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In the feline immunodeficiency virus system, immunization with a fixed-infected-cell vaccine conferred
protection against virulent homologous challenge but the immune effectors involved remained elusive. In
particular, few or no neutralizing antibodies were detected in sera from vaccinated cats. Here we show that,
when preadsorbed with selected feline cells, the same sera revealed clearly evident virus-neutralizing activity.
Because high titers of neutralizing antibody in cell-adsorbed sera from 23 cats immunized with fixed-infected-
cell or whole-inactivated-virus vaccines correlated with protection, it is likely that they were more important
for protection than formerly realized. In vitro, the fixed-cell vaccine efficiently removed neutralizing antibody
from immune sera while the whole-inactivated-virus vaccine was much less effective.

Studies with animal models have shown that certain exper-
imental vaccines can prevent lentiviral infections or retard
progression to disease, but the immune effectors responsible
for these protective effects have remained elusive (reviewed in
references 9, 10, 15, 17, and 25). In the feline immunodefi-
ciency virus (FIV) system (26, 33), substantial levels of protec-
tion have been achieved with several immunogens, including
fixed-infected-cell (FC) and whole-inactivated-virus (WIV)
vaccines (3, 6, 11, 12, 18, 19, 21, 34, 35), two types of immu-
nogens that have provided some satisfactory results also
against simian immunodeficiency virus (5, 14). Thus, FIV is a
practical model for investigating correlates of vaccine-induced
immunity to lentiviruses.

In previous studies, it was found that an FC vaccine, con-
sisting of feline lymphoid cells acutely infected with the clade
B primary isolate FIV-M2, fixed with paraformaldehyde
(1.25%, 37°C for 24 h) at the peak of viral antigen surface
expression, effectively protected cats against systemic challenge
with fully virulent, ex vivo-derived cell-free and cell-associated
homologous virus (18, 19). However, thorough investigation of
the elicited immune response failed to identify correlates that
might explain the protection. Due to their importance in pro-
phylactic immunization in general (27), virus-neutralizing an-
tibodies (NA) were a special focus of attention but were de-
tected in only a few sera from vaccinated animals, without
correlation to protected or unprotected status (22). Here, we
show that failure to detect NA in such sera was due to the
presence of vaccine-induced antibodies directed to cellular
antigens and removable by adsorption with selected feline
cells. In light of this finding, we have reinvestigated the levels
of NA in cell-adsorbed sera of cats immunized with the above-

mentioned FC vaccine (hereafter referred to as FC vaccine
sera) and with a nonprotective WIV vaccine.

FC vaccine sera contain anticell antibodies that prevent NA
detection in vitro. Because the anti-FIV FC vaccine was known
to elicit moderate levels of antibodies to substrate cell antigens
(19), before definitely excluding NA as possible contributors to
its protective action, we checked whether failure of vaccinated-
cat sera to inhibit FIV infectivity in vitro might be due to the
presence of cell-reactive factors that interfered with the out-
come of in vitro neutralization assays. To this end, we adsorbed
with selected cell types the sera of vaccinated specific-patho-
gen-free (SPF) cats that had repeatedly been found to be NA
negative in previous assays (22) and retested their ability to
inhibit FIV infectivity in vitro. The cells used for adsorption
were MBM cells (i.e., the same feline lymphoid cells as used
for vaccine preparation), freshly harvested feline peripheral
blood mononuclear cells (PBMC), primary lymphoblasts ob-
tained from PBMC stimulated with concanavalin A for 3
(PLB-d3) or 12 (PLB-d12) days, Crandell feline kidney (CrFK)
cells, and human oral epidermoid carcinoma KB cells. For
adsorption, 0.8 ml of a 1:8 dilution of heat-inactivated sera was
incubated with 106 viable packed cells at 4°C for 1 h with
occasional shaking, spun down, incubated with the same num-
ber of fresh cells at 37°C for 1 h, and then centrifuge clarified.
Adsorbed and untreated sera, diluted 1:16, 1:64, 1:256, and
1:1,024 (dilutions before the addition of virus and cells), were
tested in parallel for NA against 10 50% tissue culture infec-
tious doses of a stock of low-passage FIV-M2 prepared in
MBM cells. The NA assay was routinely carried out using
indicator MBM cells. The only deviation from the previously
described procedure (4) was that the virus-serum mixtures
were removed from the indicator cultures and replaced with
fresh complete medium 3 h after inoculation. This modifica-
tion was suggested by findings showing that, by this time, FIV-
M2-exposed MBM cells already contain substantial copy num-
bers of proviral DNA (results not shown).
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Table 1 shows the NA titers exhibited by cell-adsorbed and
untreated sera of FC-vaccinated cats. Similar to their un-
treated counterparts, FC vaccine sera preadsorbed with PBMC
or PLB-d3 or KB cells had minimal or no neutralization activ-
ity. In contrast, following adsorption with MBM, PLB-d12, or
CrFK cells, the same sera effectively inhibited FIV replication.
It is also important to note that, at low dilutions, the untreated
FC vaccine sera caused a moderate but clearly evident en-
hancement of FIV replication and that this effect was lost after
adsorption with MBM, PLB-d3, or PLB-d12 cells but not with
freshly harvested PBMC (Fig. 1). When probed by flow cytom-
etry with vaccine sera strongly reactive with MBM cells PLB-
d3, PLB-d12, and CrFK cells were found to share increasing
amounts of surface antigen(s) with MBM cells, while PBMC

tested totally negative (data not shown). On the other hand,
adsorption with MBM cells had no effect on NA-positive and
NA-negative control sera obtained from infected and naive
cats (Table 1). We also examined whether the FIV-inhibitory
effect of cell-adsorbed FC vaccine sera was affected by immu-
noglobulin G (IgG) depletion. The sera, adsorbed with MBM
cells and diluted 1:64, were incubated at room temperature for
2 h in microwells that had been coated overnight with 10 mg of
goat anti-cat IgG (whole molecule) serum (Sigma, St. Louis,
Mo.) and postcoated with skim milk and, as a control, in
microwells coated with skim milk alone. Effective IgG capture
was demonstrated by probing the wells with biotinylated mouse
anti-cat IgG serum (Sigma) followed by an antibiotin-peroxi-
dated conjugate and reading the optical density at 450 nm. As

FIG. 1. Effects of adsorption with selected cell types on the FIV neutralization curves produced by FC vaccine sera. The sera were adsorbed
with MBM cells (3? ), PBMC (}), or PLB-d3 (Œ) or PLB-d12 (F) cells or manipulated in the same manner except for omission of cells (■). RT,
reverse transcriptase.

TABLE 1. Effects of preadsorbing with selected cell types on the FIV-neutralizing activity of FC vaccine sera and control infected and naive
cat sera

Serum no.
Titer of NAa with indicated cell type

None MBM PBMC PLB-d3 PLB-d12 CrFK KB

Vaccinated
727 ,16 512 ,16 ,16 64 512 16
733 ,16 512 ,16 ,16 128 64 ,16
737 ,16 512 ,16 ,16 64 32 ,16
3607 ,16 512 ,16 ,16 128 512 16

Infectedb

753 256 512 NDc ND ND ND ND
792 512 512 ND ND ND ND ND
3573 256 512 ND ND ND ND ND
3588 512 512 ND ND ND ND ND
3603 512 512 ND ND ND ND ND

Uninfected, unvaccinated (6 sera) ,16 ,16 ND ND ND ND ND

a The titer is expressed as the reciprocal of the highest serum dilution that gave 50% inhibition of reverse transcriptase production by 10 50% tissue culture infectious
doses of FIV-M2 mixed with the corresponding dilution of a pool of 10 normal cat sera and calculated by the Reed and Müench method (28). The experiment was
repeated twice, with comparable results.

b These cats were infected with plasma from FIV-M2-infected cats; sera were obtained 1 year later.
c ND, not done.
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shown by Fig. 2, the FIV-inhibitory effect of adsorbed FC
vaccine sera was abolished by IgG depletion, thus demonstrat-
ing that it was the result of true virus antibody-mediated neu-
tralization and not of unidentified virus-blocking factors re-
leased by the cells used for adsorbing the sera. Further
experiments demonstrated that, following MBM cell adsorp-
tion, FC vaccine sera acquired the ability to neutralize FIV
infectivity also for mitogen-stimulated PBMC. Furthermore,
the adsorbed sera failed to neutralize two heterologous clade B
viruses grown in MBM cells exactly as the homologous virus
(results not shown), thus showing the virus isolate specificity
typical of FIV-infected cat sera (1, 4).

We also examined whether the addition of sera obtained
from cats immunized with uninfected paraformaldehyde-fixed
MBM cells affected the NA titer of otherwise neutralizing sera.
Pooled sera from 3 cats infected with FIV-M2 1 year earlier
were mixed 1:1 with undiluted or diluted pooled sera from 2
cats immunized with a mock MBM cell-based FC vaccine
(hereafter referred to as mock-vaccine sera) in incomplete
Freund’s adjuvant (cats 743 and 3583 in reference 19) and, as
a control, with undiluted pooled sera from 10 normal cats. The
mixtures were then titrated for NA. As shown by Fig. 3, the
mock-vaccine serum reduced the NA titers of infected cat sera
in a dose-dependent fashion whereas naive cat serum did not.
Importantly, mock-vaccine sera failed to neutralize, regardless
of whether they were MBM cell adsorbed. Sera from two cats
immunized with fixed CrFK cells exerted a similar though
slightly less pronounced effect, while sera from cats immunized
with autologous PLB-d3 cells did not (data not shown). Fur-
thermore, the effect of mock-vaccine serum was abolished by
MBM cell adsorption and IgG depletion (Fig. 3).

Collectively, the above findings demonstrated that the FC
vaccine had elicited virus-specific antibodies capable of neu-
tralizing the FIV strain used for vaccine preparation and that
previous failure to demonstrate such NA in in vitro neutral-
ization tests was due to the presence in the sera of antibodies
directed to the surfaces of feline cells and elicited by the cell
substrate used for vaccine preparation. It is well known that,
during budding from the plasma membrane, lentiviruses incor-
porate into their envelopes relatively vast amounts of a wide
array of functional host cell materials (reviewed in reference

31). Thus, it is possible that anticell antibodies compete phys-
ically with NA on the virion surface or counteract their action
by some other mechanism. The presence of certain host cell-
derived molecules in the viral envelope has been seen to in-
crease the resistance of human immunodeficiency virus type 1
(HIV-1) to antibody-mediated neutralization (31), and it is
plausible that antibodies reactive with such molecules might
magnify this effect. Alternatively, anticell antibodies might
cross-link virions and cells and hence augment FIV infectivity
for neutralization indicator cells. Previous studies have shown
that in the case of HIV-1, some ligands, such as oligomers of
the RANTES CC-chemokine, can facilitate virus infection also
indirectly, namely by binding to cells and increasing their per-
missiveness (32). However, preincubation of MBM cells with
the mock-vaccine sera that in the experiment described above
had effectively reduced the neutralizing activity of FIV-in-
fected cat sera had no effect on FIV replication (results not
shown), thus excluding the latter type of mechanism. Future
studies are warranted to investigate in depth how anticell an-
tibodies can counteract NA in vitro as well as the precise
nature of the cellular antigen(s) to which they are directed.
The spectrum of cells which proved effective at removing the
relevant antibodies suggests that such an antigen(s) is espe-
cially abundant or present solely on actively cycling cells.

Levels of NA in cell-adsorbed day-of-challenge sera from
protected and unprotected vaccinated cats. We systematically
adsorbed with MBM cells and compared for NA content three
groups of day-of-challenge FC-vaccinated SPF cat sera which,
as discussed in a previous report (22), were considered partic-
ularly informative due to differences in timing and outcome of
challenge, which was performed with homologous ex vivo cell-
free or cell-associated FIV. The results with untreated sera
were in line with our previous findings (22) in that only one
group 1 serum neutralized FIV (titer, 256). Following cell
adsorption, all group 1 and 2 sera exhibited NA at a titer of 512
(10 cats) or 256 (2 cats), while only half of group 3 sera

FIG. 2. Effects of IgG depletion on the FIV-neutralizing activity of
MBM cell-adsorbed FC vaccine sera. Prior to neutralization, the indi-
cated sera were depleted of IgG by capture onto anti-cat IgG (whole
molecule) serum-coated microwells (broken lines) or manipulated in
the same manner except for omission of anti-IgG serum (continuous
lines). RT, reverse transcriptase.

FIG. 3. Effects on the FIV-neutralizing activities of serum from
FIV-infected cats of mixing with sera from cats immunized with a
mock vaccine consisting of fixed uninfected MBM cells. NA titers are
expressed as in Table 1. The experiment was repeated three times, with
comparable results.
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neutralized FIV and, with one exception, their titers were
uniformly lower (Table 2). Thus, these results demonstrated
that NA were at higher titers in protected than in unprotected
vaccinees, supporting the concept that NA had played a role in
protection, possibly in concert with other immune effectors
(13, 22). It is noteworthy that a 50% end point neutralization
titer of 500 has been proposed as a desirable target for HIV-1
vaccines because it is considered adequate for conferring solid
protection (23).

Since under certain immunization conditions host-derived
proteins bound to lentiviral virions may trigger the formation
of cell-reactive antibodies (2, 16, 30), it was also of interest to
determine whether elicitation of anticell antibodies capable of
counteracting the in vitro activity of NA extended to a cell-free
WIV vaccine. We therefore adsorbed with MBM cells and
tested for NA day-of-challenge sera (group 4 in Table 2) from
SPF cats that had been immunized with paraformaldehyde-
inactivated (0.5%, at 37°C for 24 h), gradient-purified FIV-M2
produced in MBM cells. These cats had not resisted a mild
systemic challenge with homologous ex vivo virus (20). When
tested untreated, the sera failed to neutralize as in previously
performed tests (20), but following cell adsorption, three of
five sera proved clearly neutralizing, albeit at lower titers than
those observed with group 1 and 2 FC vaccine sera. These
findings hence showed that WIV vaccines can also elicit anti-
cell antibodies capable of affecting the results of in vitro NA
assays. They further indicated that the WIV vaccine had elic-

ited a poorer NA response than the FC vaccine, thus correlat-
ing with failure to protect.

Depletion of NA in vitro by different immunogens. In an
attempt to understand why the WIV vaccine had triggered less
NA formation than the FC vaccine, we evaluated the two
immunogens for the ability to deplete the FIV-neutralizing
activity of immune sera in vitro. For comparison, a preparation
of viable FIV-M2 produced and gradient purified as for the
WIV vaccine preparation (19) but not paraformaldehyde in-
activated and FIV-M2 glycoproteins purified with Galanthus
nivalis lectin as described previously (8) were also examined in
this regard. FIV-immune sera, diluted 1:64, were incubated in
microwells that contained 2 3 105 FC vaccine cells or had been
coated overnight with 1 mg of the other antigens being tested.
Incubation was carried out first at 4°C for 1 h and then, on
fresh microwells, at 37°C for 1 h. The sera thus treated were
high-speed centrifuged, heated at 56°C for 1 h to eliminate any
acquired viral infectivity, and finally tested for NA. As shown
in Table 3, preincubation of sera with the FC vaccine led to
substantial reductions of the NA titers of test immune sera.
Preincubation with viable FIV-M2 also removed NA, albeit
slightly less efficiently. In contrast, preincubation with the WIV
vaccine had only marginal effects on the NA titers of immune
sera, indicating that paraformaldehyde inactivation had im-
paired the functionality of neutralization-relevant epitopes
present on virions, possibly as a consequence of conforma-

TABLE 2. Titers of FIV-neutralizing antibodies in MBM cell-adsorbed day-of-challenge sera from vaccinated cats that had proven protected
or unprotected against homologous challenge

Group
no.

Vaccine (immunization and
challenge history)a Outcome of challengeb Serum

no.

Titer of NAc

No adsorption Cell adsorbed

1 FC (5 vaccine doses; challenge 4
mo after last dose)

Protected from intravenous
cell-free virus

733
737
806
3532
3535
3585

,16
,16
256

,16
,16
,16

512
512
512
512
512
512

2 FC (5 vaccine doses; challenge
12 mo after last dose)

Protected from intravenous
cell-associated but not from
cell-free virus

727
759
824
3558
3587
3607

,16
,16
,16
,16
,16
,16

512
256
512
512
256
512

3 FC (5 vaccine doses 1 booster
after 26 mo; challenge 2 mo
after booster)

Not protected from intravenous
cell-free virus

733
737
806
3532
3535
3585

,16
,16
,16
,16
,16
,16

,16
,16

16
256

,16
128

4 WIV (5 vaccine doses; challenge
4 mo after last dose)

Not protected from intravenous
cell-free virus or from cell-
associated mucosal challenge

90
101
234
1166
1169

,16
,16
,16
,16
,16

32
16
16

,16
,16

a The vaccine doses, each containing 3 3 107 FC (groups 1, 2, and 3) or 250 mg of WIV (group 4), were administered subcutaneously in Freund’s incomplete adjuvant.
b Cell-free challenge consisted of plasma from infected cats, while cell-associated challenge consisted of PBMC collected directly from infected cats (group 2) or

PBMC activated and infected at a multiplicity of infection of 0.0015 in vitro (group 4).
c Expressed as in Table 1. The experiment was repeated twice, with comparable results.
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tional changes (7, 24, 29). As expected, purified FIV glyco-
proteins also failed to adsorb NA.

Conclusions. This study has shown that the sera of cats
immunized with anti-FIV FC and WIV vaccines can contain
antibodies directed to the substrate cells used for vaccine prep-
aration and capable of preventing the detection of virus-spe-
cific neutralizing activity in in vitro assays. Interestingly, fol-
lowing removal of such masking antibodies, day-of-challenge
sera of FC-vaccinated cats that had been found to be protected
against fully virulent homologous FIV exhibited higher NA
titers than the sera of unprotected FC- or WIV-vaccinated
animals. Clearly, this raises the possibility that NA were more
important effectors of FC vaccine-induced protection than for-
merly realized (22). A role for NA in vaccine-induced anti-FIV
immunity has always been deemed likely, although attempts to
unequivocally correlate them with protection have generated
inconsistent findings (13, 22). Also of interest is that in vitro,
the WIV vaccine removed far fewer NA from immune sera
than the FC vaccine or viable cell-free virus, indicating that
paraformaldehyde treatment is more harmful for the neutral-
ization epitopes present on cell-free virions than for the ones
expressed on virus-infected cells. Since this meager immune
reactivity in vitro corresponded to a poor NA-inducing capac-
ity of the WIV vaccine in vivo, the ability to adsorb NA in vitro
should be further evaluated as a possible parameter for screen-
ing candidate anti-FIV immunogens prior to their use in ani-
mals. It is hoped that this and other evidence raised in the FIV
model will be of value also in the design and evaluation of
other antilentiviral vaccines.
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