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Abstract

Advances in vaccine technology are occurring in the molecular techniques used to develop
vaccines and in the assessment of vaccine efficacy, allowing more complete characterization of
vaccine-induced immunity correlating to protection. FIV vaccine development has closely
mirrored and occasionally surpassed the development of HIV-1 vaccine, leading to first licensed
technology. This review will discuss technological advances in vaccine designs, challenge
infection assessment, and characterization of vaccine immunity in the context of the protection
detected with prototype and commercial dual-subtype FIV vaccines and in relation to HIV-1.
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Introduction: FIV and HIV-1 classification and structural vaccine targets

Classification of virus isolates is essential to deriving lentiviral vaccines. Based on the
genetic makeup of their full genome, isolates of both FIV and HIV-1 are classified as
subtypes. FIV is currently classified into five subtypes, whereas HIV-1 is categorized into
three groups (M, N, O) with the most common group M divided into at least nine subtypes
(YYamamoto et al., 2007). Both FIV and HIV-1 subtypes are distributed throughout the
world. There are generally 7-27% nucleic acid difference between subtypes (inter-subtype
difference) and 2-17% nucleic acid difference within subtype (intra-subtype difference) for
both FIV and HIV-1 (Table 1). FIV and HIV-1 vaccines are difficult to develop due to these
large intra- and inter-subtype variations. Individual isolates of FIV and HIV-1 not only
mutate within the infected host, but recombination can occur between isolates of either the
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same or different subtypes (Bachmann et al., 1997; Blackard et al., 2002). Major subtype
recombination can be determined by sequencing the full viral genome (gag-pol-env) and
analyzed using phylogenetic techniques. In comparison, small recombination within select
regions of group associated antigen (gag), polymerase (pol), or envelope (env) genes is
determined by comparative analysis of the select regions and is often undetectable by
phylogenetic tree analysis. Conserved and variable regions exist within each viral protein.
Moderately conserved sequence regions are generally retained amongst strains from both the
same and different subtypes; while highly conserved regions are sometimes even retained
between lentiviruses (Matsuo et al., 1992). If the goal is to make a single universal vaccine
for all global isolates of either FIV or HIV-1, then such a vaccine needs to include protective
conserved epitopes.

The most variable epitopes of FIV and HIV-1 are found in the surface envelope (SU Env)
and transmembrane (TM) Env regions. The SU region contains important primary receptor
binding sites, while the TM binds a secondary cellular receptor, allowing the virus to
penetrate the cellular membrane (Zolla-Pazner, 2004; Miyazawa, 2005). Variations in these
regions make it difficult for the host to produce virus neutralizing antibodies (VNAS) with
broad neutralizing activities. Efforts have been made to identify regions conserved between
different isolates that can induce broad VNAs. A region called membrane proximal external
region of the HIV-1 transmembrane contains VNA epitopes generating the broadest VNAs
(Zolla-Pazner, 2004). However, recent HIV-1 studies suggest this region has very poor
immunogenicity and that antibodies to this region may function as autoimmune antibodies
(Haynes et al., 2005). VNAs have also been induced to the binding regions of primary and
secondary receptors (Zolla-Pazner, 2004, Pantophlet and Burton, 2006), but these antibodies
are generally less cross-neutralizing and thus, lack the broad VN activities of those
generated against membrane proximal external region (Zwick et al., 2001; Zolla-Pazner,
2004). Recent phase-I11 trials in humans using a recombinant surface SU Env (gp120)
vaccine showed no protection against HIV-1 infection (Flynn et al., 2005). The gp120
vaccine induced type-specific VNAS but only few antibodies capable of neutralizing
circulating primary isolates (Schultz and Bradac, 2001). Cytotoxic T lymphocyte (CTL)
activities to gp120 were reported to be CD4* (Stanhope et al., 1993; Gorse et al., 2000).
Another phase-111 trial using prime-boost with ALVAC-HIV (DNA vaccine with gp120/
gp41l/Gag/Protease) followed by AIDSVAX B/E (gp120 of subtype B and circulating Env
E) is currently underway in Thailand (Girard et al., 2006). This vaccine combination
induced type-specific VNAs in majority of vaccinates and HIV-specific CD8* CTL ina
small percentage of vaccinates in phase-I/11 trials (Nitayaphan et al., 2004).

HIV-1 induced cellular immunity has broad multi-subtype activities (Cao et al., 1997; Norris
etal., 2004). As a result, induction of virus-specific cellular immunity is thought to be
critical for the efficacy of both HIV-1 and FIV vaccines (Mooij and Heeney, 2002;
Yamamoto et. al., 2007). The two major cellular immune functions analyzed for vaccine
protection are those produced by CD4* T-helper (TH) cells and CD8* CTLs (Mooij and
Heeney, 2002; Nitayaphan et al., 2004). Epitopes for TH and CTL activities are located in
most HIV-1 proteins (Los Alamos National Laboratory, 2006). T-cell immunity of TH and
CTL is generally MHC-restricted; therefore, HIV-1 and FIV vaccines need to include TH
and CTL epitopes presented in the context of a diverse set of MHC haplotypes. HIV-1
epitope mapping reveals Gag p24 and Nef have the most CTL epitopes that are recognized
by many MHC-I alleles (Los Alamos National Laboratory, 2006). Of the known HIV-1 TH
epitopes, Gag p24 and Env gp160 have the most TH epitopes recognized by the largest
number of MHC-I1 alleles. To date, FIV Gag p24 and Env gp140 have been reported to have
CTL epitopes (Flynn et al., 1995; Li et al., 1995). Little is known about TH and CTL
epitopes for FIV. FIV has only few regulatory genes (vif, vpr, rev) (Myazawa et al., 1994;
Gemeniano et al., 2004) whose gene products can serve as potential immunogens in addition
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to the viral structural proteins and enzymes. The majority of HIV-1 TH and CTL epitope
mapping has been performed in HIV-1-infected humans (Addo et al., 2003; Cao et al., 2003;
Kaufmann et al., 2004). Unfortunately, epitope mapping in infected individuals may not
predict the epitopes that elicit protective immunity generated by vaccination. The FIV/cat
model has a unique advantage in that vaccine epitopes can be tested in cats by viral
challenge, thus the efficacy of the immunogen in eliciting sterilizing protection can be
determined. In vivo challenge also allows for TH and CTL epitope mapping, enabling the
FIV epitopes detected in infected cats to be compared with epitopes recognized in response
to vaccination. Such comparisons provide information about epitopes important for lentiviral
vaccine protection.

FIV vaccine approaches and challenge system

The majority of veterinary viral vaccines are modified live vaccines (MLV). MLV contain
an inoculum of live avirulent virus, which is attenuated by molecular deletion or by
modification induced from a natural event. This approach cannot be used to make an FIV
vaccine, since recombination can occur between live wild-type FIV and MLV FIV, resulting
in MLV reversion to wild type FIV. Further, such recombination may lead to recombinant
viruses that can escape vaccine immunity (also called breakthrough) and induce
immunodeficiency diseases. The same concern existed for vaccines against feline leukemia
virus (FeLV), a feline retrovirus which causes immunodeficiency and hematopoietic cancer
(Quackenbush et. al., 1990). FeLV vaccines are generally inactivated (also called killed)
whole virus (IWV). Based on the success of FeLV-IWV vaccines, many of the experimental
FIV vaccines were based on IWV or inactivated whole FIV-infected cells (IWC). MLV for
FIV have been used to experimentally identify viral epitopes and immune mechanisms
important for vaccine protection.

FIV vaccines based on IWV, IWC, or MLV have been evaluated as vaccine immunogens
with varying success (Table 2-Table 3). Experimental MLV containing various molecular
deletions of FIV enzymes or regulatory genes have been tested alone or as part of prime-
boost approaches using an attenuated or vectored vaccine for priming and subunit or
inactivated vaccine for boosting (Tellier et al., 1998; Dunham et al., 2006). The attenuated
vaccines generally elicited moderate levels of cellular immunity and significant antibody
responses but had minimal-to-no success against homologous FIV challenges (Table 2).
Recombinant subunit vaccines have been delivered either in a vector as a genetic vaccine or
in an adjuvant as a protein vaccine. Both vectored and protein subunit vaccines provided
marginal-to-no success even against homologous FIV challenge (Table 2). The most
successful experimental FIV vaccines against heterologous in vivo-derived strains were
made using conventional vaccine approaches and were either IWV or IWC (Table 3) (Uhl et
al., 2002; Yamamoto et al., 2007). Improvements in the production of IWC and IWV
vaccines have been made through the use of bioreactors and synthetic media which
facilitates mass production with minimal purification steps (Kallel et al., 2002, 2003;
Yamamoto, 2002). The composition of adjuvants delivered concurrent with protein vaccines
has also been improved in order to enhance immunity to the immunogen. Newer approaches
currently being investigated are the use of toll-like receptor stimulants and T-helper-1 (TH1)
cytokines as adjuvants (Naylor and Hadden, 2003; Seya et al., 2006). As more vaccines are
being developed to induce antigen-specific CTL activities, TH1 cytokines are being used to
polarize the immunity towards CTL functions. In addition, TH1 cytokine genes are being
used as part of molecular vaccines to enhance CTL activity of the vaccine (Carlarota and
Weiner, 2004).

Conventional IWC and IWYV vaccines based on single FIV strains have been protective
against low challenge doses of homologous or homologous-subtype in vitro-derived FIV
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challenge (Yamamoto et. al., 1991, 1993; Hosie et al., 2000; Pu et al., 2001). A conventional
single-strain IWC vaccine was also successful against contact challenge with cats infected
with homologous-subtype strains (Matteucci et al., 2000). However, IWC and IWV vaccine
efficacy decreased significantly against moderate-to-high challenge doses even those
composed of in vivo-derived homologous or same subtype strains (Pu et al., 2001;
Yamamoto et al., 2007). Contact challenge is the best challenge system in terms of
simulating the natural mode of transmission. However, this challenge system takes a very
long time for 100% of the control cats to become infected. In fact, only 30-50% of the
control cats were infected within 1.5 years (Matteucci et al., 2000; Kusuhara et al., 2005).
The dose of virus transmitted by the contact challenge system is much lower than the
challenge doses used in most FIV and SIV vaccine trials since majority of the studies use
challenge dose of 10 IDgy or more. In order for FIV infection of domestic cats to serve as
small animal model for human HIV/AIDS, the challenge doses need to be moderate to high,
which means they are at least 25 times the natural transmission dose of cats (i.e., 25 CIDsgg).
Consequently, the best system for challenge is to inoculate with in vivo-derived inoculum
and include both doses typical of natural transmission and moderate-to-high challenge doses
(25-100 CIDsp) needed as AIDS model. Under such rigorous challenge conditions, to date
only a dual-subtype FIV vaccine has successfully conferred protection against in vivo-
derived inoculums of heterologous-subtype strain (Pu et al., 2005; Yamamoto et al., 2007).
The dual-subtype FIV vaccine consisting of chemically inactivated subtype-A and -D
viruses was commercially released in USA in 2002 (Uhl et al., 2002). Dual subtype (A + D)
FIV vaccines have successfully conferred protection against low to high doses of
homologous in vivo-derived inoculum as well as low to moderate doses of heterologous
subtype-B viruses (Table 2) (Yamamoto et al., 2007).

Analysis of challenge infection has also improved with advances in molecular techniques.
Polymerase chain reaction (PCR) technology for analysis of challenge-virus infection has
improved sensitivity of detection. Hence, efficacy of FIV vaccine trials has been tested
under increasingly stringent protocols using both conventional virus detection systems and
highly sensitive PCR analysis for FIV infection in blood and tissues.

Characterization of protective immunity induced by dual-subtype FIV

vaccine

Both humoral and cellular immunity induced by the prototype and commercial dual-subtype
FIV vaccines are under investigation. Antibody immunity has been studied more extensively
in vaccinated cats than cellular immunity. Two major antibody immunities thought to be
important for HIV-1 and FIV vaccines are VNA and antibody-dependent cytotoxic cell
(ADCC) activities (Karnasuta et al., 2005; Girard et al., 2006; Yamamoto et al., 2007). For
both HIV-1 and FIV, the literature on VNAS is more extensive than that on ADCC. The key
immunocyte involved in ADCC response is natural killer (NK) cell, which has antiviral
activity with or without ADCC antibodies (Amed and Amad, 2003). Unlike T cells, NK
cells are not MHC-restricted, although they respond to specific MHC ligands to direct their
cytotoxic activity. The role of NK cells and innate immunity has become an important
subject for HIV-1 vaccine development (Ahmed and Ahmad, 2003; Levy et al., 2003).
However, little is known about the role of vaccination in inducing NK-cell and ADCC
activities in dual-subtype vaccinated cats. As discussed earlier, CD4* TH and CD8* CTL
are the two major cellular immunities most frequently investigated in both HIV-1-infected
individuals and experimental HIV-1 vaccine immunized subjects. Analysis of cellular
immune responses is much more difficult than antibody immunity due to MHC restriction of
T-cell functions. VNA and T-cell immunity induced by dual-subtype vaccination are
discussed below within the context of the technology available to assess these immunities.
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Vaccine-induced VNA immunity

VNA titers induced by dual-subtype FIV vaccines have been the major humoral immunity
so far evaluated. Specific pathogen free (SPF) cats vaccinated with commercial dual-subtype
FIV vaccine had higher titers of VNAs compared to those given the prototype dual-subtype
FIV vaccine (Pu et al., 2004). Commercial dual-subtype FIV vaccine is composed of IWC
(1.5x107-2.5x107 cells/dose) with a small concentration of IWV (50 pg/dose) in Fort Dodge
adjuvant (Pu et al., 2005); whereas, prototype vaccine is composed of a high concentration
of IWV (250-500 pg/dose) in Fort Dodge adjuvant supplemented with IL-12. The IWV in
prototype vaccine is produced by ultracentrifugation for a virus pellet without any gradient
purification. Gradient purification is omitted to prevent the loss of the SU (gp95/100)
attached to TM. Pooled virus pellets are then inactivated by paraformaldehyde (1.25-2.5 pg/
ml) and dialyzed against PBS to remove paraformaldehyde. In general, IWC vaccines are
known to induce higher VNA titers than IWV (Yamamoto et al., 1991). It is speculated that
the higher VNA titers induced by commercial vaccine are due to the presence of various
transitional stages of SU and TM interactions on the cell surface of IWC (Finnegan et al.,
2001; Zolla-Pazner et al., 2004), which are not present on SU and TM of IWV. This is not
caused by the antibody responses to MHC-I1 on the IWC, since IWV vaccine has as much or
more MHC-II than the commercial vaccine (Pu et al., 2004). Furthermore, both sera from
IWC-vaccinated and IWV-vaccinated cats preabsorbed extensively with uninfected vaccine
cells retained the VNA titers even though ELISA anti-cell antibodies were significantly
decreased by >70% (Hohdatsu et al., 1993).

The sera from commercial dual-subtype-vaccinated cats had much higher VNA titers to
homologous vaccine strains (FIVpet and FIVgpy;) than to either heterologous subtype-B
strains or homologous subtype-A FIVg g (Fig 1). In contrast, sera from prototype dual-
subtype-vaccinated cats had high VNA titers to vaccine strain FIVpgt, but had little-to-no
VNA titers to vaccine strain FIVgp;; recombinant subtype-A/B strain FIVgang; heterologous
subtype-B FIVEc1 and FIV\p; and homologous subtype-A strain FIVg g (Fig 1). The
majority of prototype-vaccinated cats developed ELISA antibodies to SU and TM,
suggesting that VNA epitopes were not exposed even though SU and TM were present in
the IWV. The inability of the dual-subtype vaccine to induce VNASs to homologous subtype-
A FIV | g may result from the observation that FIV g g does not express high levels of Env
(Hosie et al., 2005). Based on our immunoblot analysis, FIV g g virions do not retain high
levels of SU when compared to FIVpet. In fact, FIV g g-infected cats do not generally
produce significant titers of VNAs to FIV ) g (Pu R and Yamamoto JK, personal
communiqué). These results suggest that the FIVV g g isolate is indeed a VNA-resistant
strain. Passive-transfer studies using inactivated sera from FIVpg-infected cats with high
FIVper—specific VNA titers protected passive-transfer recipients against FIVpg; challenge,
while SPF cats passively transferred with sera from uninfected/nonvaccinated cats were not
protected against the same challenge (Hohdatsu et al., 1993). This finding demonstrates that
FIVpet is @ VNA-sensitive strain. Similar passive-transfer studies using inactivated sera from
FIVykg-infected cats should determine the importance of antibodies, especially the VNAs
against VNA-resistant strains. Moreover, passive-transfer studies with vaccine-induced
antibodies can determine the importance of antibody immunity in protection against
homologous- and heterologous-subtype strains.

Passive-transfer studies with sera from dual-subtype vaccinated cats—In order
to analyze the protective efficacy of VNASs and antiviral antibodies, pooled sera from either
commercial dual-subtype-vaccinated cats or nonvaccinated cats were passively transferred
to naive SPF cats (Table 4). Passive-transfer recipients were challenged IV 1-day post-first
passive transfer with homologous FIVpet. All recipients of vaccine sera in this pilot study
were protected, whereas all recipients of PBS or sera from nonvaccinated cats were not
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protected. The four vaccinated donors resisted challenge with heterologous subtype-B
FIVEc1, while three PBS-immunized cats became infected with FIV ¢ (data not shown).
Thus, FIVgcy is resistant to vaccine-induced VNAS and yet dual-subtype-vaccinated cats are
protected against FIVgcy challenge.

In the next passive-transfer study, partially purified antibodies from either vaccinated or
nonvaccinated cats were passively transferred to naive SPF cats. Partially purified antibodies
were prepared by ammonium sulfate precipitation (Harlow and Lane, 1988). Four of seven
recipients of vaccine antibodies, two of three recipients of antibodies from nonvaccinated
cats, and two of three PBS-immunized cats were challenged with FIVpg;, while remaining
cats were challenged with FIVgc1. Cats that received vaccine antibodies were protected
against FIVpet challenge but not against FIVEc; challenge. These preliminary results suggest
that vaccine protection was achieved with antibody immunity against a VNA-sensitive strain
but not against a VNA-resistant strain. In this passive-transfer study, the partially purified
vaccine antibodies had VNA titer of 750. Since the passive-transfer recipients received
antibodies equivalent to 30% of their total blood volume, the vaccine-antibody recipients
should have VNA titer of at least 100 immediately after the passive transfer. Based on our
previous experience of 2-3 fold decreasing titer of transferred VNA per week (Hohdatsu et
al., 1993), these cats at 1-week post transfer should have 37-56 VNA titers, which are
similar to the protective VNA titers observed in passive-transfer study in SHIV/macaque
model (Nishimura et al., 2002; 2003).

Vaccine-induced T-cell immunity

Initial cellular immunity induced by dual-subtype vaccine was determined by measuring
MRNA levels and biological activities of TH cytokines and CTL mediators in response to
FIV antigenic stimulation (Omori et al., 2004). TH1 cytokines are known to mediate cellular
immunity, while TH2 cytokines mediate predominantly antibody immunity. Expression of
the TH1 cytokines interferon-y(IFNvy) and interleukin-2 (IL-2), and the TH2 cytokines IL-4
and IL-6 was analyzed. The CTL mediators monitored were perforin, tumor necrosis factor-
a (TNFa), and IFN-y. The peripheral blood mononuclear cells (PBMC) of the vaccinated
cats had FIV-specific IFNvy, IL-2, and perforin responses when compared to PBMC from
placebo-immunized cats (Fig 2) (Omori et al., 2004). FIV-specific TH2 cytokine responses
were not detected in the PBMC from vaccinated cats. These results suggested that TH1 cells
and CTLs may be the basis for the vaccine immunity important in protection against FIV
infection. In order to define the cell types involved in the vaccine protection, adoptive-
transfer studies were performed using isolated cell populations of B cells, T cells, CD4* T
cells, and CD8* T cells, described below.

Characterization of FIV-specific T-cell immunity by adoptive-transfer studies
—The first adoptive-transfer studies were performed using MHC-half-matched parents and
their progeny (Pu et al., 1999). These studies using single-strain FIVpgt IWV vaccine
suggested that recipients of adoptive transfer with peripheral blood cells from vaccinated/
MHC-half-matched cats were more frequently protected against homologous FIVpegt
challenge. The adoptive-transfer protection was MHC-restricted based on the finding that
recipients of cells from vaccinated/MHC-unmatched cats were not protected. In order
increase the protection rate, improvements in generating MHC-matched cats were needed.
To this end, SPF cats were inbred for MHC compatibility based on mixed leukocyte reaction
(MLR) analysis. MLR analysis is frequently used as an additional analysis for matching
MHC-II compatibility between human transplant donors and recipients (Jeras, 2002). The
level of inbreeding was later determined by MHC-I and MHC-I1 sequence analyses using
modified primers based on those described by Yuhki and O’Brien (Yuhki et al., 1989; Yuhki
and O’Brien, 1990, 1997). The first generations (F1) were backcrosses between parent and
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progeny, and the subsequent generations were from breeding between MLR-matched
siblings. Semi-inbred cats from F2—F4 generations were used in three adoptive-transfer
studies against homologous FIVpg; (Studies 1 and 2) or heterologous-subtype-B FIVgcq
(Study 3) at 25 CIDs given one day after the adoptive transfer (Table 5) (Pu et al., 2006). In
Study 1, 3 of 4 adoptive-transfer recipients of T-cell-enriched population from vaccinated/
MLR-matched siblings were protected, while all four recipients of either B cells from
vaccinated/MLR-matched siblings or PBMC from unvaccinated/unrelated cats were
infected. In Study 2, 4 of 4 recipients of T-cell-enriched population, 2 of 3 recipients of
CD8* T cells, and 2 of 3 recipients of CD4* T cells from vaccinated/MLR-matched donors
were protected. All four cats that received either PBS or T-cell-enriched populations from
nonvaccinated/matched donors were infected. In Study 3, 2 of 4 recipients of T-cell-
enriched population from vaccinated/MLR-matched siblings were protected against
heterologous-subtype challenge, while both recipients of T-cell-enriched population from
vaccinated/MLR-unmatched cats and the 2 recipients of PBS were not protected.

These cats were matched by MLR. Since this does not assess MHC-I homology, the cats in
Study 2 were extensively evaluated by MHC-I sequencing. Thirty-seven percent of the
MHC-I sequences tested were identical at the peptide binding region between the pairs of
protected recipient and vaccinated/MLR-matched donor. The unprotected recipient of CD8*
T-cell population was not significantly matched with the vaccinated donor at MHC-1, since
90% of MHC-I sequences were unmatched at the peptide binding region. These observations
suggest that the lack of protection by this pair was most likely caused by the lack of MHC-I
compatibility. In contrast, the unprotected recipient of CD4* T-cell population was identical
in at least 80% of MHC-1 sequences with vaccinated/MLR-matched donor. However, the
adoptively transferred CD4" T cells require MHC-I1 compatibility for their effector
function. Hence, a careful analysis of MHC-II may be needed between this pair. Preliminary
MHC-I1 sequence analysis of this pair indicates identical sequences at the MHC-11 DRA
peptide binding region, but only 50% of the MHC-11 DRB sequences are identical at the
peptide binding region. Since the MHC-II molecule consists of one molecule each of DRA
and DRB, this lack of MHC-II sequence identity at DRB may result in differences in peptide
recognition and enhanced donor cell rejection. Therefore, the lack of protection observed in
this recipient of CD4* T cells can be explained by the lack of MHC-11 compatibility between
the donor and recipient cells. Similar MHC sequence analysis is currently underway for
Study 3.

Vaccine epitope mapping for FIV-specific TH and CTL functions

Several technical advances have improved evaluation of antigen-specific responses and have
enabled T-cell epitopes to be both identified and functionally characterized. These include:
IFN-y enzyme-linked immunospot (IFN-y ELISPOT), intracellular staining (ICS),
Microbeta Trilux-based proliferation assays, and immunomic microarrays. The use of
overlapping peptides provides a rapid method for screening large numbers of sequences, and
T-cell epitopes can be mapped using these assays by assessing the cellular responses to
target peptides.

Feline IFN-yELISPOT

IFN-y ELISPOT assays are used to quantify antigen-specific T cells and have generally
replaced the chromium release CTL assay, as they are easier and faster to perform. In
addition, IFN-y production generally occurs before T cells proliferate, and therefore is an
early event in T-cell activation. A feline IFN-y ELISPOT assay has been developed and the
ability to use it on both PBMC and targeted subsets of T cells (i.e., CD4+ or CD8+) has
allowed for more complete characterizations of the feline immune response (Dean et al.,
2004, Sirriyah et al., 2004). For example, the immunogenicity of Gag-p24 has been analyzed
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using feline IFN-y ELISPOT assays to measure the responses of PBMC isolated from both
FIV-infected and dual-subtype vaccinated cats following exposure to overlapping p24
peptide pools (15mers with 11 aa overlap; 3—4 peptides/pool). PBMC from both vaccinated
cats and cats infected with a highly pathogenic strain of FIV (FIVgc1) had high IFNy
responses to multiple p24 peptide pools (Fig 3). In contrast, PBMC isolated from cats
infected with low pathogenic FIVpe; generally had minimal IFN-y responses. The p24
peptide pools (epitopes) recognized most frequently by PBMC from vaccinated cats were
completely different from those recognized by PBMC from either FIVgc1 or FIV pg
infected cats (Fig 3). Interestingly, the pattern of p24 epitope recognition by vaccinated cats
was also significantly different from that recognized by cats infected with the live vaccine
virus (FIV pet). In addition, PBMC from vaccinated cats recognized recombinant p24
proteins and to some extent whole-FIV immunogen (IWV: inactivated FIV pg; plus FIV gi)
more efficiently than the PBMC from FIV-infected cats. These results suggest that the dual-
subtype FIV vaccinated cats have a different recognition pattern for the whole FIV-
immunogen and p24 proteins. Further characterization of this pattern of epitope recognition
will provide information critical to the understanding of vaccine protection and lead to the
development of new vaccines.

Intracellular staining (ICS), Microbeta Trilux-based proliferation assays and Immunomics

Other techniques used to assess T-cell functions include ICS, Microbeta Trilux-based
proliferation assays and immunomic microarrays, and the feline reagents for use in these
assays are available or are being developed. Perforin is a cytotoxic effector molecule found
in CTL and natural killer cells. It is upregulated in PBMC from vaccinated cats following
exposure to FIV (Omori et al., 2004). ICS for perforin can be used to compare the cytotoxic
capacity of CD8* T cells following vaccination/challenge versus FIV infection. The lytic
activity of CTL or NK cells, and cellular proliferation in response to feline IL-2 can be
measured using Benchtop Microbeta Trilux-based proliferation assays, which offer the
advantages of smaller sample size and reduction of radioactive waste over the traditional
chromium releases assays (Wallace et al., 2004). Advances in microarray technology are
allowing cellular activation profiles to be increasingly characterized. For example, protein/
DNA arrays, which simultaneously screen over 50 transcription factors, can be used on
nuclear extracts of feline cells to determine the transcription factor activation profiles
associated with FIV infection and potentially protective immunity (Uhl, personal
communiqué). Finally, T-cell epitope mapping is only part of the new field of immunomics,
which characterizes the interface between host and pathogen and bridges informatics,
genomics, proteinomics, immunology and clinical medicine (De Groot A, 2006). Such an
integrative approach has the potential to make dramatic advances in vaccine technology.

Computational modeling for T-cell immunity-based FIV vaccines

The adoptive-transfer studies with semi-inbred cats suggest that protection induced by the
dual-subtype vaccine is mediated by MHC-restricted T cells and is effective against both
homologous- and heterologous-subtype challenges. Both vaccine-induced CD4* T cells and
CD8™ T cells are important for protection. Studies are in progress to identify the vaccine
epitopes recognized by these T cells using the epitope mapping methods described above.
Developing databases for viral peptides and the binding pockets of feline MHC-1 and -1l in
the context of efficacy trials should provide a computational approach for the development
of T-cell based vaccines as well as T-helper based antibody vaccines (Fig 4). Computerized
assessment of human MHC-1 and 11 binding sites on sequences of interest is available
through website databases (De Groot et al., 2002; De Groot and Berzofsky, 2004). However,
such databases for feline MHC-peptide binding sites have not yet been developed. Such
MHC-based computerized modeling is still in the early stages of development for use in
designing vaccine immunogens for human diseases (De Groot et al., 2005A, 2005B). Once
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feline MHC-peptide binding patterns are determined the integration of efficacy results to
such a database can follow. Since unlike with human vaccines, feline vaccine efficacies can
be directly determined in cats, the establishment of a feline MHC database would be
expected to more quickly contribute to the development of new vaccines.
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Fig. 1.

Vaccine-induced VNASs to heterologous and homologous subtype strains. SPF cats,
immunized 3X at 3—-4 week intervals with Fel-O-Vax FIV vaccine, induced the most VNAs
to vaccine strains, recombinant subtype-A/B strain (FIVgang), and heterologous subtype-B
strain (FIVmp). FIVgang is a recombinant of subtype-A gag/pol/envy,;_\>and subtype-B
envys_e. VNA assay was performed with mitogen-stimulated PBMC and at 100 mean
tissue culture infectious dose of low-passage FIV strains grown in primary PBMC (Pu et al.,
2001). VNA titers are based on end-point dilution, which resulted in 50% inhibition of viral
reverse transcriptase activity. The bar represents average VNA titers for each strain. The
numbers of vaccinated cats tested are shown in the bar with percentage of cats that
responded with =10 VNA titers.
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Fig. 2.

Monitoring vaccine-induced T-cell immunity by measuring mRNA for FIV-specific Thl
cytokines and CTL mediators. SPF cats were immunized 3X-5X with prototype dual-
subtype FIV vaccine at 3—4 week intervals. PBMC from vaccinated cats at post-3rd
vaccination (panel A) and post-5th vaccination (panel B) were cultured with inactivated FIV
(F), T-cell mitogen staphylococcal enterotoxin A (S), or diluent media (M), and the cells
were analyzed 18 hours later for mRNA. Th1 cytokine (IL-2 and IFNy) mRNA, CTL
mediator (TNFa, IFNvy, perforin) mRNA, and B-actin mRNA (housekeeping gene) were
monitored. The mRNA was amplified by RT-PCR, and the amplified products were
determined by agarose gel analysis. The intensity of the bands at predicted molecular weight
sizes were determined by UV densitometry. The densitometric value representing each
cytokine or CTL mediator mMRNA was divided by the value for the B-actin mRNA to
provide the relative densitometric value. The gel profiles and corresponding relative
densitometirc value histograms of PBMC (panel A) from a cat post-3rd vaccination, and T-
cell (panel B) and B-cell (panel C) enriched populations from a cat post-5th vaccination are
shown with lanes for IFN+y, TNFa, IL-2, perforin, and p-actin. White and red arrows
represent bands indicating high levels of cytokine or CTL mediator mRNAs present after
3rd vaccination and 5th vaccination, respectively.
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Fig. 3.

FIV p24-specific IFN-yELISpot responses of PBMC from FIV-infected cats and dual-
subtype vaccinated cats. Twelve and 13 SPF cats were inoculated with non-pathogenic
FIVpet (panel A) and pathogenic FIVgc: (panel B), respectively. The challenge dose,
challenge route, and the time of blood collection for ELISpot analysis are shown in panel A
(right top). All of these cats were positive for FIV by virus isolation and proviral PCR and
by the development of FIV antibodies (Pu et al., 2001). These cats were divided into three
groups according to the following challenge doses: 15 CIDs (light-blue dot next to the cat
identification number), 25-50 CIDsq (black dot), and 100 CIDsq (red dot). Seven SPF cats
were immunized 3X-4X at 3—4 week intervals with prototype dual-subtype FIV vaccine
(panel C). PBMC from FIVpg-infected cats, FIVEc1-infected cats, and dual-subtype
vaccinated cats were incubated with FIV p24 peptide pools, FIV p24 proteins, or IWV for
18 hour in ELISpot plates. Overlapping 15mer peptides with 11 aa overlap were synthesized
based on subtype-A FIV p24 sequence and the 3—4 consecutive peptides were pooled to
derive 17 FIV p24 peptide pools (Fpl-Fpl7). Recombinant FIV p24 proteins were produced
using E. coli expression system (Coleman et al., 2005). Feline IFNyELISpot development
was performed according to manufacturer’s protocol (R&D Systems). ELISpot analyses
were performed on PBMC from vaccinated cats at post-3rd (cats QWD, BDM, 1S5) and 5th
(cats 1'Y4, 320, 326, 332) vaccinations and from infected cats at 8-26 weeks post-challenge.
Those peptide pools, which induced responses in 33-43%, 46—-67%, and =71% of the cats,
are shown with dotted-line, solid-line, and bolded-line boxes, respectively. The ratio within
the box is the number of responding cats over total number of cats tested. In general, PBMC
from nonpathogenic FIVpg-infected cats had lower IFN-yresponses to overlapping peptide
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pools than PBMC from pathogenic FIVgc-infected cats. Furthermore, the peptide pools
most frequently recognized above threshold were different between the PBMC from FIVpg-
infected cats and those from FIVgc-infected cats. The FIV doses or routes used for
infection were most likely not the cause of the difference since the cats with different
inoculation doses and routes were evenly distributed between the two strains. The PBMC
from vaccinated cats had robust IFNyresponses to FIV p24 proteins, IWV, and to multiple
peptide pools. Furthermore, the vaccinated cats recognized p24 peptide pools, which were
generally different from the pools recognized by the infected cats.
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Dual-subtype FIV vaccine
immunization
Vaccine
Database 1 Database 2 Database 3
MHC Sequence Vaccine Epitope Vaccine Challenge
Analyses Mapping Efficacy Trials
Vaccine peptide binding Pre- vs. Post-challenge VNA, CTL, & TH induction
Protected vs. Unprotected Level of protection
B B 0
— — —

Computational model for T-cell based vaccines

Fig. 4.

Computational modeling for T-cell immunity-based FIV vaccines. Propred-1 and Propred-I1
epitope prediction tools are few of the known databases for identifying peptides binding to
HLA class-1 and class-11, respectively (De Groot et al., 2002). Los Alamos National
Laboratory (LANL) database provides antibody, TH, and CTL epitope mapping for HIV-1
mainly derived from infected humans or vaccinated humans or animals (LANL, 2006).
Similar epitope prediction tools based on feline MHC-I and —I1 can be produced concurrent
to the sequencing of MHC alleles in domestic cat population (database 1) and to the epitope
mapping generated by T-cell assays using semi-inbred cats (database 2). Vaccine epitope
analysis can be performed directly in the natural host by immunizing potential protective
peptides and evaluating the protective efficacy of these peptides against FIV challenge

(database 3).
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Table 1

Intra-subtype and inter-subtype variations of HIV-1 and FIV?

HIV-1 (Group M)P FIV (Felis catus)®

Intra-subtype  Inter-subtype Intra-subtype  Inter-subtype
gag 7.6(23-132) 14.2(7.7-17.4) 6.4(3.7-8.4) 18.6 (14.0 - 21.6)
env 11.7(43-16.6) 19.7(151-21.6) 11.0(6.7-14.1) 21.9(13.3-26.6)

a L
Average and range of % nucleic acid differences are shown for gagand env genes.

bHIV—l strains with subtype used for gag and env analyses are Q23-17 (A), 92UG037 (A), 97CDKTB48 (A), 94CY017.41 (A), HXB2CG (B),
BK132 (B), 1058-11 (B), 92BR025 (C), 21068 (C), 04ZASK146B1 (C), ELI (D), 94UG114 (D), 93BR020 (F), 96FR-MP411 (F), 02CM.0016BBY
(F), 95CM-MP255 (F), DRCBL (G), SE6165 (G), V1991 (H), V1997 (H), 90CR056 (H), SE9280 (J), SE9173 (J), 96CM-MP535 (K), and 97ZR-
EQTB11 (K); and for envanalysis alone is 01TZA280 (D).

CFIV strains with subtype used for gagand envanalyses are PPR (A), Petaluma (A), GL8 (A), MD (B), FC1 (B), BM3070 (C), and Shizuoka (D);
and for envanalysis alone are Yokohama (B), Aomori2 (B), and Fukuoka (D).
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Table 2
Efficacy of experiment FIV vaccines derived by molecular technology?
Study?  Vaccine(Route)cd Challenge FIV ClDgyRoute)ed ~ Protection Rate  Comments (Refer ence)

Subunit Vaccine

1A
1B
1C

2A
2B

3A
3B
3C

4A
4B
4C

5A
5B
5C
5D

Attenuated Vaccine based on Deletion or Substitution

pDNA-Pet-env (ID/IM)
pDNA-Pet-env (IN)
pDNA empty (ID/IM)

VRP-NCSU1-gag/env (SC)
VRP-GFP (SC)

19k1-Env protein (SC)
19k1-Env(AV3-V5) protein (SC)
PBS (SC)

LM-NCSU1-gag/pDNA-env (PO)
LM wt (PO)
PBS (PO)

Pet-Orf-A protein (SC)
pDNA-Pet-Orf-A (IM)

pDNA-Orf-A (IM) + Orf-A protein (SC)
Alum (SC) or pDNA-empty (IM)

6A
6B
6C
6D
6E

A
B

8A
8B
8C
8D

9A
9B
9C
9D
9E

10A
10B

GL8A/N+PDNA-/L18(IM)
GL8A/N+PDNA- L 18+IL1Z(IM)
GL8ART+pDNA-/LI8(IM)
GL8ART+PDNA-/L18+IL12 (IM)
PDNA + pDNA-/L18+/L12(IM)

Pet-Aorf-A (SC)

None

Pet-env-TN14 (IP)
Pet-env-TN92 (IP)
Pet wt (IP)

None

GL8A/N+PDNA-IEN(IM), Pet-IWV (SC)
GL8A/N+PDNA-IEN(IM)

Pet-IWV (SC)
GL8A/N+PDNA-IEN(IM)+Pet-IWV (SC)
PBS (SC)

pDNA-PPRAVIATG/IFNy(IM)
pDNA-PPRAVIF(IM)

Vet Immunol Immunopathol. Author manuscript; available in PMC 2013 February 25.

Pet
(107 1P)

NCSU1
(cell / Vag)

AM19
(207 1M)

NCsU1
(CF+cell /Vag)

Plasma Pet
(10/1V)

Pet
(2511P)

Plasma Pet

10/1v)

Wo
(10/1P)

GL8 clone
(10/1P)

PPR
(10/1M)

1/4
0/4
1/8

0/4
0/4

0/3
0/4
0/5

0/5
0/5
0/5

0/5
0/5
0/5
0/8

1/6
216
216
0/6
0/6

3/9
0/6

0/5
1/5
0/5
0/5

1/6
1/6
0/6
0/6
0/6

0/5
0/5

Enhanced plasma virus load
in Group 1B (Richardson et
al., 2002)

(Burkhard et al., 2002)

Enhanced plasma virus load
in vaccinates; 19k1 is
molecular clone of AM19
(Huisman et al., 2004)

Lower proviral load & higher
CD4* T cells (Stevens et al.,
2004)

Early enhanced plasma virus
load; later virus decrease &
higher CD4* T cells (Pistello
et al., 2006)

4 protected cats became
infected after GL8 challenge
but has lower GL8 provirus
& plasma virus loads than 4
controls (Dunham et al.
2002)

(Pistello et al., 2005)

Pet and Wo from subtype A
(Broche-Pierre et al., 2005)

Lower proviral PBMC &
lymph node loads & higher
CD4* T cells in groups 9B &
9C; (Dunham et al., 2006)

(Gupta et al., 2006)
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Study?  Vaccine(Route)cd Challenge F1V ClDgy/Route)ed  Protection Rate  Comments (Refer ence)
10C  pDNA-PPRAVf-pDNA-IFNy (IM) 0/5
10D Saline (IM) 0/5

aExperimental vaccine trials reported in years 20022006 are shown for FIV vaccines derived by molecular technology. Earlier vaccine trials are
summarized in previous publications (Elyar et al., 1997; Uhl et al., 2002).

bFIV strains for vaccine and challenge are Petaluma (Pet), North Carolina State University-1 (NCSU1), Amsterdam-19k1 clone (19k1),
Amsterdam-19 (AM19), Glasgow-8 (GL8), San Diego PPR (PPR), and France-Wo (Wo).

CSubunit and attenuated vaccines are described with construct derivation, FIV strain of the vaccine, and FIV gene or protein of the vaccine.
Vaccines consisted of plasmid DNA (pDNA), Venezuelan equine encephalitis virus-replicon particles (VRP), Listeria monocytogenes vector (LM),
recombinant protein, inactivated whole virus (IWV), and deletion or substitution mutants. Adjuvants for protein vaccines were ISCOM (Study 3),
alum (Study 5), and Quil A (Study 9). Attenuated vaccines consisted of substitution(s) in envgene (7N14, TN92) or deletions of integrase (A/N),
reverse transcriptase (4R7), open-reading frame-A (4orf-A), or vif (Avif) gene. Controls were either non-immunized cats or cats immunized with
wild type (wt) organism, saline, or PBS. Group 9A in Study 9 was primed IM with GL8 A /A*+pDNA-/FNy and boosted SC with Pet-IWV.

Routes of immunization or challenge are intradermal (ID), intramuscular (IM), subcutaneous (SC), oral (PO), intraperitoneal (IP), vaginal (Vag),
and intravenous (1V). The challenge inoculum for Study 4 was a combination of infected culture fluid and infected cells (CF+cell).
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Table 4

Page 23

Protection with vaccine-induced antibodies against homologous strain but not against heterologous-subtype
strain based on passive-transfer studies?

Study Pooled Seraor Antibodies Challenge Strain (CIDsp)  Protection Rate (%)
1A Vaccinated cat sera FIV-Pet (10) 2/ 2 (100%)

1B Non-vaccinated cat sera FIV-Pet (10) 0/2 (0%)

1C PBS FIV-Pet (10) 0/2 (0%)

2A Vaccinated cat antibodies FIV-Pet (15) 44 (100%)

2B Non-vaccinated cat antibodies FIV-Pet (15) 0/2 (0%)

2C PBS FIV-Pet (15) 0/2 (0%)

3A Vaccinated cat antibodies FIV-FCL1 (15) 0/3(0%)

3B PBS or Non-vaccinated cat antibodies FIV-FCL1 (15) 0/2 (0%)

a_ . . . . .
Passive transfer was administered by intravenous infusion and FIV challenge route was intravenous.
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