














































































































































































































































































































































































































Infected cells per 106 PBMC

Infected cells per 10° PBMC

group A
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group B
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15 25

group D
SL.3261-CtxB / iscom-S1V

150
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Fig. § Viral load in cats after challenge expressed as the number of FIV infected cells per 106
PBMC of individual cats at different time points (filled bar: cat no. 1; striped bar ! cat no, 2;
spotted bar: cat no, 3),
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Tig. 6 Viral load in cats after challenge. The viral load is expressed as the minimal amount of
chromosomal DNA, isolated from PBMC 110 days after challenge, required as template to obtain
a positive FIV-specific PCR (filled bar: cat no. 1; striped bar : cat no. 2; spotted bar: cat no. 3).

immune response was at the basis of this protection. In our previous study cats
immunized with a Salmonella strain only expressing the FIV gag gene had a
comparable virus load after challenge as control cats (Tijhaar et al., 1997). The
reduced virus load in cats immunized with Salmonella strains expressing the gag
and env genes observed in this study, indicates that the env-expressing
Salmonella strains are mainly responsible for the observed reduced virus load.
Interestingly, Flynn et al. (1996) found that vaccine induced protection against
FIV infection correlated with Env- but not Gag-specific CTL responses.
Alternatively, the reduced virus load observed in this study is not (only) due to
the env-expressing Salmonella strains, but might be due to the increased number
of immunizations, the different route of administration (oral or i.p. in the
previous study vs oral and i.p. in this study) or a combination of all.

In conclusion, this study provided an indication of a protective effect of
immunization with the Salmonella typhimurium recombinants expressing the
FIV-Gag and -Env protein. However, further studies are required to evaluate the
full potential of this approach for lentivirus vaccine development.
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Cafs were immunized three times with different recombinant feline immunoedeficiency virus (FIV) candidate
vaccines, Recombinant vacclnia virus (rVV)-expressed envelope glycoprotein with (vGR657) or without
{vGR657xE5) the cleavage site and an FIV envelope bacterial fusion protein (B-Galactosidase-Env) were
incorporated inte immune-stimulating complexes or adjuvanted with Quil A, Although all immunized cats
developed antibodies against {he envelope profein, only the cats vaccinated with the rVV.expressed envelope
glycoprotelns developed antibodies which neutralized FIV infecilon of Crandell feline kidney cells. These
antibodies failed to neutralize infection of thymocytes with a molecularly cloned homologous FIV, After the
third immunization the cats were challenged with homologous FIV. Twe weeks aflter challenge the cell-
associated viral load proved o be significantly higher in the cals Immunized with vGR657 and vGR657x15 than
in the other cats. The cats immunized with vGR657 and vGR657x15 also developed antlbedies agalnst the Gag
protefns more raptdly than the cats immunized with #-Galactosidase-Env or the control cats. This suggested
that immunization with rVV.expressed glycoproteln of FIV results in enhanced infectivity of FEV. It was shown
that the observed enhancement conld be transferted to naive cats with plasma collected af the day of challenge,

Feline immunodeficiency virus (FIV} is a T-lymphotropic
lentivirus that causes fetine AIDS, which is similar to AIDS in
humans (1, 3, 9, 12, 20, 29, 39, 41, 45, 51). The similarities
between FIV and human immunedeficiency virus (HIV} on the
one hand and betwween the pathogeneses of the syndromes they
cause on the other hand have led to the use of FIV infection of
cats as an animal model to evaluate the potential of preventive
and therapeutic measures for HIV infection in humans. Since
FIV infection is widespread among cats all over the world, the
development of preventive and therapeutic measures for feling
AIDS is also of major veterinary importance.

Different vaccination strategies for lentivirus infections have
been evaluated with varying degrees of success. Most attempts
to develop candidate vaccines against lentivirus infections were
without success (for a review, see reference 22), Nevertheless,
in some experiments chimpanzees were successfully vaccinated
against HIV type 1 (HIV-1) (4) and macagques were success-
fully vaccinated against HIV-2 or simian immunecdeficiency
virus {SIV} infections with candidate whele inactivated virus,
live attenuated virus, recombinant virus, subunit virus vaccings,
or combinations of these candidate vaccines (6, 7, 17, 21, 28,
30, 32, 38). The mechanisms by which protective immunity was
established in these systems are not well understood at present,
although there are indications for a major rote of both vieus-
neutralizing {(VN) antibodies and cell-mediated immunity (10,
24, 31}. However, confradictory data have also been obtained
in some of these studies {2, 5, 16, 18, 36). In the macaque SIV
model it was shown that at least part of the pretective immu-
nity induced could be attributed not to virus-specific but rather

* Corresponding author. Mailing address: Institute of Virology,
Erasmus University Rotterdam, Dr, Molewaterplein 50, P.O. Box
1738, 3000 DR Rotterdam, The Netherlands. Phone: (31) 10-408 80
66. Fax; (31) 10-436 51 45,

to cell-specific antibodies (23, 46). In the SIV system it was
recently shown that vaccine-induced protection against infee-
tion with SIV-infected cefls correlated with the presence of a
certain major histocompatibility complex class T genotype of
the monkeys, indicating the involvement of major histocom-
patibility complex class E-restricted cytotoxic T-lymphocyte re-
sponses {11},

Several approaches to develop a preventive vaccine against
FIV infection have alse proven to be unsuccessful (16, 48).
However, Yamamoto et al. reported the induction of protec-
tive lmmunity in cats against homologous and to & lesser extent
also to heterologous FIV challenge, by vaccination with inac-
tivated whole virus or FIV-infected cells (49, 50). This protec-
tive effect could be transferred to naive cats with plasma from
vaccinated animals, indicating that antibodics may be at the
basis of this protective immunity (13}, I was shown that serum
antibodies against FIV envelope plycoproteins, with differen
VN domains, correlated more with protective immunity than
did antibodies to other viral proteins.

FIV vaccines based on recombinant envelope proteins
would have clear advantages over inactivated or attenvated
virus vaccines. However, so far vaccination strategies using
FIV purified envelope glycoproteins or fractions of these pro-
teins as immunogens have failed (16, 26). Here we report the
resulls of a serfes of vaccination experiments in cats with dif-
ferent cavelope proteins of FIV, expressed by recombinant
vaccinia viruses (fVV) or as a bacterial fusion protein and
presented in the context of different adjuvant systems. The
most striking finding of these studies is that vaccines containing
intact envelope glycoprotein induced enhancement of infectiv-
ity rather than protective immunity against homologous FIV
infection. The observed enhancement could be transferred to
naive cats with the plasma of the vaccinated cats.
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MATERITALS AND METHODS

Cells and challenge virus, Petipheral blood mononuclear ¢ells (PBMC) and
thymocytes were derived from an 8-week-old specific-pathogen-fiee (SPF) cat
(42} These cells were slimutated with concanavalin A (5 pgimi) in culrure
medium (RPMI 1640 [GIBCO, Gaithersburg, Md.). peniciltin [ 100 TU/m1], strep-
Tomycin [100 pg/mi), 1-gfutamine [2 mM], 2-mercaptocthanol {2 x 107% M),
interleukin-2 [100 [U/ml]) and 105% fetat calf secum. Alfter 3 days the cells were
washed and culiured funther in cultuze medium. An FIV-susceptible clone of
Crandell feline kidney {CTFK) cells, pamed CrFK LDM0, was kindly provided by
N. Pedersen (51), The FIV AMI19 strain was isolated from PBMC of a cat
naturally infected with FIV {42}, Concanavalin A- and interfeukin-2-stimulated
cells were infected with FIV AM19. Whea F[V antigen was detected in culture
supernatapt by enzyme-linked immunescrbent assay {ELISA) (40}, it was filtered
through a 220-nm-pore-size filter, aliguoted, and stored at —135°C. This Fiv
steck was titrated in vivo. Groups of four SPF cats wers ineculated intramuseu-
Larly with 0.5 ml of 1:100, 1:460, 1:1,600, 1:6,400, ar 1:25,600 dilutions of the FIV
stocke All cats receiving 1:100 and 1:400 dilutions became infected by 4 to 8
weeks postinfection as shown by seroconversion and vinss isolation. Toree of the
four cats ineculated with 1:1,600-diluted FIV stock and one of the four cats
Inoculated with 1:6,400-diluted stock became virus isclation positive and sero-
positive. One 507C cat infectious dose {CEDxy) was therefore estimated 1o be 0.5
ml of a 1:3,200 dilution of the FIV steck.

FIV AM6: was isolated from PBMC of a cat naturally infected with F1V and
adapted to replicate in CiFK 1D14 cells a5 previously deserbed (43). env gene
sequence homologzy of FIV AM6c and FIV19k1 is 94.8%. CrFK 1D10 calts were
infected with FIV AM6¢, and after 6 days the culture medium was refreshed.
After another 4 days of culture, when FIV antigen was detected in rthe culture
supemnatant, {1 was filtered through a 220-nm-pore-size filler and stored in
aliquots at —J35°C. This FIV siock was litrated in CrFK 1D10 cells and the
highest dilution (20 TCIDs) which consistently resulted in deteciable antigen
production within 8 days was used In the VN assay {see below).

Preparation of candidate ¥IV sacclnes, The envelope ghyvaproteins of FIV
AMI1Y were expressed by an 1VV in BHK cells efther in iheir native form
(+GRE57) or after deletion of the deavage site batween the surface (SU) ané the
transmembrane {TM} proteins { GR657x15) to facilitate incorporation inle im-
mune-stimylating compleses (iscoms) (33). After lectin purification these pro-
teins were incorperated Into jscoms, which resulted in fwo iscom preparations—
YGRE5T and vORBSTIRIS iscoms——as previously described {33). An 1,870-bp
fragment of the envelope gene was ewcised from pBluescript, containing the
whole envelope geoe, by using the restriction enzymes BamEH and Befll (nucle-
otide positions 350 and 2220, respectively) and subcloned into BamHi-digested
PEX vector (Stralagene, La Jolla, Calif.). This vector allows inducibfe expression
of proteins as B-galactosidase (B-Gal) fusion protein. This protein was partially
purifizd as inclusion bodies, solubilized, and mixed with Quil A as an agdjuvant.

SIV emvelope glyeoprotein iscoms were prepared by B Hulskobte using a
methed similar to that used for the cleavage site-deleted FIY emvelope glyco-
protein isoms (19).

Vaccination and challenge infection of cats. Six groups of six SPF cats each
were vaccinated threg times subeutaneousty according 1o the following schedule:
group 1, vGR65T iscoms; group 2, vGRE57x15 iscoms; group 3, vGR657x15 plus
Quil A; group 4, B-Gal-FIV Env plus Quil A; group 5, SIV Env iscoms; and
group 6, phosphale-bufiered saline. The cats were vaccinated with 19 pg of
piotein at weeks §, 4, and [0. Two weeks later the cats were challenged by the
intramuscular 1oute with 20 CiDys of FIV AM19. PBMC and plasma samples
were collected every 2 weeks postchalienge (p.c.) during an 8-week period.

Serological assays. Antibodies against the Gag proteins p24 and pl17 were
detected with a commetrcially available test kit, using recombinant p24 and pL7
ploteins (vatalog number Fi002-AB01; European Veterinary Laboratory B.V,,
Woerden, The Netherlands). Antibody titers were expressed as the optical den-
sity a1 450 nm (0D, value of the securn multiplied by the dilution divided by
three times the QD,y, value of the negative contrel sequm.

Antibodies against the envelepe protein were detected by ELISA using syn-
thetic peptides and bacterial fusion proteins, representing different regions of the
emelope prolein as shown in Fig. | The synthelic peptides were purchased from
European Veterinary Laboratory B.V, (catalog numbers: St peptide, EVS-000-
PE-D03; TM peptide, EVS-000-PE-004), The first synthetic pepiide tontains the
immunodominant VN epitope within variable region 3 spanning amina acid
residies 386 to 412 of the surface protein of the Petatama strair (SU peplide)
(25). The second peplide contains a B-cell epitope between amino acid posizions
695 and 706 of the transmembrane protein of the same F1V strain (TM peptide).
Antibody titers were calcutated as described for the Gag ELISA.

An ELISA based on the detection of antibodies to a series of bacterial fusion
proteins as shown in Fig. | was performed as described elsewhere (8).

¥N assaps. VN serum antibodies were detesmined in two different VIV assays.
The feling [ymphovyte VN assay was based on inhibition of infection of thymo-
cytes mith mofeculatty cloned FIV E9k1 as previously described (44). The CeFK
VN assay was based on the inhibition of infection of CrFK 1010 cells with FIV
AM6e, which is adapted to replicate in these cells. Far this assay CrFK 1D10 cells
(35 % 10") were seeded Into a 96-well plate in 100 jl of Dulbecco modified
Fagle medium supplemented with 59% feial calf serum. The next day the cells
were washed and incubated for 1 hat 37°C with Pohybrene (8 pg/ml) in Dulbecro
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FIG. 1. Surface (SUT to SUG) and transmembirane {TMI to TAI3) bactezial
fusion products and StYand TM peptides used In the ELISA ta detect antivodies
against the envelope protein. The top bar represents the envelope protein of
F1V, including the leader (L), surface (SU}, ang transmembrane {TM) proteins.
The black boxes reprecent hypenariable reglons in the ¢nvelope protein. The
different bacterial fusion products and the peptides are indicated as bars.

modified Eagle medium supplemented with 52 fe1al call serum. A misture of
equal volumes of the diluted (see above) virus stock of FIV AM6e and twofold
s¢zial dilutions of heat-inactivated serum was incubated for 1 h at 37°C. Then the
CIFK cells were washed and incubated with ihe simus-serum mixvture a1 37°C.
After 24 b the CrFK cells were washed wwice and propagated in Dulbecco
modified Eagle medium supplemented with 2 fetalcalf serum. After 8 days the
culture supematant was tested for the presence of FIV antigen by ELISA (40).
The neutralizing antibody titer was expressed as the highest dilution of the serum
still preventing FIV antigen production in 1he culture supeenatant.

Celt-associated virus load: infeclions center test. Serially difuted PBMC sam-
ples (1 X 10% 3 % 10%, and 1 X §6* cells) were prepared from cats before and
after challenge as previously described (42). These cells were cocultivated with
10° concanavatin A+ and inteddeukin-2-ctimulated PBMC from an SPF cal in
eight duplicate wells. After 3 weeks the culture supermatants were tested for the
presence of FIV antigen by ELISA. The number of infected cells in the PBMC
inviva was cafculated from the invitra cullure by assuming that one {nfectedeell
gave rise 1o antigen production after cocultivation with concanavalin A- and
interleukin-2-stimulated PBMC from an SPF cat, when oae or mere cullures
tested in eight duplicate welks were negative for FIV anligen production.

Plasma transfer, A plasma pool was prepared by mixing equal volumes of the
plasma samples detived from all the vaccinated cats from groups 1 and 2at the
day of challenge (plasma poal A). A second pool (plasma pool B) was prepared
similarly by mixing plasma samples from all the cats of group 6 at the day of
challenge. Two groups of four SPF cats, 10 weeks ofd, weighing between $00 and
1,250 g were used in the transfer experiment. Cats of group A and group B were
infected inlravenously with 7 ml of plasma pool A and plasma pool B. respec-
tively. Six hours later the cats were challenged by the intramuscular route with 20
CIDs of FIV AM1i% as described above. PBMC and plasma samples of the cats
were collecied at weekly intervals and tested forvitemia by virus iselation and for
the development of plasma antibodies against the Gag pretein.

RESULTS

Developnent of F1V-specific plasma antibodies upon vacei-
nation. All plasma samptes collected at the day of challenge
were tested in the SU and TM peptide ELISA (Table §, week
p.c. O All the cats vaccinated with the vGR657 and
vGR65Tx1S iscoms (groups 1 and 2) had developed plasma
antibody titers to these peptides, ranging from 200 1a 25,000,
whereas all the cats vaccinated with Quil A-adjuvanted
vGR657x15 (group 3) had develaped antibody titers to at least
one of the two peptides ranging from 50 to 3,060. Five of six
cats vaccinated with the Quil A-adjuvanted bacterial FIV en-
velope fusion protein (group 4) had also developed serum
antibody titers to the TM peptide, ranging from 50 to 3,000,
whereas only one animal had developed a titer of 300 to the SU
pepiide. One cat of the two control groups, groups 5 and 6,
showed an apparently nonspecific plasma antibody titer to the
SU and TM peptides, which already existed before the start of
the immunization procedure (not shown). Subsequently the
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same plasma samples were tested in ELISA for antibody titers
against the respective bacterial FIV envelope SU and TM
fusion proteins (Table 2). Vaccination with the vGiR657- and
vGR657x15 iscoms (groups 1 and 2} resulted in high plasma
antibody responses to all the SU and TM regions tested with
the exception of the SUS and TMI regions, against which
lower or no antibody levels were detected. Antibody levels
induced with the native glycoprotein iscoms {group 1} and the
cleavage site-deleted envelope iscoms (group 2} are compara-
ble. The overall Oy, values induced with the cleavage site-
deleted FiV envelope glycoprotein adjuvanted with Quil A
(group 3) were lower than those found in the cats of groups 1
and 2. Vaccination with the B-Gal-FIV envelepe fusion pro-
tein adjuvanted with Quil A faited to induce antibodies against
the SUIT, SU2, SU4, and SUS regions. No significant levels of

antibody to these fusion proteins were found in the cats of the
two contrel groups {groups 5 and &),

All the plasma samples collected at the day of challenge
were also {ested in the two VN antibody assays. None of the
samples exhibited VN activity in the feline [ymphocyte VN
assay (nof shown}. However, VN antibodies could be demon-
strated in cats of groups 1, 2, and 3 in the CrFK VN assay (Fig.
2). The VN titers in cats vaccinated with vGR657 iscoms
{group 1) ranged from 160 to 640, with a mean titer of 506,
Those of vGRE57x1S iscom-vaccinated cats {group 2) ranged
from 40 to 640 with a mean of 206, which is not significanily
different from the values found for group 1. VN plasma anti-
body titers of cats vaccinated with the Quil A-adjuvanied
vGR657x15 protein varied from 1@ to 40, with a mean titer of
28, a value which Is significantly lower than that found for
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TABLE 2, Levels of antibody against envelope fragments in vaccinated cats at the day
of challenge®
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FIG. 2. Plasma VN antibody titers of the jndividual cats of the six different
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titer per group is indicated by a bar.
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groups 1 and 2 (Student 1 test; P < 0.05). In cats vaccinated
with the B-Gal-F1V envelope fusion protein (group 4) and the
cats of the control groups 5 and 6, no VN antibody response
could be demonstrated at the day of challenge.

As expected, none of the cats had developed plasma anti-
bodies 10 the FIV Gag protein at the day of challenge (Fig. 3).

Kinetics of FIV-specific plasma antibodies after FIV chal-
lenge. Plasma antibody titers against the SU and TM peptides
of maost of the cats immunized with the recombinant FIV
envelope proteins (groups 1 to 4} increased 3- to 10-fold within
4 weeks aflter challenge infection, Within 8 weeks all the cats,
including the control animals in groups 5 ard &, had developed
anti-SU and anti-TM peptide plasma antibodies (Table 1). At
8 weeks p.c. the SU peptide-specific antibody titers in the cats
vaccinated with rvV-expressed FIV envelope glycoprotein
were significantly higher than those of the nonvaccinated cats
(Table §; P < 0.05).
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FIG. 3. Kinetics of the plasma antibody titer development against the Gag
protein, in cals from the different vaccination geoups. Mean anti-Gag titers at
diffezent times after challeoge are presented.

Plasma antibodies {o the ¥1V Gag protein could be detected
4 weeks after challenge in all the cats vaccinated with rvVv-
expressed FIV envelope glycoproteins (groups 1, 2, and 3}
(Fig. 3). In the cats vaccinated with the B-Gal-FIV envelope
fusion protein (group 4) and in the cats of the two control
groups, groups 5 and 6, it took about 2 weeks longer before
FIV Gag-specific antibodies were detected. Not only was the
induction of FIV Gag-specific anlibodies in cats of groups 1 to
3 faster, but also the 8-week p.c. plasma titers tended to be
higher in these animals (Fig. 3).

Cell-assoclated virus ioad. Two weeks after infection FIV.
infected PBMC were demonstrated in all the cats of groups i
and 2 and in four of six cats of group 3 (Fig. 4), The numbers
of EFV-infected PBMC varied from 50 to 210, 30 to 1,000, and
0 to 106 per 10° PBMC, respectively. In the other three groups
no infected PBMC were demonstrated at this time. Two weeks
later, FIV-infected PBMC could be demonstrated in all the
cats of all groups. Although a lower average FIV load was
observed in cats of group 4 compared with that in the other
groups, the differences observed between the groups proved
not 1o be significant.

Plasma transfer experiment. Pools of plasma collected at
the day of challenge from the cats of groups t and 2 (pool A)
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FIG. 5. Kinetics of numbers of FIV-infected celis per [6° PBMC in individual

cats (indicated by diferent bars) transferred with plasma pool A {groups 1 and
2} or plasma poel B {group 6), measured over 6 weeks p.o.

and from group 6 {pool B) were prepared, and VN titers were
determined. The titers, measured in the CrFK VN assay, were
320 and <10, respectively. Two groups of four SPF Kittens
were inoculated intravenously with 7 ml of plasma pool A or
plasma pool B. No plasma VN antibodies could be detected 6
h after the transfer. FIV could be demaonstrated in PBMC of
one of four cats of group A (20 infected cells per 10° PBMC)
but not in PBMC of cats of group B 2 weeks after challenge
with 20 CIDgs of FIV AMI9 (Fig. 5). Three weeks after
challenge three of four cats of group A and two of four cats of
group B exhibited cell-associated viremia, with significantly
higher numbers of FiV-infected celis in the cats of group A (#
< (.03). The mean numbers of infected PBMC in the cats from
groups A and B at 3 weeks p.c, were 115 and 6 per 10° PBMC,
respectively (Fig. 5). At 4 weeks p.c. the mean aumbers of
FIV-infected cells were 11! and 16 per 10° PBMC, respec-
tively. Five and six weeks after challenge F1V could be reiso-
lated fromt PBMC from all cats of both groups with no clear
differences in cell-associated virus load.

Four weeks after challenge, plasma antibodies to the Gag
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FIG. 4. Numbers of FIV-infected cells per 16° PBMC in the individual cats {indicated by different symbols) of the difizrent vaccination groups at 2 and 4 weeks

p.¢- Fhe mean numbess of infected PBMC per group are indicated by a bar.
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protein could be detecied in three of four cats of group A (with
ELISA titers ranging from 170 to 800) and in none of the cats
of group B (Fig. 6). At 5 wecks p.c. anti-FIV Gag plasma
antibodies were demonstrated in all cats of group A {titers
from 180 to 2,680) and in only two of four cats from group B
(titers from 70 to 100). In the plasma samples collected from
all the cats of both groups at 6 and 8 weeks pe., antibodies
against the Gag protein were demonstrated. The titers were
significantly higher (P < 0.05) in the cats of group A than those
in the cais of group B from 4 weeks p.c. onward.

DISCUSSION

The present paper describes the evaluation of the potential
of different candidate FiV vaccines in a vaccination challenge
experiment in SPF cats. The most striking findipg was that
immunization with rVV-expressed FIV glycoproteins, resulting
in VN plasma antibodies, led to enhanced FIV infection upon
challenge in these cats {groups 1, 2, and 3}. This was demon-
strated by the more rapid development of PBMC-associated
viremia and Gag-specific plasma antibodies. The enhancement
effect could be transferred to naive cats with plasma collected
from cats immunized with these candidate vaccines. In con-
trast, cats irnmunized with an FIV envelope bacterial fusion
protein (group 4) did not devetop VN plasma antibedies and
developed PBMC-assoctated viremia and Gag-specific plasma
antibodies with the same kinetics as the two control groups.

Comparison of the antibody levels induced in the first three
groups of cats at the day of challenge indicated that the im-
munogenicity of vGRO57 and vGR657x15 incerporated into
iscoms was higher than that of vGR657x15 preseated with Quil
A. Both VN plasma anlibodies and plasma antibodies to the
different SU regions proved to be higher in the first two groups
{Fig. 2; Table 2). Plasma antibody levels against most of the SU
regions were [ower or absent in group 4 at the day of challenge
{Table 2). It is not clear why the presence of VN plasma
antibodies at the day of challenge correlated not with protee-
tive immunity but rather with enhanced susceptibility to FIV
infection, 1t should be noted, however, that the YN activity was
demonstrable only in the CrFK VN assay and not in the feline
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lymphocyte assay. The latter assay shoutd probably be consid-
ered more relevant in terms of protective immanity against in
vivo FIV infection since, in contrast 1o feline kidney cells,
feline lymphocytes are natural targets for FIV infection. In the
transfer experiment it was shown that the enhancement phe-
nomenon could be transferred to naive cats with the plasma of
cats of groups 1 and 2. Although not formatly proven, this
indicated that the enhancement was mediated by FIV enve-
lope-specific antibedies. The mechanism of enhancement
proved to be operational at relatively high dilutions: after
plasma transfer, no VN antibody activity could be demon-
strated in the plasma of the kittens which subsequently showed
enhanced FIV infectivity. It has also been shown for HIV-1
that antibody-dependent enhancement (ADE) could still be
demonstrated at high dilutions (up to 1:65,000), whereas VN
antibody activity can rarely be demonstrated at dilutions higher
than §:1,000 (35). As no rcliable systems are available at
present to quantify or even detect FIV-enhancing antibodies in
vitro, it should be realized that all FIV-neutralizing antibodies
found, per definition, should be considered to be the net result
of neutralization and enhancement of FIV infectivity mca-
sured in vitro.

To date different mechanisms of ADE have been described
for fentivirus infections, Complement- and Fe receptor-medi-
ated ADEs have been shown 10 play a role in HIV-1, HIV-2,
and SIV infections (14, 15, 27, 34, 47}. Recently, another mech-
anism of ADE was described, in which antibodies neutralized
or enhanced HIV-t, dependent on the phenotype of the virus
involved {37). From our data it cannot be concluded which
mechanism was involved in the cbserved enhancement of FIV
infectivity. Indications for enhanced infectivity after FIV vac-
cination have been observed before (16). In the experiments of
Yamamoto et al. (50) the preserce of VN antibedies, demon-
strated in an FeTI celf (fefine lymphoid cell ling) VN assay,
correlated with protective immunity rather than with enhance-
ment of infectivity, This immunity could be transferred to naive
animals with plasma of immunized animals (13). The main
difference between their vaccination approach and ours is that
in our experiments recombinant envelope proteins were used
whereas Yamamoto et al. used inactivaied whole virus or virus-



infected cells as immunogens. Since transfer experiments
showed that probably plasma antibodies are involved in the
observed mechanisms of enhancement and protection in both
series of experiments, it may be speculated that the differences
int configuration in which the FIV envelope glycoproteins were
presented in both vaccines led to VN antibodies with different
affinities. This may have had direct consequences for their in
vivo effects.

Furthermore, the cell substrates used for the production of
challenge viruses may have contributed to the observed differ-
erces in ontcome of the vaccination experiments, The chal-
lenge virus used in our experiments was propagated In primary
feline lymphocytes, whereas the challenge viruses in the exper-
iments of Yamamoto ¢t al. were propagated in a feline T-cell
line (50). Like in the HIV-1 system, T-cell line-adapted FIV
may be neutralized more efficiently than virus isolates from
primary lymphocyte cultures, which may result in neutraliza-
tion of the virus in the presence of enhancing antibodies, Fur-
thermore, it may be specufated that, as was recently demon-
strated for HEV-1 isolates from one individual {37}, T-cell
line-adapted FIV is less susceptible to ADE.

Taken together, it should be stressed that the mechanisms
teading to the observed phenomenon of FIV erhancement
upon vaccination and passive transfer are not fully understoed
at present. For the development of an effective FIV vaccine,
the elucidation of the underlying mechanisms may be crucial,
This may also lead to a more rational strategy for the devel-
opment of HIV-1 vaccines.

ACKNOWLEBGMENTS

We thank Geert van Amerongen and Nico Schenidt for biotechnical
assistance and Ellen Hulskotte for the SIV envelope iscoms. We also
thank Rob van Herwijnen from the European Veterinary Laboratory
for the SU and TM peptide ELISA, and we thank Conny Kruyssen for
help in preparing the manuscript.

This work was supported by grants from Mallinckrodt Veterinary
Ltd., Harefield, United Kingdom, and the Dutch Advisery Councit on
Health Research (RGO grant 88-90/89028),

REFERENCES

L Ackley, C. I, ). K. Yamamoto, N, Levy, N, €. Pedersen, and M. D. Cooper,

1990. Fmmunologic abnormalities in pathogen-free cats experimentally in-

fected with feline immunodeficiency virus. J. Virol, 64:5652-5655.
. Arihar, L. O, 1. W. Bess, Jr, D. J. Walers, S, W. Pale, J. C. Kelliher, P, L.
Nara, K. Krohn, W. G. Robey, A. J. Langlols, R. C. Gatlo, and P, J. Fisch-
inger. 1989. Challeage of chimpanzees (Pur troglodytes) immunized with
immunedeficiency virus envelope glycoprotein gpl20. J. Virol. 63:5046-5053.
Barfough, J. E., C. D Ackley, J. W. Geerge, N. Levy, R Acevedo, P, F. Moore,
B. A. Rideont, M. D. Cooper, anit N. C. Pedersen. 1991, Acguired immune
dysfunction in cals with experimentally induced feline immunodeficiency
virus infection: comparison of short-term and tong-term fnfections. J. Ac-
quired Immune Defie. Syndt, 4:219-227,
Bermtan, P, W, T. J. Gregory, L. Riddle, €. R. Nakamnra, M, A. Champe,
3. P. Portes, F. M. Werm, R. D, Hershberg, E. K. Cobb, and J. W. Eichberg.
1690, Protection of chimpanzees from infection of HIV-1 after vaccination
with recombinant glycoprotein gp120 but not gp160. Nature (London) 345:
622-615.
. Berman, P. W, 3, E. Groopman, T, Gregory, P- R. Clapman, K. A. Welss, R,
Fertianl, L. Riddle, G. Shimansk, C. Lucas, L. A Lasky, and J. Y. Eichberg.
1988. Human immunodeficiency vitus type | challenge of chimpanzees im-
munized with recombinant eavelope glyvoprotein gpi20. Proc. Narl, Acad.
S¢i, USA 88:5200-5204.
Catlson, J. R, T. P. McGraw, E. Keddie, J, £ Yee, A. Rasenihal, A. J.
Langlols, R. Dickover, R. Donovan, P, A. Laciw, M. B. Jennkngs, and M, B,
Gardaer. 1990, Vacrine protection of thesus macaques against simian im-
myunodeficiency virus. AIDS Res. Hum. Retroviruses 6:1239-1245.
Danlel, M. D, F. Kirchhof, §. C. Czafalk, P, K. Sehgal, and R. C. Desrosfers.
1992, Protective ¢ffects of a live altenuated 851V vaccine with a defetion in the
nef gene. Science 258:1938-1941,
De Ronde, A., J. G. Stam, P. Boers, H. Langedijk, R. Metoen, W. Hesselink,
L. C. E.). M. Keldermans, A, van Vilet, E. ), Verschoor, M. C. Horzinek, and
H. F. Egberink 1994, Anibody response in cals 1o the envelope proteins of
feline immunodeficiency virus: identification of an immunodominant neu-

[

-

-~

w

-

b

™

»

oy

—
-

&

16.

20

2

24,

26.

2

29,

3L

=~

tralization domain. Virology 198:257-264.
Pow, 5. W, M. L. Poss, and E. A. Hoover, 1599, Feline immunodeficiency
virus: a neuzoiropic lentivirus. J, Acquired Immune Defic. Syndr. 3:658-663.

. Emini, E. A, W. A. Schtelf, J, H, Nunberg, A. J. Conley, Y, Eda, S. Tokiyeshl,

5. D. Pulney, $. Matsushita, K. E. Cobb, C, AL Jelt, 3. W, Eichberg, and
K. K. Murihy. 1992, Prevention of HEV-1 infection in chimpanzees by gp120
V3 domain-speific monoclonal antibody. Natute {Loadon) 385:728-730.

. Heeney, ), L., C, van Els, P'. de Vries, P. ten Haaft, N. Otting, W. Koornstra,

J. Boes, R. Brubbes, H. Niphuls, M, Dings, M. Cranage, S. Norley, M. Jonker,
R. £. Bontrop, and A. . M. E. Osterhaus. 1994. Major histocompatibility
complex ¢tass -associated vaccine protection from simian immunodeficiency
viras-infected peripheral blood cells. §, Exp. Med. 180:769-774.

. Hofmann-Fezer, G, J. Thum, C. Ackley, M. Herbold, J. Mysliwictz, S,

Thefeld, K. Hartmana, and W, Kraft. 1992, Decline in CB4* cell numbers
in cats with naterally acquired feline immunodeficiency virus infection. §.
Virol. 66:1484-1488.

. Hobdatsu, T., R, Po, B, A. Torres, S, Trujllle, M. B. Gardaer, and J. K.

Yamamofo. 1991, Passive antibody protection of cals agaiast feline immu-
nodeficiency virus infection. J. Virol. 67:2344-2348.

. Homsey, J, M. Meyer, and J. A, Levy. 1990, Serum enhancement of human

immunodeficiency virus {HEV) iefeciion correlates with disease in HIV-
infected indhviduals, J, Virok 64:1437-1440.

- Homsey, J, M Meyer, M. Tateno, 8. Clarkson, and J. A. Levy. 1989. The Fe

and not the CD4 reveptor mediates antibody enhancement of HIV infection
in human cells. Science 244:1357-1360.

Hosle, M. J, R, Osborne, G. Reld, J, C. Neil, and Q. Jarrett, 1592 Enhance-
ment after feline immunodeficiency vacrination. Vel. Immunol. Immuno-
pathel. 35:151-197.

. Hu, 8, L., K. Abrams, G. N. Barber, P. Morzn, J. M. Zarling, A. ). Langlols,

L. Kuller, W. R. Morton, anit R. E, Benvenlste, 1992, Protection of macaques
against S1V infection by subunit vaccines of SIV envelope ghycoprotein
gpl160. Science 285:456-459.

Hu, 8. L., P. N. Fults, H. M. McCtare, J. W, Fkhberg, E. K. Thomas, L.
Zartuog, M. C, Singhal, 8. G. Kosowsld, R. B. Sweason, D. C, Anderson, and
G. Todare, (937, Effect of immunization with a vaccinia HIV env recombi-
nant on HiV infection of chimpanzees, Nature {London) 318:721-723.

. Hulskotie, E. G. )., G. F, Rimmelrwaan, J. Boes, M. L. Bosch, Y. L. Heeney,

8. G. Norley, P, de Vries, and A. D. M. E. Osterhaus. Antigenicity and
immunogenicity of recombinant emvelope glyvoproteins of SIV, , 32H with
different in vhvo passage histories. Vaceine, in press.

Hurtrel, M., ).-P. Ganlire, f-F. Guelfi, L. Chakrabartf, M.-A. Malre, F.
Gray, L. Montagnier, and B. Hurirel. 1992. Comparison ef ¢arly and late
feline immunedefciency virs encephalopathies. AIDS 6399405,

. Johason, P, R., D. C. Maontefior], 5. GolMstein, T, = Hamm, J. Zhoa, S,

Kitov, N. L. Halgwood, L. MIlsher, W, T. London, J. L. Gerin, A. AlHson,
R.N. Puicell, R. M. Chanock, and V. M. Hirsch. 1932 Inactivated whole S1V
vaccine in macagues: evaluatien of protective eBicacy against chatlenge with
cell-fres vizus or infected cells. AIDS Res. Hum Retroviruses 8:1501-1505.

. Kurth, R, B, Bianinger, J. Encen, J. Denner, 8. Hartang, 2nd S. Nosley.

1991, The quest for an AIDS vacine: the siale af the art and curcent
¢hallenges. AIDS Res. Hum. Retroviruses 7:425-333.

Langlols, A, J., K. J. Welnhold, T. J. Matthews, M. L. Greenberg, and D, P,
Bofognesi. 1992. The ability of centain SIV vaccines to provoke reactions
against normal cells. Science 255:456-459,

Lewis, M. G, W. K. Elkins, E- McCuthan, R. E. Benveniste, C. Y, Lai, B, C.
Montefior, D, S, Burke, G, A, Eddy, and A. Shafferman. 1993. Passively
teansfesred antibodies directed against conserved regions of 51V cavelope
protect macaques from SIV infection. Vaccine 11:1347-1355.

Lombardi, §., C. Garcellf, C. LaRosa, L. Zaccaro, 8. Specter, G. Mahaldi, F,
Tezini, F. Esposito, and M. Bendinelli. 1993. Ideatification of a linear
neutealization site within the third variable region of feline immonodefi-
clgndy virus envelope. ), Virol, 67:4742-4749,

Lombardl, 8., C, Garzelli, M. Pisiello, C. Massh, D, Matteucci, F. Baldinotti,
G, Cammaroia, L. Da Prate, P. Bandecehi, ¥, Tozzinl, and M. Bendinelli
1994, A neulralizing antibody-inducing peptide of the V3 domain of feline
immunedeficiency virus envelope ghcoprotein does not induce protective
immuynity, . Virol, 68:8374-8379,

Montefiori, D, C, W, E. Robinson, Jr., ¥. Hiesch, A. Modliszewskt, W,
Mitchelf, and P. R. Johnson. [990. Antibody-depeadent enhancement of
simian immunedeficiency virus {§1¥) infection in vitro by plasma from SIV.
infected rhesus macaques. k. Virol, $:113-F19.

Osierhaus, A, D. M, E, P, de Vries, and J. Heeney. 1992, AIDS vaccine
developments. Natuze (Lonadon) 355:684-685.

Pedersen, N. €, E. W. Ho, M. 1. Brown, and J. K. Yantamote. 1987, Isolation
of a T-lymphoimpie virus from domestic cats with an immunodeficiency-like
syndrome. Science 235:790-793.

Putkonen, P., K. Thorstensson, J. Albert, K. ild, E. Norrby, P. Biberfeld,
and G, Biberfeld. 1990. Infection of cynemolgus monkeys with HIV-2 pro-
tects against pathogenic consequendes of a subsequent simian immunodefi-
ciency virus infection. AIDS 4:783-759.

Putkonen, P, R. Thorstensson, L. Ghavamradeh, J. Alberd, K. Hild, G, Biber-
feld, and E. Norrby, 1591, Preveniion of HIV-2 and SIV,.,, infection by passive

149



3z

™~

33

&

3

3s.

&

3

3

38,

3

-

o

™~

o

immunization in cynomolgus monkeys. Nature (London) 352:436-438.
Putkonen, P, R. Thorstensson, L- Walther, . Albert, L. Akerblom, O.
Grarquist, G, Wadell, E. Nerrby, 20d G, Biberfeld. 1981, Vaccing protection
against HIV-2 infection in cynomolgus monkeys. AIDS Res. Hum. Retrovi-
fuses 7:271-277,

Rimmelzwaan, G, F, K H. ), Skkbelink, R, C. Hulsman, B. Moss, M. J.
Francis, and A, D. M. E. Osterhaus, 1994. Removal of the cleavage site of
recombinant feline immunodeficiency virus envelope pratein facilitates in-
corporation of the surface gycoprotein in immune-stimulating complexes. 1.
Gen. Virol. 75:2697-2102.

Robinsen, W. E, Jr., T. Kawamura, D, Lake, Y. Masuho, V¥, M. Mitchell,
and E. M. fersch. 1950, Antibodiss to the primary immunodominant do-
main of human immusodeficiency virus fype L (HIV-1) glycoprotein gpdl
enhance HIV-1 infectien in vitro. . Virel. 64:5301-5305.

Roblnson, Y, E., jv., D. . Montefioad, W, M. Mitchell, A. M. Prince, . J.
Alter, G. R, Dreesman, and J. W, Eichberg. 1939, Amibody-dependent
enhancement of buman immunodeficiency virus type 1 (HEV-1) infection in
vitre by serum from HIV-1 infected and passively immunized chimpanzecs.
Proc. Natl. Acad. Sci. USA 86:4710-4714.

Schiienger, K., D, C. MonteBord, M., Mancizl, Y. Rivitre, P. Tiollais, and M.
Michel. 1994, Vaccine-induced neutealizing anlibodies directed in part 1o the
simian immunodeficiency vitus ($1V) V2 domain were unable o protect
rthesus monkeys from SIV experimental challenge. J. Virol. 68:6578-56383.
Schutten, M., A. C, Andeweg, M. L. Bosch, and A, D, M. E. Ostechans, 1954,
Ecnhancement of infectivity of 2 non-syneytium inducing HIV-1 by sCD4 and
by human antibodies that neutralize syncytium inducing HIV-1. Scand. 1.
Immunol. 41:18-22.

Shaferman, A., P. B. Jahgding, R. E. Benveniste, M. G. Levwis, T. J. Phipps,
F. Eden-M¢Cutchan, J. SadoE, G. A. Eddy, and D. 8. Burke. 1931, Protection
of macagues with a simian immunedeficiency vinus envelope peptide vaccine
based on censerved human immunodeficiency virus fype 1 sequences. Proc,
Natl. Acad. Sci. USA B8:7126-7130.

Shelton, G. 1., M, L. Linenberger, C. K. Grant, and J. L. Abkowitz. 1990,
Hematologic manifestations of feline immunodeficiency sirus infection.
Blood 76:1104-1109.

Stebelink, C, H, J,, R.W, Windrich, L. Chu, J. Groen, K. Weijer, F, G. C. M.
Uytdellaag, and A. D. M, E. Osterhaas. 1990, An engyme-linked immu-
nosarbent assay (ELISA) for the detection of feline immunodeficiency virus
(F1V) antigen in celt cullure and FIV specific antibodies in feline serum.
Dev. Biol. Stand. 72:189-196.

150

41.

4

4

4

45.

4
4

4

3

E

5L

=

-

Eal

b

6.
1

@

b=

=

Siebelink, K. H. ], L Chu, G. F, Rimmi¢lzwaan, K. Weiler, R. van Herwijnen,
P. Knell, H. F. Egberink, M. 1. Bosch, and A. D, M. E, Osterhaus. 1950
Feline immunedeficiency virus {FIV) infection in the cat as a model fer HIV
infection in man: FiV-induced impairment of immune function. A1DS Res.
Hum. Retroviruses 6:1373-1373,

Siehelink, K. H. J,, L-H. Chu, G, F, Rimmelrwaan, K, Weller, A, D, M. E.
Osterhaus, and M. L. Besch, 1992, Isclation and pariial characterization of
infectious motecular clones of feline immunodeficienty virus obtained di-
rectly from bone marrow DNA of a naturally infected cat. 3. Virol. 65:1091-
1097,

Slebelink, K. H. J., ). A, Karlas, G. F. RimmeBrwaan, A. D. M. E. Ostechaus,
and M. L. Bosch. A determinant of feline immunodeficiency virus involved
in CrFK topism. Vet. Immunol. Immunopathol., in press.

Slebelink, . H. ., G. F, Rlmmelzwaan, M. L. Bosch, R. H. Meloen, and
A. D, M. E, Osterhaus. 1993, A single amine acid substitution in hypervari-
able region 5 of the envelope protein of feline immunodeficiency virus allows
escape from virus neutsalization. J. Virol. 67:2202-2208,

Sparger, E. E, P, A. Luciw, J. H, Eld¢r, J. K, Yamamoto, L ). Loweasting,
and N. €. Pedersen. 1989, Feline immunodeficiency vicus is 2 lentivirus
associated with an AIDS-1ike disease in cats. AIDS 3542-849.

Stott, E. . 1991. Anticell antibody in macaques. Nature (London) 353:393,
Takeda, A., and F, A. Ennls. 1990. FcR-mediated enhancenent of HIV-I
infection by anlibody. AIDS Res. Hum. Retrovinuses £:999-1004.

. Yerschoor, E. J., A, L. W, van Yliet, H. F, Egherink, W, Hesseliak, W. E. van

Alphen, L Joosten, C. J. P. Boog, M. C. Horzinek, and A. de Ronde. Vacci-
oation against feline immunodeficiency virus using fixed infeced cells. Ver.
Immunol. Immunopathol,, in press.

. Yamamoto, J. K., T, Hohdatsu, R. A. Olmsted, R. Pu, H. Loule, H. A,

Zochtinskl, V. Acevedo, H. M. Johnson, G. A. Soulds, and M. B. Gardner,
1993, Experimental vaccine protection against homolegous and heterolo-
gous strains of feline immunodeficicncy vinug. J, Virol. 67:60E-605.
Yamamots, J. K., T. Okuda, C, D Ackley, H. Loule, E. Pembioke, i
Zochlins®d, R. ). Munn, and M. B, Gardner, 1991. Experimental vaccine
protection against feline immunodeficicncy virus. AIDS Res. Hum. Retro-
vituses 7:911-922.

Yamamoto, J. K, E. Sparger, E. W. ilo, P, K. Andersen, T, P, O°Connor,
C. P. Mandell, L. fowenstine, R, Munn, and N, , Pedersen. 1988, Patho-
genesis of experimentally induced fetine immunodeficiency virus iafection in
cats. Am. I, Vet Res. #%:[246-1258.



CHAPTER 8

Summarizing discussion







Despite numerous efforts a safe and effective vaccine for the prevention of
HIV-1 infection has not yet been developed. A number of lentivirus
characteristics hinder the development of effective vaccines against these
viruses, Their extreme variability, their persistence as provirus, which remains
hidden for the immune system, and their initial replication at the mucosal sites
are some of the major problems that an effective vaccine has to deal with, A
vaccine that would induce an efficient local immune response would abrogate
or limit viral replication at an carly stage, thereby facilitating the task for the
systemic immune system. Virus particles escaping the local immune response
should preferably encounter a strong specific systemic response, which ideally
should include effective VN antibodies and CTL which would allow the killing
of infected cells early in the viral replication cycle. To reduce the emergence
of escape mutants it would be advantageous if antiviral immunity would be
based on a variety of preferably conserved epitopes.

Our main efforts have focused on the development of lentivirus vaccines
based on attenuated recombinant Salmonella strains. Attenuated Salmonella
strains used as carrier show promise as lentivirus vaccines as they are able to
induce specific local and systemic immune responses including class I restricted
CTL responses. They have the capacity to express large heterologous genes
enabling them to present a large number of viral B and T cell epitopes.
Furthermore, they will be inexpensive to produce and easy to administer
(orally), which are both important features, especially for third world countries
where an HIV vaccine is most needed. However, a major obstacle in the
development of vaccines based on live recombinant Salmonella strains, is that
the amount of heterologous antigen required to induce an adequate immune
response is often toxic for the recombinant bacteria, Therefore an expression
system was developed that allows the continuous production of antigen by a
bacterial population in spite of toxicity for individual producing bacteria. The
system is based on a temperature inducible PJ, promoter which inverts at
random. This inversion is the result of recombination between two inverted
repeats that border the promoter, by the site-specific recombinase Gin. The
gene of interest is only expressed in one orientation of the promoter (ON-
orientation), but not in the other (OFF-orientation). Provided the inversion
frequency of the P[, promoter is low enough, only a minor part of the bacterial
population will produce toxic levels of antigen, leaving the major part of the
population unaffected. Unaffected by antigen production, the non-producing
population may disseminate within the host and segregate new antigen
producers. In this way antigen production can continue in vive until the S,
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fyphimurium aroA mutant is cleared. In chapter 2 this expression system is
evaluated using the Cholera toxin B subunit (CtxB) as a model antigen, Plasmid
pYZ17 contains the cfxB gene under control of the invertible P, promoter,
Restriction enzyme digest on pYZ17 DNA revealed that the fast majority of the
PL promoters were in the OFF position, demonstrating selection against the ON
form. BALB/c mice orally immunized with the Salmonella ryphinugium aroA
vaccine strain SL3261 harbouring pYZ17, induced high titres of CtxB specific
IgG and IgA serum antibodies as well as secretory IgA in the gut. Nearly 100%
of the bacteria stably maintained pYZ17 for several weeks in vivo.

In a single CtxB producing cell, on average only a fraction of the P,
promoters will be in the ON orientation. Therefore only a fraction of the ctxB
gene copies will be expressed. We anticipated that antigen production could be
increased considerably if a single promoter inversion would result in the
expression of all the copies of the gene of interest. Therefore an improved
invertible promoter expression system was developed and evaluated (chapter 3).
This improved system consists of two different plasmids in one bacterial cell.
One plasmid containing the gene of interest under control of a T7 promoter and
the other containing the T7 RNA polymerase gene under control of the
invertible P[, promoter. In this configuration a single promoter inversion
results in the production of T7 RNA polymerase, which in turn will direct
expression of all the gene copies under control of the T7 promoter. Using this
two-plasmid system, much higher levels of CtxB could be obtained than with
pYZ17. The higher production levels resulted indeed in enhanced CtxB specific
serum IgG and IgA responses and sIgA responses in the gut of BALB/c mice
after oral administration. It also induced enhanced CtxB specific serum IgG
responses following i.p, immunization.

Following a promoter inversion, it will take longer before toxic
production levels are obtained for a weakly toxic antigen than for more toxic
antigens. Weakly toxic antigens will therefore allow a larger time span before
cell division becomes impossible. In other words, weakly toxic antigens will
tolerate a higher inversion frequency than more toxic antigens. To achieve
oplimal antigen expression, that is the maximum expression leve! that allows
reasonably stable maintenance of the expression system, a series of different
invertible promoter plasmids (pIP1 to pIPS5, see Fig. 1 of chapter 3) was
constructed. These plasmids differed in the relative orientation of gin and
cl857, the composition of the untranslated leader of gin, or their copy numbers,
which can all in their own way affect the inversion frequency. Different
inversion frequencies may be reflected in different percentages of antigen
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expressing cells and thereby in different amounts of antigen produced by the
bacterial population as a whole. This was initially demonstrated for expression
of the gene fusion between gene-10 of bacteriophage T7 and a 580 bp env
fragment from HIV-1. Of the intermediate copy number plasmids pIP1 to -3,
the highest expression of this gene fusion was revealed by plP1, followed by
pIP2 and finally pIP3. As expected, the low copy number plasmids pIP4 and
pIP5 revealed less antigen production than their higher copy number
counterparts pIP2 and pIP3, respectively, Similar observations were made for
the maltose binding protein (MBP) production obtained with pIP3 and pIP5
(chapter 3) and production of the MBP-Gag FIV fusion protein obtained with
pIP2 to -5. (chapter 5).

The two plasmid system can be used to produce toxic antigens. This was
demonstrated for the gene-10-env fusion protein. When induction of T7 RNA
polymerase is under control of a fixed P[ -promoter, so that protein production
upon temperature induction will occur in all the cells of a bacterial population,
colonies could only be recovered when the P, promoter was not induced.

However, when expression of the T7 RNA polymerase gene was under control
of the invertible P[ .promoter, a comparable number of colonies was recovered
at inducing and non-inducing temperatures. In spite of this toxic antigen
production, most combinations of pET3xa-env with the different pIP vectors
were essentially stably maintained in vivo , except for the combination with
pIP1. This combination resulted in the highest antigen production levels,
suggesting that the extreme instability observed with pIP1 might be the result of
toxic antigen production in close to or more than 50% of the bacteria. The
plasmid stability after growth of S.typhimuritm in cell lines was determined
and appeared to correlate with in vivo stability. Thus, an indication of plasmid
stability in vivo may be obtained before animal experiments are initiated by
determining the stability in cell lines.

Using the immunogenic maltose binding protein as a model antigen, it was
demonstrated that the specific humoral response obtained after oral
administration of SL.3261 harbouring the invertible promoter system, was
nearly forty times stronger than with a fixed promoter system (chapter 3, Fig.
7). This is most likely due to the higher viability of the bacterial population that
employs the invertible promoter system. The non-producing .part of this
population will be able to actively infect the GALT and system lymphatics,
meanwhile segregating new MBP producing bacteria. However, it is
conceivable that the bacteria harbouring the fixed promoter system, become
severely inhibited in their ability to invade the local and systemic lymphatics
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soon after administration, as the vast majority of the bacteria loose viability
within 45 minutes following exposure to a temperature of 37 ©C in vitro .

Chapter 3 described to use of the invertible promoter system for the
production of a viral (Env) and two bacterial {CtxB and MBP) proteins. The
general applicability of the expression system for the continuous production of
antigens at high levels, was further illustrated by the study described in chapter
4. In this study the system was used to express high levels of the Taml1-1 and
Tamsi-2 merozoite surface antigens of the parasite Theileria annulata by the
Saimonella vaccine strain SL3261. Two days after infection of the macrophage
cell line J774.16, the majority of these bacteria stably retained pIPS in
combination with the TamI-1 or Taml-2 containing plasmid. The stability in
combination with pIP2 was about half of that observed for pIPS.

FIV infection of cats is considered a useful smali-animal model for the
evaluation of vaccine strategies relevant for controlling HIV-1 infections in
humans. To evaluate the potential of recombinant Salmonella strains as
candidate lentivirus vaccines, FIV antigens were expressed in SL3261 using the
two plasmids system. Initially the ability of SL3261 as a carrier to present
heterologous antigens to the feline immune system was determined. Salmonella
typhimurium aroA strain SL3261 expressing the MBP-FIV Gag fusion protein
and CtxB as a control, proved to be immunogenic in cats, as high specific
serum antibody titres to Salmonella LPS, CtxB and MBP developed after a
single immunization. Specific serum antibodies against Gag developed after a
second i.p. immunization. No Gag specific antibodies were induced in the orally
immunized cat, but this cat was primed for Gag by this immunization
procedure as demonstrated by the faster development of Gag specific antibodies
after FIV challenge of this cat compared to the control cats. It is unlikely that
this faster antibody response is the result of enhancing antibodies acting at
levels below the detection limit, as it is unlikely that antibodies against the
capsid proteins will induce enhancement of infectivity. Also, the viral loads 33
days post challenge in the cat orally immunized with the MBP-Gag expressing
Salmonella was not higher than that of the control cats. Although this study
demonstrated the ability of Salmonella to present antigens to the feline immune
system, the immunisation failed to protect the cats against a challenge with
homologous- molecular cloned FIV. The vaccination schedule was therefore
extended. Two experimental FIV vaccines were tested, either alone or in
combination. One vaccine (SL3261-FIV) incorporated SL3261 strains
expressing Gag, as well as strains expressing part of the envelope protein (Env)
of FIV. The other vaccine was composed of bacterial derived FIV-Gag and
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recombinant vaccinia virus derived FIV-Env proteins incorporated in immune
stimulating complexes (iscom-FIV), Cats of group A received four
immunisations with SL3261-FIV and cats of group B two immunisations with
SL3261-FIV, followed by two immunizations with iscom-FIV. Cats of group C
were immunised twice with the CtxB expressing SL3261 strain (S1.3261-CtxB)
followed by two immunisations with iscom-FIV. The cats of group D, which
served as a negative control, were immunized twice with SL3261-CtxB and
twice with iscom in which the Gag and Env proteins of SIV had been
incorporated (iscom-SIV). It was hoped that the SL3261 and iscom
immunisation would complement each other. Both are able to induce class I
restricted CTL, but may do so by different routes. The induction of CD8+
CTLs by iscoms is most likely a result of entry into the endogenous pathway of
antigen processing and presentation’, while SL3261 may have access to an
alternative route of class I restricted presentation, described for particulate
antigens (for review see ref, 4) that requires phagocytotic APCs, Furthermore,
the glycosilated vaccinia derived Env protein in the iscom preparation, may
present additional VN epitopes that are absent from the non-glycosilated Env
produced by SL3261. Specific antibodies were induced much more efficiently
by immunisation with iscom-FIV than by immunisation with SL3261-FIV.
Repeated immunisations with the last, did not induce detectable Env-specific
antibody responses and only weak Gag-specific responses. However, cats that
had previously been immunized with SL3261-FIV were primed, as Gag-specific
antibodies developed faster in these cats after immunisation with iscom-FIV,
compared to cats previously immunized with SL3261-CtxB. Two weeks after
the last immunisation all the cats were FIV-challenged. At this time point all the
cats that had received iscom-FIV had developed considerable serum antibody
responses to Gag and Env, while these responses were weak or undetectable in
the cats immunized four times with SL3261-FIV, Seven weeks after FIV-
challenge the Env-specific antibody responses had increased considerably in the
cats of all groups, apart from the group immunised four times with SL3261. By
sixteen weeks post challenge only one cat of this group had developed a
considerable anti-Env response, comparable with that of the negative control
cats. The overall virus load, as determined by the number of FIV infected
PBMC and by PCR end-point titration, was fowest in group A at all time
points. Taken together, these data strongly suggests that the cats immunized
four times with SL3261-FIV were partially protected against FIV-challenge. It
is unlikely that the reduced virus load in this group was a result of VN
antibodies, as no significant Env-specific antibody titres were detected and only
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weak Gag-specific titres. Furthermore, in spite of much higher specific serum
antibody titres in the cats immunised with iscom-FIV, no reduced virus load
was observed in these cats. It seems therefore more likely that a cellular
response is at the basis of the observed reduced virus load. The cats of the
previous study, immunized only with SL3261-Gag, were not protected against
FIV-challenge, suggesting that SL3261-Env contributed to the observed partial
protection, These resulis are in accordance with the observation that Env but
not Gag-specific CTL responses correspond with protection against FIV
infectionl. Care should be taken in the interpretation of these results, however,
as the group sizes were small and the used immunisation schedules not identical.

In chapter 7 the evaluation of different FIV envelope preparations
incorporated in iscoms is described. Two different recombinant vaccinia virus
derived glycosilated envelope proteins and a non-glycosilated bacterially
produced b-galactosidase-Env fusion protein were compared. Both glycosilated
proteins were identical except that one was expressed from an env gene in
which the region encoding the cleavage site between the surface and the
transmembrane proteins, had been deleted to facilitate incorporation of the FIV
SU protein into iscom. Env was prepared using a recombinant vaccinia virus
expression system. The different envelope proteins incorporated into iscom,
and the relevant control preparations - cleavage site deleted FIV glycoproteins
mixed with Quil A, and a SIV iscom preparation - were used to immunise cats,
The highest Env specific serum antibody responses and VN antibody responses
were induced by the iscoms preparations that contained the vaccinia virus
derived envelope proteins, with no significant difference between the envelope
proteins with and without cleavage site. In accordance with earlier studies3 the
responses were considerably weaker when Env was not incorporated in iscom,
but just mixed with Quil A. The b-galactosidase-Env fusion protein iscom
preparation was least effective in the induction of Env-specific antibodies and
failed to induce detectable levels of VN antibodies. All vaccine preparations
failed to protect cats against FIV challenge. More striking, the preparations that
induced VN antibodies detectable in the CrFK VN assay even enhanced FIV
infectivity. This enhancement effect could be transferred with plasma of the
vaccinated cats, indicating that it was mediated by antibodies.

Although iscom-FIV induced antibodies much more effectively than
SL3261-FIV, it had no protective effect against FIV infection of cats, SL3261-
FIV, on the other hand, did not induce detectable antibody responses to Env and
induced only weak responses to Gag, but the data suggest that cats immunised
four times with this vaccine were partly protected against FIV infection. A
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number of studies support the view that the use of attenuated Salmonella strains
as carries for heterologous antigens favours the induction of a Type-1 immune
responsed, which is characterised by a dominant cellular response, as opposed
to a Type-2 response which favours the development of antibody responses. In
HIV-1 infected individuals the switch from a dominant Type-1 immune
response to a dominant Type-2 response is associated with a fast progression
towards AIDS. It may be speculated that the immunization with the Env- and
Gag-expressing SL3261 strains has driven the immune system to the more
favourable Type-1 response, while the irnmunization with iscom-FIV, directed
the immune system to the less favourable Type-2 response. This hypothesis is in
accordance with the relatively low cell-associated virus load and with the weak
induction of antibodies against SU1 and SU3 in the cats immunized four times
with the Gag- and Env-expressing SL3261 strains upon FIV challenge. It would
also explain why the antibody response to Gag following the first iscom-FIV
immunization is faster, but not stronger in cats primed with SL3261-FIV
(group C) compared to unprimed cats {group B). The second iscom-FIV
immunisation may have driven the immune system further toward a Type-2
response, thereby undoing any potentially protective effect from the SL3261-
FIV priming.

Concluding remarks

The invertible promoter system described in this thesis is very universal, In
principle it allows the continuous expression of every gene that can be
expressed with the T7 RNA polymerase/T7 promoter systems described by
Studier et al.5 and Tabor0, even if gene expression is toxic, In fact, due to the
high transcription levels obtained, expression of most genes employing the T7
RNA polymerase system will be toxic for the expressing bacteriad. In its
current form the invertible promoter system should be considered as a
prototype. The antibiotic resistance genes present on the plasmids, make its use
in a human vaccine unacceptable. Only low copy numbers of the T7 RNA
polymerase gene are needed. Therefore the T7 RNA, polymerase gene and its
invertible promoter can be integrated into the chromosome, obviating the need
of antibiotic selection pressure to stably maintain the gene. To obtain high
praduction levels of the antigen of interest, the corresponding gene should be
present on a high copy number plasmid, To allow stable maintenance of this
plasmid in the absence of antibiotic selection pressure, the ampicillin resistance
gene can be replaced by an essential genes that has been deleted in the carrier
strain. For this purpose the well characterised asd-system described by
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Nakayama et al.2 can be used, Both modifications have the additional advantage
that they will further stabilise the expression system,

Although none of the vaccine strategies tested in this study fully protected
cats against FIV infection upon challenge, the reduced virus load observed in
cats immunized four times with SL3261-FIV compared to control cats is
encouraging. More extended vaccine studies using attenuated Salmonella strains
as carriers will have to demonstrate the true significance of this approach for
lentivirus vaccine development. Whatever the outcome of these studies, the
ability of the invertible promoter system to allow the abundant expression of
{toxic) heterclogous antigens by recombinant Salimonella strains, may greatly
facilitate the evaluation of these live carriers as candidate vaccines against a
variety of other pathogens.
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Samenvatting

Ondanks grote inspanning is er tot op heden nog geen veilig en effectief vaccin
ter voorkoming van HIV-1 infecties ontwikkeld. Een aantal eigenschappen van
lentivirussen, zoals hun extreme variabiliteit en hun vermogen om als provirus
"onzichtbaar" voor het immuunsysteem te persisteren, bemocilijken de
ontwikkeling van een dergelijk vaccin. Een vaccin dat in staat is een effektieve
mucosale immuunrespons te induceren, zal in een vroeg stadium replicatie van
het binnenkomende virus kunnen beperken of zelfs voorkomen. Een sterke
systemische immuunrespons, bestaande uit cytotoxische T- cellen (CTL) die een
geinfecteerde cel vroeg in de replicatiecyclus kunnen vernietigen, alsmede virus-
neutraliserende (VN) antilichamen, moeten dan de virussen uitschakelen die aan
de mucosale immuunrespons ontsnapt zijn. Om het onstaan van zogenaamde
"escape”-mutanten zoveel mogelijk te voorkomen, zou de antivirale immuniteit
op een aantal, bij voorkeur geconserveerde, epitopen gebaseerd dienen te zijn.
Het in dit proefschrift beschreven onderzoek heeft zich allereerst
geconcentreerd op de ontwikkeling van lentivirusvaccins gebaseerd op
geattenueerde recombinant Salmonella stammen. Deze stammen koloniseren na
orale toediening de lymfoide weefsels van het darinkanaal (de GALT) en
vervolgens de systemische lymphoide organen. Geattenueerde Salmonella
stammen zijn veelbelovend als "dragers" voor lentivirus-antigenen, omdat zij in
staat zijn specifieke lokale en systemische immuunresponsen, waaronder klasse [
gerestrikteerde CTLs, te induceren. Ook zijn ze in staat grote heterologe genen,
met veel virale B en T cel epitopen, tot expressie te brengen. Verder zullen dit
soort vaccins relatief goedkoop geproduceerd en eenvoudig (oraal) toegediend
kunnen worden. Deze laatste twee eigenschappen zijn mel name van belang voor
Derde-Wereld landen, waar een HIV-vaccin het meest nodig is. Om een
voldoende sterke specificke immuunrespons tegen het heterologe antigeen te
induceren moet doorgaans echter veel van het antigeen door de bacterién
geproduceerd worden. De produktie van deze hoeveelheden is vaak toxisch voor
de bacterién, hetgeen resulteert in een te sterke attenuatie van de bacterién en/of
instabiliteit van de antigeenproduktie. Beiden resulteren in de presentatie van
suboptimale hoeveelheden antigeen aan het immuunsysteem. Er is daarom een
expressiesysteem ontwikkeld dat een bacteriéle populatie in staat stelt
voortdurend grote hoeveelheden heteroloog antigeen te produceren, ondanks dat
dit toxisch is voor de individuele producerende bacterién, Het systeem is
gebaseerd op een temperatuur-induceerbare P, promoter die van oriéntatie kan
veranderen. Deze inversie is het resultaat van recombinatie tussen twee "inverted
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repeats” waartussen de PI, promoter gesitugerd is. Slechts in één oriéntatie van
de PL promoter {AAN-oriéntatie), maar niet in de andere (UIT-ori&ntatie), zal
het heterologe gen tot expressie komen. De essentie van het systeem is, dat slechts
een minderheid van de bacteri€n toxische hoeveelheden antigeen produceert,
Hierdoor blijft het grootste deel van de populatie onaangetast. Deze niet
producerende bacterién zijn in staat de infectie vooit te zetten en zullen door
promoter inversies voortdurend nieuwe antigeen producerende bacterién
voortbrengen. Op deze wijze kan de presentatie van antigeen aan het
immuunsysteem voortgezet worden, tot de geattenueerdeSalmonella stam
uiteindelijk uit het lichaam verdwijnt. In hoofdstuk 2 van dit proefschrift is de B
subunit van Cholera toxine (CtxB) gebruikt om dit expressiesysteem te
evalueren., Plasmide pYZ17 bezit het ctxB gen onder de controle van de
inverteerbare PI, promoter. Restriktieénzym analyse van pYZ17 DNA wees it
dat het merendeel van de P, promoters zich in de UlT-oriéntatie bevond. Er
vindt dus selectie plaats tegen de AAN-oriéntatie. Een Salmonella vaccin-stam dat
pYZ17 bevatte werd vervolgens via een maagsonde aan BALB/c muizen
toegediend. Deze muizen ontwikkelden hoge titers CtxB-specifiek IgG en IgA in
hun sera en tevens secretoir IgA in de darmen. Bijna 100% van de bacterién
behield pYZ!17 gedurende enkele weken in vivo.

In een CtxB producerende bacterie zal doorgaans slechts een deel van de
PL promoters de AAN-orientatie hebben. Daarom zal slechts een deel van de
ctxB genen in zo'n bacterie aan de CtxB produktie bijdragen. Als een enkele
promoterinversie in de expressie van alle ctxB genen binnen die bacterie zou
resulteren, dan zou de CixB produktie aanzienlijk vergroot kunnen worden. In
hoofdstuk 3 is een expressiesysteem beschreven dat dit mogelijk maakt. Dit
verbeterde expressiesysteem bestaat uit twee verschillende plasmiden. Een van de
plasmiden bezit het crxB gen onder controle van een T7 promoter. Het andere
plasmide bevat het T7 RNA polymerase gen onder controle van de inverteerbare
Py, promoter. Door deze configuratie zal een enkele promoter inversie in een
bacterie leiden tot de produktie van T7 RNA polymerase. Dit zal op zijn beurt
resulteren in de expressie van alle ctxB genen binnen deze bacterie. Dit 2-
plasmiden systeem resulteerde inderdaad in een veel hogere CtxB-produktie dan
met pYZ17 verkregen kon worden. De hogere produktie leidde na orale
toediening tot aanzienlijk hogere CtxB-specifieke IgG en IgA titers in de sera, en
SIGA titers in de darmen van BALB/c muizen.

Om de algemene toepasbaarheid van het verbeterde inverteerbare
promoter (IP) expressiesysteem te demonstreren, werden ecn ander bacteriéel
antigeen (het maltose bindend proteine (MBP)), een viraal antigeen (een deel van
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het HIV-1 envelopeiwit gefuseerd met het gen-10 eiwit) en twee protozoaire
antigenen (de Tam1-1 en Tam1-2 merozoiet oppervlakte antigenen van Theileria
annulata (hoofdstuk 4)) tot expressie gebracht. Met het IP-systeem konden al
deze genen continu en in grote hoeveelheden geproduceerd worden. Wordt
expressie van T7 RNA polymerase echter gecontroleerd door een gefixeerde
promoter, zodat antigeen produktie na temperatuur induktie in alle cellen van de
bacteri€le populatie plaats vindt, dan kunnen de bacterién alleen groeien bij een
temperatuur waarbij de PL promoter onderdrukt blijft.

Het immunogene MBP werd als model antigeen gebruikt om het voordeel
van het IP-systeem voor vaccinatiedoeleinden te demonstreren, Na orale
immunisatie van muizen werd een bijna 40 maal sterker MBP-specificke
antilichaam respons met het IP-systeem verkregen, dan met het gefixeerde
promoter systeem. Vervolgens werd het IP-systeem gebruikt om het Gag eiwit
van het feline immunodeficiéntie virus (FIV) als fusiegiwit met MBP tot
expressie te brengen. Salmonella stammen die dit fusie€iwit of, als een controle,
ctxB expresseerden bleken immunogeen in katten. Een enkele immunisatie
resulteerde in hoge specifieke antilichaamresponsen tegen Salmonella LPS, CtxB
en MBP. Tevens werden na een tweede i.p. immunisatie ook FIV Gag specifieke
antilichamen geinduceerd. Orale immunisatie induceerde geen Gag-specifieke
antilichaam respons, maar resulteerde wel in Gag-specifieke "priming”.
Ofschoon dit experiment aantoonde dat Salmonella in staat is antigenen aan het
immuunsysteem van katten te presenteren, beschermde de immunisatie de katten
niet tegen een experimentele infectiec met FIV, Het vaccinatieschema werd
daarom uitgebreid. Naast Gag producerende Salmonella stammen werden tevens
FIV-Env producerende stammen toegediend. Bovendien kregen de katten dit
Salmonella-FIV vaccin zowel oraal als L.p. toegediend. Een ander vaccin bestond
uit recombinant FIV-Gag en FIV-Env geincorporeerd in immuun stimulerende
complexen (iscom). Na FIV-infectie was alleen in de groep katten die vier maal
met het Salmonella-FIV vaccin getTmmuniseerd was, de virustiter lager dan in de
controle groep. Verder was na FIV-infectie de Env-specifieke
antilichaamrespons in deze groep veel zwakker dan de overige groepen. Deze
resultaten suggereren dat de vier immunisaties met Salmonella-FIV een zekere
mate van bescherming tegen infectie met FIV induceerden.

Het laatste deel van het proefschrift beschrijft de evaluatie van
verschillende subunitvaccins gebaseerd op FIV-envelopeiwitten. Geglycosyleerd
envelopeiwit met of zonder de klievingsplaats en een bacterigel geproduceerd
ongeglycosileerd FIV-envelop fusiegiwit, werden geincorporeerd in iscoms of
gemengd met QuilA als adjuvant. Al deze vaccins induceerden Env-specifieke
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antilichamen in katten, maar er bestonden duidelijke verschillen tussen de
responsen geinduceerd door enerzijds de geglycosileerde eiwitten en anderzijds
het ongeglycosileerde envelopeiwit. Zo induceerden uitsluitend de
geglycosileerde eiwitten antilichamen die in staat waren FIV-infectic van een
kattenier cellijn te neutraliseren. Verder herkenden de antilichamen geinduceerd
met de geglycosileerde eiwitten meer verschillende regio's van het envelopeiwit.
Na infectie met FIV bleek in de katten die met de geglycosileerde eiwitten
geimmuniseerd waren, eerder virus in het bloed aantoonbaar, dan bij de katten
van de andere groepen. Deze versnelde infectie kon met plasma van de
gevaccineerde dieren worden overgebracht naar naive katten.

Geen van de vaccinstrategién beschreven in dit proefschrift was in staat
katten volledig tegen een experimentele FIV infectie te beschermen. Het is echter
bemoedigend te zien dat de virustiter na experimentele FIV-infectie lager was in
de groep katten die vier maal met Salmonella-FIV geimmuniseerd was, dan in
de controle groep., Meer uitgebreide vaccinstudies waarin Salmonella stammen
als dragers van lentivirus antigenen gebruikt worden zullen het uiteindelijke
belang van deze benadering voor de ontwikkeling van lentivirus vaccins moeten
demonstreren. Het vermogen van het inverteerbare promoter systeem om
continu grote hoeveelheden (toxisch) antigeen door recombinante Salmonella
stammen f¢ laten produceren, zal de evaluatie van deze levende dragers als
candidaat vaccins tegen lentivirussen en andere pathogenen aanzienlijk
vereenvoudigen.
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