fig. 5¢). Serum
anti-EC1 IgA antibodies diminished more rapidly, perhaps reflecting the shorter half-life of
this molecule. However, aerosol boosts increased IgA antibody levels to peak titers (104) in 2
out of 3 animals.

We once again confirmed via flow cytometry that antibodies induced by pulmonary
immunization could specifically bind membrane-bound CCR5. Using the same experimental
methods described above, we purified 1gG from rat sera and incubated it with ptCCR5- or
mock-transfected 293T cells. As shown in Fig. 5d, 1gG purified from the sera of animals
receiving aerosolized immunizations of QB-EC1 bound to cells expressing CCR5 relative to
mock-transfected cells. As expected, there was no binding detected using IgG purified from
the sera isolated from rats immunized with QR alone.
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3.5 Pulmonary immunization enhances local antibody secretion in mucosal tissues

Pulmonary administration of our QB-EC1 vaccine was successful in inducing both IgG and
IgA antibodies in the blood, so we next asked whether antibodies specific to Qp and EC1 were
also present in mucosal secretions of animals immunized by the various strategies described
previously. As an additional control, one group of rats was immunized with QB VLPs alone,
via the IM prime/aerosol boost regimen. At necropsy, we collected bronchi-alveolar lavage
fluid (BAL), and we also collected washes from the uterus and feces of the immunized rats.
These samples were diluted 1:1 in PBS with 0.5% BSA, and then anti-Qp and -EC1 IgG and
IgA antibodies were measured by ELISA (note: we did not test the anti-QR antibody responses
of the prime/boost group because of a limited amount of material). As was observed in the
sera, rats given the IM vaccine alone and the IM prime/aerosol boost regimen had the highest
IgG levels in all three mucosal sites tested (Fig. 6a, ). Rats immunized via the aerosol route
alone had relatively high 1gG titers in uterine washes, but surprisingly low IgG levels in BAL
fluid. However, only those animals immunized with the aerosolized vaccine secreted IgA at
the mucosal sites tested (Fig. 6b, d)--essentially no IgA response was induced by IM
immunization. Co-administration of CTB adjuvant with the aerosolized vaccine somewhat
boosted secreted IgG levels relative to aerosol alone, but did not have a pronounced impact on
IgA levels in secretions. In general, the IM prime/aerosol boost regimen induced the strongest
anti-EC1 antibody response, particularly in the lung.

3.6 CCRb5-specific B cells in the lung following pulmonary immunization

After determining that pulmonary immunization could confer systemic immunity as well as
mucosal immunity in remote tissues, we assessed the local immune response more
quantitatively by determining the number of antibody-specific B cells in the lung by ELISPOT.
Lungs were collected from animals receiving only aerosol immunizations or only IM
immunizations of QB-EC1, and processed as previously described for lymphocyte collection
[32]. ELISPOT analysis was performed on plated B cells and the number of IgG- and IgA-
secreting B cells specific for either Qf or EC1 quantified. As a control, some animals were
immunized with QB VLPs alone. Consistent with what was observed in mucosal washes, only
animals receiving the aerosolized vaccine had detectable Qp- and EC1-specific B cells.
Animals receiving an IM administration of the vaccine had few Qp-specific 1gG secreting B
cells in the lung, and no EC1-specific B cells. Coadministration of CTB did not enhance the
frequency of EC1-specific B cells, and, if anything, seemed to have a negative effect (Fig. 7),
in contrast to the neutral and/or positive effects observed in the sera and mucosal washes. Rats
given the inhaled QB-EC1 vaccine without adjuvant had nearly equal amounts of IgA secreting
B cells against both Qf and EC1, and comparable numbers of 1gG-secreting B cells as well,
indicating an immune response against both platform and target.

4. Discussion

Development of a prophylactic HIV vaccine is an important component in battling the
worldwide HIV epidemic, but the path towards this goal has been fraught with difficulties.
Viral sequence diversity and antigenic variation are major and perhaps insurmountable barriers
in the development of vaccines based on the induction of humoral and/or cellular immunity
against the virus. As an alternative strategy to conventional HIV vaccines, we have been
interested developing a vaccine that targets CCR5, a self-molecule that is critically involved
in HIV acquisition, and which is not subject to antigenic variation. However, because CCR5
is a self-protein, the ability to initiate an antibody response against the molecule is seemingly
limited by the mechanisms of B cell tolerance, which normally prevent the induction of
antibody responses against self-molecules. In spite of this, we and others have shown that by
arraying self-molecules at high density on the surface of virus-like particles (VLPs) we can
completely abrogate these tolerance mechanisms and induce high titer 1IgG antibodies against
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diverse self-antigens [40,41]. Our laboratory has taken advantage of these findings to develop
several VLP-based vaccines that elicit anti-CCR5 antibodies. Previously, we developed a
papillomavirus (PV) VLP-based vaccine targeting the N-terminal extracellular domain of
macaque CCRS that induced anti-CCR5 antibodies in macaques that bind to native CCR5 and
blocked HIV infection in vitro. Moreover, prophylactic vaccination of macaques with this
vaccine reduced viral loads and time to clearance in pig-tailed macaques infected intravenously
with a CCR5-tropic SHIV [27].

Here, we show that bacteriophage VLP-based vaccines that target two extracellular domains
of macaque CCR5 that are involved in SIV/HIV binding induce similarly high titer anti-CCR5
antibodies in rodents. In the current study, the question of immune tolerance was not addressed,
as we targeted macaque CCRS5 in rodent models. However we, and others, have shown that the
ability to induce antibody responses in the face of immune tolerance mechanisms is a general
characteristic of VLP display [40,41]. Moreover, several laboratories have previously or are
currently working on approaches to induce anti-CCR5 antibodies. These include Lucia
Lopalco’s laboratory, which has developed a recombinant Flock House virus that presents a
peptide derived from CCR5 ECL1 [20] and Tom Lehner’s laboratory, which has developed a
CCR5-HSP70 fusion protein immunogen [21,22], among others. Three macaque challenge
experiments have been reported; our own and the previously mentioned Misumi study [24], in
which vaccinated macaques were challenged with a SHIV isolate and which some degree of
viral inhibition was reported, and studies by Wahren and colleagues, in which DNA vaccination
with a construct containing human CCR5 fused to tetanus toxoid failed to protect macaques
from SIVsm challenge [23].

HIV, like many pathogens, most frequently establishes infection at mucosal surfaces. As such,
the efficient induction of mucosal immunity by vaccination, and particularly the induction of
local immunoglobulin production, including secretory IgA (SIgA), will likely play an
important role in future HIV-1 vaccine approaches [42,43]. The genital and gastrointestinal
mucosa play crucial roles in the establishment of HIV infection, either as a site of transmission
or as an important site of early viral replication and amplification. Although antibodies against
CCRS5 would presumably not act as classical neutralizing antibodies, it is possible that they
could block interactions between virus and the cells that are targeted early in infection,
specifically resident activated memory T cells or Langerhans cells (LCs). LCs have been
proposed to facilitate HIV infection by capturing virus, migrating to regional lymph nodes,
and then transferring virions to susceptible T cells. Although LCs can interact with HIV via a
variety of different surface receptors, it has been shown that antibodies that bind CCR5 can
partially block the uptake of HIV by LCs [44]. Low level CCR5-reactive antibodies (with virus
inhibitory activity in vitro) have been detected in the seronegative partners of HIV-infected
individuals, suggesting that anti-CCRS5 antibodies may play a role in protection from natural
HIV infection [45].

Numerous mucosal vaccination strategies have been investigated, including administration of
vaccines to oral, genital, rectal, and respiratory mucosal surfaces. The mucosal immune system
is largely compartmentalized, and the expression of mucosal IgA typically occurs primarily at
the site of vaccination [29]. Thus, the choice of a mucosal vaccination route needs to be tailored
to the specific target. The respiratory tract is a particularly attractive site for immunization.
Not only does immunization of the respiratory tract stimulate a local mucosal antibody
response, but it can also elicit a strong genital mucosal immune response [29]. Moreover,
administration of vaccines via aerosol to the nasal and bronchial lymphoid tissues is less
invasive than other approaches and may facilitate vaccine implementation.

A number of different studies in mice have shown that intranasal vaccination with VVLPs or
VLP-based immunogens successfully results in local (in the lung) mucosal and systemic
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antibody responses [20,46,47]. One advantage of aerosol over intranasal immunization is that
aerosol delivery allows for VVLP deposition in the lower respiratory tract. The trachea, lungs,
and mediastinal lymph nodes act as the major immune inductive sites, allowing for a robust
systemic humoral response. The upper respiratory tract, represented by the nasal-associated
lymphoid tissue (NALT), although directly stimulated upon intranasal immunization, in some
cases appears to play a negligible role in the induction of a mucosal immune response at distal
sites [46,48,49], although at least one report has shown that nasal immunization can result in
induction of IgA in the genital tract [50]. Immunization of the lower respiratory tract is more
effective at inducing genital antibody responses in mice [48]. Moreover, immunization of the
lower respiratory tract may be particularly important in inducing mucosal immunity in humans.
For example, a comparative study of intranasal versus aerosol immunization of humans with
HPV16 VLPs demonstrated that nasal immunization resulted in weak systemic and mucosal
anti-VLP antibody responses. In contrast, bronchial aerosolization of HPV16 VLPs resulted
in significantly higher antibody levels and rates of seroconversion [51]. Consequently, if the
lower respiratory tract is not reached for antigen presentation during intranasal immunization,
it could account for reduced levels of mucosal, but not systemic, VLP-specific humoral
responses. In this study, we provide the first indication that a VVLP-based vaccine targeting a
heterologous antigen can be aerosolized to effectively induce IgG and IgA antibodies in both
local and distal mucosal tissues. The presence of QB—specific 1gG antibody in distant mucosal
tissues following aerosol immunization suggests that our vaccine was likely able to reach the
lower respiratory tract.

We found that QB-EC1 VLPs were able to survive nebulization and delivery in a rat model,
and that immunization via a pulmonary route was effective at generating both anti-EC1 1gG
and IgA antibodies in the sera, the lung, the genital tract, and, to a lesser extent, the
gastrointestinal (GI) tract. Presence of IgA in the uterine washes is most likely due to the
upregulation of CCR10 on antibody producing cells, which allows for migration from the
respiratory tract-draining lymph node to the genital tract [52]. Pulmonary immunization does
not however typically result in upregulation of CCR9, which directs homing to the intestine
[53,54]. While this could explain the decreased amounts of 1gG antibody found in the feces,
the levels of IgA seen in both the uterine wash and the feces is somewhat surprising. It is
possible that some of the inoculum reached the GI tract through animal inspiration during the
aerosol exposure.

In accordance with the secreted antibody levels observed in the sera and mucosal tissues
following pulmonary immunization, rats receiving the aerosolized vaccine were also able to
maintain high levels of QB-ECL1 specific B cells in the lung, as well as detectable levels in the
spleen and uterus 55 days following final exposure (data not shown). Similar to our study,
Bessa et al. recently compared subcutaneous and intranasal deliveries of QB VLPs in mice and
found that while both routes were effective at generating specific 1gG in the serum, only the
intranasal route of vaccination yielded Qp-specific IgA in BAL; levels of mucosal IgG were
also generally higher in these mice as compared to the s.c. group [47]. Bessa also showed that
the numbers of 1gG antibody-forming cells in the mesenteric lymph node were higher in mice
receiving i.n. immunization of QB VLPs, which parallels our finding that aerosol immunization
yields higher numbers of QB VLP- and EC1-specific B cells in the lung itself.

Unexpectedly, use of the mucosal adjuvant CTB did not appear to enhance immune responses
at mucosal sites. Indeed, in some cases, CTB actually dampened antibody levels when
compared to the group receiving the aerosolized vaccine without adjuvant. It is possible that
the CTB was delivered to different mucosal compartments than the VLPs, or simply that CTB
is not compatible with the nebulization process and thus not an appropriate adjuvant for aerosol
delivery. Previously, Nardelli et al looked at the ability of mucosal adjuvants to increase both
serum-specific 1gG and mucosal IgA titers following “aerosol-like” vaccination. In this

Vaccine. Author manuscript; available in PMC 2010 December 11.



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

1duasnuey Joyiny vd-HIN

Hunter et al.

Page 11

protocol, mice were anesthetized and immunized with HPV VLPs and either heat labile
enterotoxin (HLT) or CpG oligodeoxynucleotides, following priming with influenza peptides.
HLT proved a potent adjuvant and was able to increase VLP-specific 1gG in the serum by more
than 10-fold [49]. Furthermore, use of HLT was able to restore IgG and IgA titers in both sera
and mucosa that were previously obtained following vaccination with HPV VLPs and CTB
adjuvant (without influenza priming). In contrast to our results, these prior experiments with
CTB were successful, however titers were higher when HLT was used. The success of this
adjuvant could be due to its ability to induce both Th1 and Th2 responses, as well as SIgA and
serum IgG and IgA responses [55]. Recent studies have shown that when CTB is used (along
with whole cholera toxin [CT]) as a vector, it can give rise to either mucosal immunity or induce
peripheral anti-inflammatory tolerance to chemically or genetically linked foreign antigens
administered mucosally. More specifically, CTB seems to steer the immune response towards
Th2-only immunity or tolerance, while CT favored a broad Thl + Th2 + CTL immunity [56].
The use of HLT instead of CTB may enhance the IgA titers induced by VLP-based
immunogens.

Use of the VLP-based approach for vaccine delivery to the mucosa-associated lymphoid tissue
(MALT) has widespread applicability, with relevance to virtually any pathogen infecting at a
mucosal surface. A vaccine that elicits both IgA and 1gG antibodies at the site of infection prior
to exposure could be a powerful deterrent to viral entry and subsequent infection. The innate
immunogenic properties of VLPs provide a useful mechanism to generate antibody responses
against poorly antigenic molecules both systemically and in the respiratory tract. The
simultaneous flexibility and stability of VVLPs offer further advantages with regard to mucosal
vaccine design. The very type of VLP used for a particular vaccine can be catered to both its
destination within the mucosa/environment and to the conjugate antigen, if applicable. For
example, VLP size, surface chemistry, and tolerance for antigen insertion or conjugation are
all factors in vaccine design that can be readily manipulated for optimal efficacy. Translating
this technology for non-invasive aerosolized delivery, with the result of an enhanced mucosal
immune response, significantly broadens its applicability.
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Figure 1.

Generating the CCR5 vaccines. A) EC1 and ECL2 peptides were linked to QR VLPs through
the use of a bifunctional crosslinker (SMPH). SMPH crosslinks surface lysines on QB VVLPs
to a cysteine located at the C-terminus of the EC1 peptide or the base of the cyclized ECL2
peptide. Non-CCRS derived amino acids are highlighted in grey. Numerous copies of peptide
can be attached per coat protein, resulting in peptide presentation in a dense and repetitive array
on the VLP surface. B) Polyacrylamide gel analysis of denatured QR VLPs (lane 1), EC1-
conjugated QB VVLPs (lane 2), and ECL2-conjugated QR VVLPs (lane 3). QR VVLPs are comprised
of a single protein subunit, coat protein, which migrates with a mobility corresponding to its
molecular weight, ~14000 Daltons. Conjugation of the EC1 peptide results in higher molecular
weight species, representing individual coat protein subunits modified with 1 (+1), 2 (+2), or
3 (+3) copies of the peptide.
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Figure 2.

Antibody responses to QR-CCR5 vaccines in mice. A) 1gG antibody responses in C57BI/6 mice
immunized three times at 2 week intervals with 5 pg wild-type QR VVLPs, 10 ug QR conjugated
to the CCR5 extracellular region 1 peptide (QR-EC1), 10 pg QR conjugated to the cyclic ECL2
peptide (QR-ECL2), or a mixture of 5 ug QR-EC1 plus 5 ng QR-ECL2. This figure shows end-
point dilution IgG ELISA titers for sera taken two weeks after the final immunization against
peptides representing the CCR5 ECL2 (left panel) or EC1 (right panel). Each data point

represents the antibody titer from an individual mouse. Lines represent the geometric mean

titer for each group. B) QB-EC1 and QR-ECL2 antibodies bind to native CCR5 in vitro. 293T
cells were mock-transfected (solid line) or transfected with an expression vector encoding pig-
tailed macaque CCRS5 (dashed line). Two days after transfection, cells were incubated with a
PE-labeled monoclonal antibody (3A9) that binds to the EC1 domain of CCR5 (top left),

secondary antibody alone (left middle), pooled protein G-purified 1gG from QB-immunized

mice (bottom left), protein G-purified 1gG from QB-EC1 immunized mice (top right), and
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protein G-purified 19G from QB-ECL2 immunized mice (bottom right), and then antibody

binding was assessed by flow cytometry. Geometric mean fluorescence values are shown
below each panel.
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Figure 3.

Inhibition of SIVmac251 infection. SIVmac251 inhibition was measured using MAGI-
ptCCRS indicator cells pretreated with sera from immunized mice for 30 minutes at 37 degrees
and then infected with approximately 100 infectious SIVmac251 particles. Two days after
infection, infected cells were scored by counting the number of blue cells in each well.
Inhibition of SIV infection was determined by comparing the number of blue (infected) nuclei
in the presence of purified 1gG versus the number of blue nuclei in the absence of IgG. Data
represents the average of two different experiments; error bars show standard error of the mean.
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A

Figure 4.

QpB-EC1 virus-like particles survive nebulization. QR-EC1 was nebulized and then captured
and reconcentrated by filter centrifugation. Particles were then adsorbed to carbon-coated grids,
were stained with 1% uranyl acetate, and were examined with a Philips electron microscope
model EM 400RT at magnification x36,000. Shown is QR-EC1 prior to (A) or post-nebulization

(B).
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Figure 5.

Systemic 1gG and IgA responses in rats immunized with QB-EC1 VLPs. A) Groups of three
rats were immunized intramuscularly (squares) or via the pulmonary route with (triangles) or
without (circles) CTB adjuvant. Immunizations were carried out on days 0 and 14, sera were
collected at the time points indicated, and antibody levels were determined by end-point
dilution ELISA. Shown in the top panel are anti-Qp IgG (left) and anti-Qp IgA (right) antibody
titers, and on the bottom panel anti-EC1 IgG (left) and anti-EC1 IgA (right) antibody titers.
The data shows the geometric mean titer of three immunized rats and error bars represent SEM.
B) Comparison of 1gG and IgA serum anti-EC1 titers in rats one week following a second
inoculation with QB-EC1. Rats received two intramuscular inoculations, two inoculations via
aerosol, or an intramuscular prime followed by an aerosol boost. C) Kinetics of serum anti-
EC1 responses in individual rats receiving an IM prime followed by aerosol boosts of QB-EC1.
Rats were immunized on weeks 0, 2, 6, and 15 (arrows), sera collected at the time points
indicated and 1gG (closed circles) and IgA (open circles) titers were determined by ELISA. D)
Immunization of rats via pulmonary route induces antibodies that bind native CCR5. 293T
cells were mock-transfected (filled) or transfected with an expression vector encoding pig-
tailed macaque CCRS5 (line). Two days after transfection, cells were incubated with a PE-
labeled monoclonal antibody 3A9 (top), pooled protein G-purified 1gG from QB-EC1
immunized rats (middle), and pooled protein G-purified 1gG from QB-immunized rats
(bottom), and then antibody binding was assessed by flow cytometry.
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Figure 6.

Anti-Qpf and -ECL titers in mucosal washes of immunized rats. Bronchi-alveolar lavage fluid,
feces, and uterine lavage samples were collected at necropsy, diluted 1:1 in PBS, and anti -
Qp and -EC1 IgG and IgA antibodies levels were measured by ELISA. Rats were immunized
with QB-ECL1 via the intramuscular route (black), the pulmonary route with or without CTB
adjuvant (dotted or lined fill, respectively), or given an IM-prime followed by aerosol boosts
(nofill). As a negative control, a fifth group was given an IM prime followed by aerosol boosts
of QB VLPs alone (grey). Shown are (A) anti-Qf 1gG, (B) Anti-Qp IgA, (C) anti-EC1 IgG,
and (D) anti-EC1 IgA.
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Figure 7.

Aerosol exposure, but not intramuscular immunization, results in vaccine specific B cells in
the lung. Lymphocytes were isolated from lungs of rats receiving intramuscular (IM) or
pulmonary (Aer) deliveries of QB-EC1 either with or without CTB adjuvant. Cells were
analyzed by ELISPOT for IgG (A) and IgA (B) secreting QB- and EC1-specific B-cells. As a
positive control, one group received an IM prime followed by aerosol boosts of QB VLPs alone
(panels A and B).
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Table 1

Experimental design
SgeciesllnoculumlDeIiverv & Dose Vaccination Schedule |Sacrificed @|
Mice |QB-EC1 |intramuscular + IFA (10 uq) eeks 0, 2 27 weeks
Mice |QB-ECL2|Intramuscular + IFA (10 ug) eeks 0, 2 27 weeks
Rats _|0B IM prime (15uq), aerosol boost (100ug)jweeks 0 (IM), 2, 6,15 (A6 weeks
Rats __|OB-EC1 |IM prime (15uq), aerosol boost (100uqtNeeks 0 (IM), 2, 6,15 (A)I6 weeks
Rats |OB-EC1 |IM + IFA (15uq) eeks 0, 2 6 weeks
Rats _ |QB-EC1 |Aerosol only (100ug) eeks 0, 2 6 weeks
Rats |OB-EC1 JAerosol + CTB adjuvant (100uq) eeks 0, 2 6 weeks
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