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Recent advances in the quantitative assessment of viral burden, by permitting the extension of criteria
applied to assess the efficacy of vaccines from all-or-none protection to diminution of the viral burden, may
allow the identification of original immunogens of value in combined vaccines. Peptides corresponding to three
domains of the envelope glycoproteins of feline immunodeficiency virus that are recognized during natural
infection were used to immunize cats. After challenge with a primary isolate of feline immunodeficiency virus,
the development of acute infection was monitored by quantitative assessment of the viral burden in plasma and
tissues by competitive reverse transcription-PCR, by measurement of the humoral response developed to viral
components, and by lymphocyte subset analysis. Whereas immunization with two peptides derived from the
surface glycoprotein had no effect on the early course of infection, immunization with a peptide derived from
the transmembrane glycoprotein delayed infection, as reflected by a diminished viral burden in the early phase
of primary infection and delayed seroconversion. This peptide, located in the membrane-proximal region of the
extracellular domain, has homology to an epitope of human immunodeficiency virus type 1 recognized by a
broadly neutralizing monoclonal antibody. These results suggest that lentivirus transmembrane glycoproteins
share a determinant in the juxtamembrane ectodomain which could be of importance in the design of vaccines

against AIDS.

While it is likely that suppression of viral burden by both
humoral and cellular immune responses contributes to the
maintenance of a prolonged asymptomatic state during natural
infection by the human, simian, and feline immunodeficiency
viruses (HIV, SIV, and FIV), the immunological mechanisms
underlying protection are as yet ill defined. This uncertainty
constitutes the major obstacle to the rational design of AIDS
vaccines. In practice, humoral immunity is frequently assessed
by antibody-mediated neutralization of viral infectivity for cul-
tured cells. When applied to strains of HIV type 1 (HIV-1)
adapted for propagation in transformed T-cell lines, continu-
ous epitopes sensitive to neutralizing antibodies were identi-
fied in the third variable region (V3) of the external glycopro-
tein, gp120 (33). However, neutralization of adapted virus by
such antibodies has tended to be type specific (24, 49, 59) and
largely ineffective against primary isolates (8, 43, 63, 65).

More recently, attention has been focused on the use of
complex oligomeric envelope as an immunogen. Indeed, im-
munization with oligomeric envelope glycoproteins elicits
broadly cross-reactive antibodies to discontinuous epitopes on
gp120 and gp41, some of which are dependent on the oligo-
meric structure (9). Nevertheless, the concern exists that cer-
tain elements of the immune response, such as enhancing
antibodies, could diminish the degree of protective immunity
attainable after vaccination with envelope subunits (39, 42).
The balance between neutralization and enhancement might
explain, at least in part, the variable results of subunit vaccine
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trials performed in animals, ranging from protection to disease
enhancement.

It is thus conceivable that protection afforded by immuniza-
tion may be improved by the selective incorporation of partic-
ular envelope domains in lentivirus vaccines. Ideally, these
immunogens would represent viral determinants of limited
variability and their beneficial effect would be demonstrable
against primary isolates. Due to the limitations of assays per-
formed in vitro, protection may best be evaluated by immuni-
zation and virulent challenge in an animal model. In the past,
vaccine protection was conventionally assessed by all-or-none
infection of animals. No simple alternative method was avail-
able to quantify and compare vaccine efficacy in vivo. More
recently, however, technological and conceptual developments
in the quantitative analysis of viral burden have allowed rapid
evaluation of the effect of therapeutic intervention. Such tech-
niques may also be applied in vaccine trials, to define immu-
nogens affecting viral burden in vivo upon challenge in animals.
Thus, the same rationale that is used to optimize multitherapy
may be applied to vaccines. The first step would be to define
original immunogens that provide a degree of protection
against an in vivo challenge in animal models. The second step
would be to test whether protective immunity might be im-
proved by a combination of such immunogens, which by them-
selves provide only partial protection.

We have previously defined nine domains comprising con-
tinuous B-cell epitopes of the envelope glycoproteins of FIV
recognized during natural infection (51). Of these, five do-
mains (SU1 to SUS) were localized in the surface glycoprotein
and four (TM1 to TM4) were localized in the transmembrane
glycoprotein. Three envelope domains (SU2, SU5, and TM3)
that elicit antibodies in most infected cats were selected in the
present study. The first domain, SU2, induces antibodies which
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FIG. 1. Diagrammatic representation of the envelope of FIV. Sites of pro-
teolytic cleavage eliminating an amino-terminal signal peptide (arrowhead) and
generating mature surface (SU) and transmembrane (TM) envelope glycopro-
teins (arrow) are indicated. Peptides SU2, SUS, and TM3 were used as immu-
nogens. Positions correspond to the amino acid sequence of the envelope gly-
coprotein of the Wo strain. Symbols: m, peptides; 8, signal sequence; B,
putative membrane-spanning domain.

neutralize viral infectivity for cultured cells (17, 36, 57). Anal-
ogy between the SU2 domain and the third variable (V3)
region of HIV-1, beyond the induction of neutralizing antibod-
ies, extends to involvement in tropism (32, 70, 72) and to
structure (52). Immunization with a peptide derived from the
SU2 domain, however, failed to afford protection against in
vivo challenge (37). The second domain, SUS, corresponds to
the fifth conserved region of gp120 of HIV-1 that elicits anti-
bodies that cross-react with HLA class I (18) and has been
hypothesized to be involved in antiviral protection (4, 5). Fi-
nally, the TM3 domain, located in the extracellular membrane-
proximal domain of the transmembrane glycoprotein, corre-
sponds spatially to a relatively well conserved region in gp41 of
HIV-1 recognized by neutralizing antibodies in human sera
(10). Moreover, a human monoclonal antibody directed
against this region has potent neutralizing activity in vitro
against primary isolates of HIV-1 (14, 54, 67).

In the present study, we have assessed whether any of these
three envelope domains may elicit a degree of protection
against challenge with a primary strain of FIV, as reflected by
diminution of the viral burden during acute infection. The viral
burden in plasma and tissues was assessed by competitive re-
verse transcription-PCR (RT-PCR). Whereas immunization
with SU2 or SUS had no effect on the early course of infection,
immunization with the TM3 peptide delayed infection, as re-
flected by a diminished viral burden in the early phase of
primary infection and by delayed seroconversion.

MATERIALS AND METHODS

Tissue culture. The ID10 clone (48) of Crandell’s feline kidney cells (CrFK)
was generously provided by R. Osborne (University of Glasgow, Bearsden,
United Kingdom). The CrFK fibroblasts were cultivated in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal calf serum, 100
IU of penicillin per ml, and 100 wg of streptomycin per ml. The feline T-
lymphoid cell line FL-4 (77), which is chronically infected with the Petaluma
strain of FIV, was the generous gift of J. Yamamoto (University of Florida,
Gainesville, Fla.). The FL-4 cell line was cultivated in RPMI 1640 with fetal calf
serum and antibiotics as described for CrFK cells (complete RPMI). Feline
peripheral blood mononuclear cells (PBMC) were isolated from the blood of
specific-pathogen-free cats by density gradient centrifugation and activated for 3
days in complete RPMI containing 5 ug of concanavalin A per ml, 50 pM
2-mercaptoethanol (2-ME), and 10 mM HEPES.

Virus. Stocks of the Petaluma (53) and Wo (45) isolates of FIV were derived
from the supernatant of the FL-4 cell line and acutely infected feline PBMC,
respectively. The Wo isolate has been passaged a limited number of times and
only in feline PBMC.

Peptides. Peptides deduced from the envelope sequence of the Wo isolate (52)
and coupled via the amino-terminal residue to keyhole limpet hemocyanin
(KLH) were obtained from Neosystem (Strasbourg, France). The peptides cor-
responded to previously defined envelope domains containing continuous B-cell
epitopes (51) and were as follows (residues affixed to facilitate coupling are
underscored): YRAISSWKOQRNRWEWRPD (SU2), COVVKQPDYLVVPGE
VMEYKPRR (SU5), and YKKGLOQQLQEWEDWVGWIGN (TM3). The po-
sition of the peptides within the envelope sequence is shown in Fig. 1.

Immunization and challenge. Groups of four 4-month-old specific-pathogen-
free cats (IFFA-CREDO) were immunized subcutaneously with 120 ug of FIV
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peptide (approximately 250 ng of KLH-coupled peptide) emulsified in complete
Freund’s adjuvant. Four booster injections were administered subcutaneously in
incomplete Freund’s adjuvant, generally at intervals of 2 to 3 weeks, although the
interval between the last two injections was 7 weeks. As a negative control, four
cats received the same regimen of inoculations containing adjuvant only. Devel-
opment of the humoral response was monitored regularly. Cats were challenged
1 week after the final immunization by intraperitoneal inoculation of 10 50% cat
infectious doses (CIDs) of the Wo isolate of FIV. Blood was collected at weekly
intervals for enumeration of lymphocyte subsets, isolation of virus, determination
of viral RNA in plasma (competitive RT-PCR), and serological analyses. The
cats were sacrificed five weeks after challenge. Lymphoid organs (spleen, thymus,
and axillary lymph nodes) were removed and preserved in 10% buffered formalin
solution for histological observation or frozen in liquid nitrogen for extraction of
RNA.

Serological analyses. The antibody response was assessed before challenge by
enzyme-linked immunosorbent assay (ELISA) on immobilized envelope peptide
and immunoprecipitation. After challenge, seroconversion was monitored by
ELISA on immobilized envelope peptides and recombinant FIV capsid protein.

(i) ELISA. ELISA on immobilized envelope peptides corresponding to the
immunogenic domains SU2 and TM2 and on immobilized recombinant p25 (FIV
capsid protein) expressed as a glutathione S-transferase fusion protein (56), the
kind gift of O. Jarrett (University of Glasgow), was performed essentially as
described by Avraméas et al. (1). Microplates (Immulon II; Dynatech) were
coated with 0.5 pg of antigen per well for peptides and with 0.1 wg/well for p24.
Assays were performed in duplicate, and the results are expressed as means.
Antipeptide titers prior to challenge were expressed as the reciprocal of the last
serum dilution yielding an absorbance at 405 nm greater than 0.1. After chal-
lenge, seroconversion with respect to envelope peptides and p24 was assessed at
serum dilutions of 1/25 and 1/100, respectively. Absorbance values at 405 nm
were corrected by subtraction of the absorbance values obtained upon binding to
an irrelevant immobilized peptide. Assays were normalized with respect to bind-
ing of pooled sera of FIV-infected cats with a peptide representing the immu-
nodominant domain (TM2) of the transmembrane glycoprotein of FIV (1).

(ii) Immunoprecipitation. Sera collected on the day of challenge (at a dilution
of 1/40) were used to immunoprecipitate envelope glycoproteins derived from
metabolically labeled FL-4 cells and activated feline PBMC infected with the Wo
strain of FIV, as described elsewhere (50).

Neutralization and reduction of viral infectivity assays. Antibodies neutraliz-
ing the infection of CrFK by the Petaluma strain of FIV were detected as
previously described (57). For the assay of the reduction of viral infectivity, serial
dilutions (1/50, 1/100, 1/200, and 1/400) of a stock of the Wo isolate and a single
dilution (1/5) of sera were prepared in complete RPMI containing 50 pM 2-ME
and 10 mM HEPES. Feline serum was combined with an equal volume of serial
dilutions of virus and incubated in a volume of 100 pl for 1 h at 37°C in
quadruplicate in eight-strip cluster tubes (Costar). Mitogen-activated PBMC
were adjusted to 4 X 10%ml in complete RPMI with 2-ME, HEPES, and 200 U
of recombinant human interleukin 2 per ml, and 0.1 ml of the suspension (4 X
10° cells) was added to the tubes. Infection was allowed to proceed overnight.
The virus inoculum was removed by washing the cells twice with 0.5 ml of
complete RPMI. The cells were then resuspended in 0.2 ml of feline serum
diluted in complete RPMI with 2-ME, HEPES, and 100 U of interleukin-2 per
ml and transferred to wells of 96-well microtiter plates. Half the medium was
replaced 4 days after infection. Aliquots of 10 pl were removed 7 days after
infection for analysis of reverse transcriptase activity.

Lymphocyte subset analysis. Counts of CD4" lymphocytes were determined
at regular intervals during immunization and acute infection. CD4" lymphocytes
were enumerated by flow cytometry with monoclonal antibodies obtained from
Clinisciences.

Isolation of virus. Plasma samples obtained from all cats after 2 and 3 weeks
of infection were analyzed qualitatively by PBMC culture to verify that infection
had occurred. Plasma viremia was quantified by limiting dilution in PBMC
culture (27) at 3 weeks of infection for control and TM3 groups only, to compare
the infectious titer with the RNA copy number. Infection was assessed by de-
termination of p24 by ELISA (Petcheck; IDEXX) in culture supernatants 14 and
21 days after inoculation of various volumes (0.2, 2, 10, 40, 200, or 1000 wl) of
plasma. The highest plasma dilution giving a positive culture was taken as the
end point. Plasma viremia was expressed as 50% tissue culture infectious doses
(TCIDsg)/ml plasma.

Preparation of RNA. (i) Plasma RNA. Plasma was prepared from blood
collected in heparin. Initially, the plasma was filtered (pore size, 0.45 pm) and
cell-free RNA was extracted directly from filtered plasma with the viral RNA kit
(Qiagen) and eluted in 50 pl of water as specified by the manufacturer. However,
product formation after RT of competitor RNA and PCR amplification was
frequently inhibited in the presence of RNA extracted from plasma in this
manner, suggesting the presence of an inhibitory substance, which we presumed
to be residual heparin. Amplification was substantially improved when the virus
was isolated from plasma by ultracentrifugation before extraction. Therefore,
when duplicate plasma samples were available, virus was sedimented from 140 pl
of filtered plasma (213,000 X g for 20 min at 4°C) in duplicate and resuspended
in 140 pl of RPMI 1640 prior to extraction of viral RNA with the viral RNA kit.
When the quantification of RNA extracted directly from plasma was unavoid-
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able, satisfactory results were obtained by diluting RNA by a factor of 1/10 before
the RT step. RNA was aliquoted and stored at —80°C.

(ii) Tissue RNA. Frozen splenic and thymic tissues were reduced to powder
and immediately dispersed in lysis buffer, provided with the RNA extraction kit
(RNeasy; Qiagen) by using a tissue homogenizer (Ultra-Turrax). Frozen axillary
lymph nodes were dispersed directly in lysis buffer. RNA was subsequently
extracted with the RNeasy kit as specified by the manufacturer. Contaminating
DNA was removed by hydrolysis with DNase I (RQ1 RNase-free DNase; Pro-
mega).

Competitive RT-PCR. Viral RNA in plasma and tissues was quantified by
competitive RT-PCR. A conserved region of the gag gene of FIV was selected as
the target sequence for RT and nested PCR amplification. Amplification of
wild-type template yielded an initial product of 312 bp and a nested product of
165 bp, corresponding to nucleotides 1059 to 1370 and nucleotides 1157 to 1321,
respectively, of the 34TF10 molecular clone (66).

(i) Molecular constructions. The 312-bp target sequence was amplified from a
plasmid (pKSgag) containing the entire gag gene of the Wo strain of FIV (52) by
using a 5’ primer comprising the 5’ sequence of the target template and the
restriction endonuclease site Kpnl and a 3’ primer comprising the 3’ sequence of
the target template and an Xbal site. The amplification product was subcloned
into the corresponding sites of pBluescript KS+, yielding pBSQCgag.

To prepare a template for the synthesis of competitor RNA, a deletion of 31
nucleotides was introduced into the gag sequence by PCR. The 3’ portion of the
wild-type sequence was amplified with a 5’ primer, SHAWo0G128, complemen-
tary to the natural HindIII site (nucleotides 1241 to 1246) and bearing a 31-
nucleotide discontinuity, and a 3’ primer, RXWo0G139, comprising the 3’ se-
quence of the target template and an Xbal site. Competitor templates have been
prepared in a similar fashion by Pistello et al. (54) and Diehl et al. (19). Wild-
type template, 10 ng of pBSQCgag, was amplified in a final volume of 100 .l
containing 2.5 mM MgCl,, each deoxynucleoside triphosphate at 200 pM, 1X
commercial buffer, and 2.5 U of Tag polymerase (both from Gibco BRL), and
each primer at 0.2 uM. DNA was denatured at 94°C for 3 min, subjected to 30
amplification cycles (94°C for 30 s, 55°C for 30 s, and 72°C for 30 s), and
elongated at 72°C for 7 min. The sequences of the primers were as follows:
SHAW0G128, GGATGAAAGCTTAAAG/CCCCTGATGGTCCTAGAC
(1235 to 1250/1282 to 1299); and RXWo0G139, GCTCTAGATCTTGCTTCTG
CTTGTTGTTCTTGAG (1370 to 1345). The amplification product was purified,
digested with HindIII and Xbal, and substituted for the corresponding fragment
of pBSQCgag, yielding pBSQCAgag.

(i) Synthesis of competitor RNA. Competitor RNA was synthesized as the
runoff transcription product of pBSQCAgag linearized with Xbal by using T3
RNA polymerase (Promega Gemini kit). DNA template was hydrolyzed with
RQ1 RNase-free DNase (Promega). Competitor RNA was purified by absorp-
tion to silica (RNeasy) and quantified by measurement of the absorbance at 260
nm. RNA was aliquoted and stored at —80°C.

(iii) Competitive RT-PCR. Competitive RT-PCR and determination of the
copy number of viral RNA were performed as described elsewhere (58).

Statistical analyses. The cumulative area under the curve (16) was calculated
for the plots of viral RNA copies per milliliter plasma against time after both 3
and 4 weeks of infection and compared by the Mann-Whitney test.

Sequence analysis of virus obtained postchallenge. To determine whether
immunization with the TM3 peptide had resulted in the selection of divergent
virus, sequences of the TM3 domain were determined postchallenge for cats
immunized with the TM3 peptide, a control cat, and the viral stock used for
challenge. Viral RNA was isolated from plasma and subjected to RT as described
above. Residues 8277 to 8912 (numbered according to the 34TF10 sequence)
encompassing the TM3 domain were amplified by seminested PCR with Pwo
DNA polymerase (Boehringer Mannheim). The primers were, in the first round
of amplification, Spenew (5'-CATCAAGTACTAGTAATAGGATTAAA-3")
(8277 to 8302) and Asnde (5'-GATTTGATTCGAAATGGATTCATATGAC-
3") (8928 to 8901), and in the second round, Spenew and NdeWo (5'-GATTC
ATATGACATACCTTCCTCAAAG-5') (8912 to 8886). The amplification
products were purified and cloned by using the pCR-Script Amp SK (+) cloning
kit (Stratagene). Positive clones were identified by hybridization, and five inde-
pendent clones were sequenced for each cat at each time point examined.

RESULTS

Development of the humoral response to envelope peptides.
To assess the influence of humoral immunity to the envelope
glycoproteins on the course of primary FIV infection, cats were
immunized with peptides (Fig. 1) corresponding to envelope
domains comprising continuous B-cell epitopes recognized
during natural infection. All the immunized cats developed
strong antibody responses, as determined by ELISA on enve-
lope peptides used as immunogens (Table 1). On the day of
challenge, titers (expressed as the logarithm of the reciprocal
of serum dilution) ranged from 4.40 to 5.61. Recognition of
envelope glycoproteins was assessed by immunoprecipitation
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TABLE 1. Antibody response to peptides during immunization

Anti-peptide titer on day of:

Group and Immunoprecipitation®
cat no. 1st boost 2nd boost Challenge on day of challenge
SuU2

324 4.71 5.01 5.61 +
325 5.01 531 5.01 +
326 4.40 4.71 531 -
327 531 5.01 4.71 +
SuUS5
328 5.01 531 4.71 +
329 531 531 5.01 +
340 4.71 5.01 5.01 +
341 >5.61 531 5.01 +
T™M3
346 4.71 4.71 4.40 +
347 5.01 531 4.71 +
348 531 5.01 4.40 -
349 ND¢ 3.20 4.40 -

“ The titer was expressed as the logarithm of the reciprocal of the last serum
dilution for which the absorbance at 405 nm was greater than 0.1.

® Immunoprecipitation of envelope glycoproteins from metabolically labeled
FL-4 cells (SU2 and SUS groups) or acutely infected PBMC (TM3 group).

“ND, not done.

of biosynthetically labelled envelope glycoprotein with sera
collected on the day of challenge, as summarized in Table 1.
Sera from all cats immunized with the SU5 peptide and three
of four cats (cats 324, 325, and 327) immunized with the SU2
peptide immunoprecipitated envelope glycoproteins of the
Petaluma strain from lysates of chronically infected FL-4 cells.
Since the TM3 peptide, deduced from the env sequence from
the Wo strain of FIV, differed in 4 of 19 residues from the
Petaluma sequence, prechallenge sera of cats immunized with
the TM3 peptide were tested by immunoprecipitation of en-
velope glycoproteins from lysates of PBMC acutely infected
with the Wo strain of FIV. While sera from only two cats (cats
346 and 347) immunized with the TM3 peptide were observed
to precipitate the Wo envelope, immunoprecipitation of viral
envelope from acutely infected PBMC is generally less efficient
than from chronically infected lymphoblastoid cell lines.
Activity of antibodies raised against envelope peptides in a
biological assay. To assess antibody function, feline sera raised
against the SU2 peptide were assayed for antibodies neutral-
izing the infection of CrFK by the Petaluma strain of FIV. Only
one cat (cat 327) immunized with the SU2 peptide developed
neutralizing antibodies: the last doubling dilution reducing in-
fection by at least 50% was 1/160. Sera of cats immunized with
the SUS and TM3 peptides did not neutralize the Petaluma
strain, as measured in the CrFK cell line (data not shown). Due
to the sequence diversity in the envelope glycoproteins of the
Petaluma and Wo strains, notably in the TM3 domain, we also
examined the functional activity of antibodies in a homologous
assay. Since the Wo strain has not been adapted for passage in
CrFK cells, the influence of antibodies on infection of feline
PBMC was examined. In a reduction-of-infectivity assay with
mitogen-activated PBMC, sera directed against the SU2 and
TM3 peptides did not modify infection by the Wo strain (data
not shown), despite the neutralizing activity which had been
observed for one serum sample raised against the SU2 peptide
when CrFK cells were used as the cellular substrate.
Isolation of FIV after viral challenge. After challenge, all the
cats became productively infected, as determined by successful
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TABLE 2. Seroconversion

Binding of sera to viral components as a function of time after

challenge®
Group and
cat no. SuU2 ™2 p24
3wk 4wk 5wk 3wk 4wk 5wk 3wk 4wk 5wk
SU2
324 S — 0 2.1 25 0 0.2 1.9
325 — — — 0 1.4 21 0 0 0.2
326 — — — 0 1.3 21 0 0.2 1.1
327 — — — 0 22 23 0 0.4 1.3
SuUS
328 0 1.9 24 23 29 3.0 0.1 27 29
329 0 05 07 0 2.8 3.1 0 1.0 22
340 0 0 0.1 0.1 24 28 0 0.2 08
341 0 0 0 0 0 0 0 0 0
T™M3
346 0 0 0 0 0.1 1.9 0 0.1 0.6
347 0 0 0 1.2 24 25 02 23 2.3
348 0 0 0 0 0 0 0 0 0
349 0 0 0 0 0.5 23 0.1 0 0.1
Adjuvant
354 0 24 30 0 26 30 0 0 2.6
355 0 02 02 0.1 23 3.1 0 0.1 2.0
356 04 03 03 22 30 31 0 0.5 1.4
357 0 0.2 1.0 02 29 31 0.1 09 25

“ Data were obtained by ELISA on envelope peptides SU2 and TM2 and on
recombinant FIV capsid protein (p24) for serum dilutions of 1/25 (peptides) and
1/100 (p24) and are expressed as optical density as described in Materials and
Methods.

» — Data not shown for the group of cats vaccinated with the SU2 peptide and
thus seropositive prior to challenge.

isolation of FIV from plasma collected 2 to 3 weeks after
challenge (data not shown).

Seroconversion after viral challenge. After challenge with
the Wo strain of FIV, most cats mounted a humoral response
to viral components, as assessed by ELISA on SU2 and TM2
peptides, derived from the external and transmembrane glyco-
proteins, respectively, and on recombinant capsid protein (Ta-
ble 2). The development of the antiviral humoral response was
weak and delayed in three of four cats (cats 346, 348, and 349)
immunized with the TM3 peptide compared with the response
of the control cats. Five weeks after challenge, none of the cats
immunized with the TM3 peptide had developed a detectable
antibody response against the SU2 peptide whereas all the
control cats had detectable responses. While most (11 of 12)
cats that had been immunized with the SU2 or SUS peptide or
that had received only adjuvant developed a strong response to
the TM2 peptide at 4 weeks postchallenge, all but one cat (cat
347) immunized with the TM3 peptide had weak or undetect-
able responses. Whereas at 5 weeks all the control cats had
responded well to p24, one cat (cat 348) immunized with the
TM3 peptide had not responded and, of the remaining three
cats, two (cats 346 and 349) had developed only weak re-
sponses.

Hematological alterations during acute infection. To assess
the effect of immunization on pathology associated with pri-
mary infection, circulating CD4" lymphocytes were enumer-
ated before and after challenge with the Wo strain of FIV.
Mean values for the number of circulating CD4" lymphocytes
during the immunization period and upon challenge are shown
in Fig. 2. Although the trends were somewhat obscured by the

FIV PEPTIDE VACCINATION 2409

large variation among cats within a given group, as well as in
individual cats over time (data not shown), most cats immu-
nized with the SU2 and SUS peptides, as well as cats which had
received only adjuvant, endured a progressive reduction in the
number of CD4™ lymphocytes following infection (Fig. 2). By
contrast, diminution in the population of CD4* lymphocytes,
despite considerable fluctuation, was not as marked in cats in
the TM3 group (Fig. 2). Although mean CD4" counts ap-
peared to be low in the TM3 group on the day of challenge,
cats with low CD4" counts were also found in the other
groups. No correlation was observed between the number of
circulating CD4* lymphocytes at the time of challenge and the
subsequent course of infection.

Histology. Histological analysis of the mesenteric lymph
nodes and spleen revealed little difference among the groups
of cats 5 weeks after challenge (data not shown). The most
commonly encountered lesions of lymph nodes were follicular
and paracortical lymphoid hyperplasia (in 14 of 16 and 13 of 16
cats, respectively). The histological lesions observed in the
spleen, atrophy (five cases) or hyperplasia (one case) of the
lymphoid sheath and ellipsoid hyperplasia (nine cases), were
observed in all groups without distinction. Whereas no patho-
logical changes were observed in thymic tissue of cats immu-
nized with the TM3 peptide and control cats, three of eight cats
immunized with the SU peptides displayed lesions; these in-
cluded lymphoid hypoplasia with vanishing of the corticomed-
ullary boundary (one case), infiltration of medullary tissue by
lymphocytes (one case), and the presence of degenerating and
necrotic foci (one case).

Viral burden in plasma as determined by competitive RT-
PCR. Since we did not expect to achieve sterilizing immunity
by vaccination with single domains of the envelope glycopro-
teins, protection was assessed by quantitative analysis of the
viral burden. A competitive RT-PCR was developed for the
determination of viral RNA in plasma and tissues. The assay
permits the detection of 10 copies of RNA in one reaction
(data not shown), which sets the lower limit of detection at
1,430 RNA copies/ml of plasma when viral RNA is extracted
from 140 pl of plasma. Upon challenge with 10 CIDs, of the
Wo isolate, viral RNA was detectable in plasma by RT-PCR as
early as 2 weeks after infection. In cats that had received only
adjuvant, the number of viral RNA copies generally peaked at
3 weeks and declined thereafter (Figure 3). The extent of viral
dissemination, whether absolute values of viral RNA or the
time course of infection was considered, was in good agree-
ment with observations of Diehl et al. (19). The presence
before challenge of antibodies directed against a domain
known to elicit neutralizing antibodies, SU2, did not appear to
alter the course of primary infection. In cats immunized with
the SUS peptide, acute infection of three cats followed kinetics
similar to those of control cats while infection of one cat was
delayed. The course of infection in cats immunized with the
TM3 peptide was generally different from that in control cats.
In three of four cats (cats 346, 348, and 349), infection was
delayed. In fact, we did not detect viral RNA in the plasma of
one cat (cat 348) during the period of measurement.

We have analyzed the development of acute viremia by
determining the cumulative area under the curve (16), a pow-
erful method for the analysis of quantitative measurements
made over time. This method permits the simultaneous con-
sideration of both variation in the viral burden over time and
the absolute burden attained. The comparison of the values
obtained (by a nonparametric test) provides a single criterion
by which a delay and/or a quantitative difference may be as-
certained. We have used the Mann-Whitney test to compare
the cumulative area under the curve of RNA copy number for
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FIG. 2. Lymphocyte subset analysis. The number of circulating CD4 ™" lymphocytes during immunization and, following challenge (day 0), during acute infection are

shown. Data are given as means. Error bars represent standard deviations.

the TM3 and control immunization groups at 3 and 4 weeks
after challenge. The reduction in the cumulative viral burden
observed in cats immunized with the TM3 peptide was signif-
icant at both 3 and 4 weeks (P = 0.02).

Plasma viremia. For cats immunized with the TM3 peptide
and control cats, the viral burden in plasma was assessed 3
weeks after challenge by isolation of virus. The number of
copies of viral RNA determined by competitive RT-PCR is
compared with plasma viremia determined by PBMC culture
in Table 3. Immunization with the TM3 peptide prior to viral
challenge resulted in a marked reduction in the levels of in-
fectious virus in plasma early in primary infection. This reduc-
tion was of the same order as that observed in viral RNA copy
numbers. These data confirm that the reduced levels of viral
RNA observed for cats immunized with the TM3 peptide in
comparison with control cats reflected reduction in the plasma
titer of infectious virus. Moreover, comparison of these values
by the Mann-Whitney test revealed that the reduction in the
viral burden in the TM3 group was statistically significant
whether RNA copy number (P = 0.02) or infectious titer (P =
0.017) was considered.

Viral burden in tissues as determined by competitive RT-
PCR. The viral burden in tissues was assessed 5 weeks after
challenge by enumeration of the viral RNA copies in axillary
lymph nodes, spleen, and thymus by competitive RT-PCR.
Since the amplicon is located in the intron of subgenomic viral
RNA, viral RNA copies enumerated in tissues represented
full-length transcripts, either intracellular or encapsidated in

extracellular viral particles. Viral RNA was detected in all
tissues examined in all cats (Fig. 4). The levels of viral RNA in
axillary lymph nodes were lower in three cats (cats 346, 348,
and 349) immunized with the TM3 peptide than in cats immu-
nized with the SU2 and SUS peptides and in control cats. The
level of viral RNA in the spleen was particularly low in one cat
(cat 348) immunized with the TM3 peptide. In the thymus,
however, the viral burden was similar in the four groups of cats
and, generally speaking, higher than in the other tissues exam-
ined. A high viral burden in the thymus early in infection has
also been observed by in situ hybridization (3). It is not clear
whether the apparent preferential infection of thymic tissue
reflects its richness in the cell types most prominently infected
early in infection, a high capacity for trapping viral particles, or
(since tissues were examined before the resolution of acute
infection) the sequential nature of colonization.

Sequence analysis of virus postchallenge. Since viral dissem-
ination was rapid in one cat (cat 347) immunized with the TM3
peptide, we considered whether immunization with the TM3
peptide resulted in postchallenge selection of virus bearing
divergent TM3 domain sequences, possibly as a consequence
of heterogeneity in the viral inoculum. We examined TM3
domain sequences of virus isolated from a control cat, cats
immunized with the TM3 peptide, and the challenge stock.
Analysis of the viral inoculum and, at 4 weeks postinfection,
plasma from two cats (cats 346 and 349) immunized with the
TM3 peptide and one cat (cat 357) that had received only
adjuvant revealed no polymorphism in primary structure. Fur-
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samples for which viral RNA, although detected, was present at less than 30 copies per reaction are denoted by a dashed line, corresponding to 8,580 copies/ml of plasma.

thermore, examination of the cat (cat 347) from the TM3
group in which infection was rapidly established revealed no
evidence for selection of divergent TM3 sequences either 2 or
4 weeks after challenge. We were unable to detect viral RNA
in the remaining cat (cat 348) in the TM3 group.

TABLE 3. Plasma viremia 3 weeks after infection

Plasma viremia by:

Group and
cats no. RT-PCR” PBMC culture”
TM3¢
3464 <1.43 x 10* 1
347 1.19 x 107 1% 10%
3484 <1.43 x 10* 1
349 5.56 X 10° 1
Adjuvant
354 1.93 x 10% 5% 10°
355 2.43 X 108 5 X 10?
356 3.12 x 107 5% 10°
357 2.54 X 10° 5% 10*

“ Plasma viremia as measured by competitive RT-PCR and expressed as the
number of copies of viral RNA per milliliter of plasma.

b Plasma viremia as measured by PBMC culture and expressed as TCIDs, per
milliliter of plasma.

¢ The reduction in viral burden in the TM3 group was statistically significant
whether RNA copy number (P = 0.02) or infectious titer (P = 0.017) was
considered.

< Since no viral RNA was detected at 3 weeks by RT-PCR for cats 346 and 348,
the estimated threshold of detection for these samples is indicated (see the
legend to Fig. 3).

Comparison of the primary structures of FIV and HIV-1.
Alignment of amino acid sequences of HIV-1 and FIV trans-
membrane glycoproteins showed that the TM3 domain of the
FIV envelope could be juxtaposed with a region of the HIV-1
envelope which comprises an epitope, ELDKWA, recognized
by a broadly neutralizing human monoclonal antibody (14, 46,
55, 67). Comparison of the TM3 and HIV-1 domains revealed
a degree of similarity in primary structure (5 of 20 TM3 resi-
dues identical) and analogy in the location of B-cell epitopes:
the continuous epitope (QQLQEWED) of the TM3 domain
best recognized during natural infection by FIV (1) may be
closely aligned with the ELDKWA sequence (Fig. 5).

DISCUSSION

In this paper, we describe the influence of immunity to three
domains of the viral envelope on acute infection by FIV. Im-
munization with two peptides derived from the surface glyco-
protein did not alter the early course of infection. However,
host immunity mounted against a peptide (TM3) derived from
the extracellular membrane-proximal domain of the trans-
membrane glycoprotein delayed the dissemination of virus, as
reflected by a reduced viral burden and reduced seroreactivity
in the early phase of primary infection. The corresponding
region of the HIV-1 envelope bears an epitope recognized by
a human monoclonal antibody (2F5) that neutralizes primary
and laboratory-adapted strains of HIV-1 from diverse clades
(14, 46, 55, 67).

The induction of antibodies which neutralize viral infection
in vitro is often a stated objective in efforts to achieve protec-
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tive immunity. Nevertheless, the relationship between in vitro
neutralization and in vivo protection is unresolved, owing, at
least in part, to the diversity of neutralizing assays currently
practiced. The extent of neutralization depends upon the assay
conditions used, particularly on the cellular substrate used to
measure residual infectivity and the passage history of the virus
(2). Lentivirus adapted for propagation in cultured cells is
more sensitive than primary isolates to neutralizing antibodies
of diverse specificity (2, 43, 44, 65, 74), and this differential
sensitivity is likely to reflect differences which are not purely
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FIG. 5. Diagrammatic representation of the ectodomain and membrane-
spanning domain of the transmembrane glycoproteins of HIV-1 (LAI) and FIV
(Wo) and alignment of the FIV TM3 peptide with an HIV-1 peptide comprising
the 2F5 B-cell epitope. The TM3 epitope (QQLGEWED) best recognized dur-
ing FIV infection and the 2F5 epitope (ELDKWA) are indicated. Symbols: [,
fusion peptide; N, leucine zipper region; 7, membrane-proximal o-helix; B,
membrane-spanning domain.

quantitative (68). In the chimpanzee model, neutralization of
challenge virus appeared to be correlated with protection
against laboratory-adapted virus (6, 22) but not with protection
against primary virus (7, 23). In macaques, protection against
challenge with SIV has been correlated with the presence of
antibodies that neutralize primary or heterologous pathogenic
strains of SIV (12, 75) but not with antibodies that neutralize
laboratory-adapted strains (15, 25, 31, 60). For FIV, protection
against laboratory-adapted virus has sometimes but not always
been correlated with neutralization of laboratory-adapted virus
(28-30, 76, 78). Protection against a primary isolate of FIV has
not consistently been associated with the induction of antibod-
ies neutralizing laboratory-adapted or primary virus (40).

In the present study, induction of neutralizing antibodies
following immunization with peptides coupled to KLH,
whether assessed against laboratory-adapted or primary FIV
isolates, was inefficient. Only one (cat 328) of four cats immu-
nized with the SU2 peptide developed detectable levels of
neutralizing antibodies when neutralization of laboratory-
adapted virus was assessed in a fibroblastoid cell line. Viral
dissemination in this cat was indistinguishable from that ob-
served in control cats. Similar results have been obtained by
others: while immunization with a peptide derived from the
SU2 domain consistently elicited antibodies that neutralized
virus adapted for culture in feline fibroblasts, such immuniza-
tion not only failed to protect cats from infection but also may
have augmented the viral burden during primary infection
(37). By contrast, in the present study, infection was delayed in
cats immunized with the TM3 peptide, although the sera of
these cats did not reduce the infectivity of the homologous
primary virus, as measured in mitogen-activated PMBC. Al-
though the suppression of viral dissemination observed in vivo
cannot be formally attributed to antibody, it is unlikely that a
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substantial level of cell-mediated immunity was generated by
immunization with peptide emulsified in the adjuvant used
(Freund’s adjuvant). Neutralizing antibodies may have been
induced at concentrations which were ineffective when infec-
tion of highly activated cells by primary virus was considered. It
is also conceivable that antibodies delayed acute FIV infection
by mechanisms unrelated to neutralization, such as antibody-
mediated cellular cytotoxicity or opsonization.

Transmembrane glycoproteins of retroviruses are thought to
possess a common structural framework (21). The solution of
the crystal structure of two peptides from the ectodomain of
the transmembrane glycoprotein of HIV-1 has suggested that
in oligomeric envelope, three membrane-proximal «-helices
are packed against a coiled coil composed of three amphi-
pathic a-helices from the amino-terminal portion of the trans-
membrane glycoprotein (11, 71). In view of its stability, this
structure has been suggested to be the conformation of oligo-
meric transmembrane glycoproteins which is competent for
membrane fusion. Peptides corresponding to the membrane-
proximal a-helix are potent inhibitors of cell-cell fusion medi-
ated by the HIV-1 envelope (34, 73). Such peptides may con-
ceivably inhibit the association between amphipathic and
membrane-proximal a-helices and interfere with the formation
of the fusion-competent conformation (41). Similarly, peptides
derived from the membrane-proximal region of the FIV trans-
membrane glycoprotein inhibited the replication of FIV in
feline fibroblasts, although not in a feline lymphoblastoid cell
line (38). Antibodies directed against amino-terminal and jux-
tamembrane peptides of HIV-1 have been suggested to be
associated with protection from disease (35, 69). The HIV-1
epitope recognized by the monoclonal antibody 2F5 and the
TM3 peptide lies at the carboxyl terminus of the juxtamem-
brane a-helix in the transmembrane glycoproteins of HIV-1
and FIV, respectively (Fig. 5). Binding of the 2F5 antibody may
diminish the accessibility of the fusion domain of gp41l and
some domains of gp120, including the CD4 binding site (47).
Stoiber et al. (64) have shown that this antibody may inhibit the
binding of complement factor H, a negative regulator of com-
plement activation, to the envelope of HIV-1, thus enhancing
complement-mediated lysis. While convergent data under-
scores the importance of the juxtamembrane domain to lenti-
virus envelope function, it is unclear how the immune response
directed to the TM3 domain of FIV suppresses viral dissemi-
nation.

In animal models of lentivirus infection, passive immunity to
defined B-cell epitopes has sometimes afforded protection or
suppressed the viral burden. Passive immunity conferred by
monoclonal antibodies directed against V3 loop peptides pro-
tected chimpanzees against challenge with a laboratory-
adapted strain of HIV-1 (20). Notably, the administration of
the 2F5 monoclonal antibody delayed viremia in chimpanzees
infected with a primary strain of HIV-1 (13). Shafferman et al.
(61) described a reduction in the viral burden in macaques
after immunization with four envelope peptides expressed as
fusion proteins. Suppression of the viral burden appeared to be
associated with an antibody response to a peptide comprising
the 2F5 epitope. Here we document a delay in lentivirus in-
fection after active immunization with a single small antibody
binding domain. That this delay occurred after infection with a
primary virus representing a natural pathogen for the host
species suggests that immunization with the TM3 peptide
could contribute to the induction of immune responses which
would limit viral dissemination after natural exposure. This
peptide could be incorporated in a vaccine in association with
viral subunits other than the envelope, or with envelope gly-
coproteins to improve the anti-envelope response to the TM3
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domain. The humoral response to the TM3 domain of the FIV
envelope and to the homologous domain of the HIV-1 enve-
lope is weak during natural infection by FIV (1) and HIV-1
(10), respectively. We did not address the consequence of
slowing viral dissemination during the primary phase of infec-
tion on disease progression. However, Hirsh et al. (26) have
shown that induction of host immunity which reduces plasma
viremia during acute infection, particularly when associated
with sustained restriction of viral replication, was associated
with long-term asymptomatic survival in the rhesus macaque
model.

Whereas immunization with a 19-residue peptide from the
transmembrane glycoprotein delayed the dissemination of
FIV, accelerated infection after immunization with recombi-
nant envelope glycoproteins (62) and genetic immunization
with the env gene (58) has been described. It is possible that
envelope glycoproteins induce immune responses with coun-
teracting influences on viral dissemination. The present study
suggests that domains which elicit predominately protective
responses exist and that such domains may not always be pre-
dicted by functional assays conducted in vitro.
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