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Antibody-dependent enhancement of virus infection is a process whereby virus-antibody complexes initiate
infection of cells via Fc receptor-mediated endocytosis. We sought to investigate antibody-dependent enhance-
ment of feline infectious peritonitis virus infection of primary feline peritoneal macrophages in vitro.
Enhancement of infection was assessed, after indirect immunofluorescent-antibody labelling of infected cells,
by determining the ratio between the number of cells infected in the presence and absence of virus-specific
antibody. Infection enhancement was initially demonstrated by using heat-inactivated, virus-specific feline
antiserum. Functional compatibility between murine immunoglobulin molecules and feline Fc receptors was
demonstrated by using murine anti-sheep erythrocyte serum and an antibody-coated sheep erythrocyte
phagocytosis assay. Thirty-seven murine monoclonal antibodies specific for the nucleocapsid, membrane, or
spike proteins of feline infectious peritonitis virus or transmissible gastroenteritis virus were assayed for their
ability to enhance the infectivity of feline infectious peritonitis virus. Infection enhancement was mediated by
a subset of spike protein-specific monoclonal antibodies. A distinct correlation was seen between the ability of
a monoclonal antibody to cause virus neutralization in a routine cell culture neutralization assay and its ability
to mediate infection enhancement of macrophages. Infection enhancement was shown to be Fc receptor
mediated by blockade of antibody-Fc receptor interaction using staphylococcal protein A. Our results are
consistent with the hypothesis that antibody-dependent enhancement of feline infectious peritonitis virus

infectivity is mediated by antibody directed against specific sites on the spike protein.

Feline infectious peritonitis virus (FIPV) is a member of
the family Coronaviridae. Coronaviruses are plus-sense,
single-stranded RNA viruses with three major structural
proteins, the spike (S), membrane (M), and nucleocapsid (N)
proteins (18). FIPV infects domestic as well as exotic cats
and produces an ultimately fatal disease called feline infec-
tious peritonitis (FIP) (2, 30, 39). One of the most perplexing
aspects of the pathogenesis of FIP is the frequent occurrence
of accelerated, more fulminant disease upon FIPV challenge
of seropositive as compared with seronegative cats. Accel-
erated FIP was first documented when Pedersen and Boyle
showed that the onset of clinical disease among experimen-
tally infected kittens correlated with the appearance of
serum antibodies (31). Weiss and Scott confirmed these
results, demonstrating that the onset of viremia, clinical
signs, thrombocytopenia, lymphopenia, and the appearance
of viral antigen and necrotizing lesions in affected tissues all
occurred earlier in seropositive kittens than in seronegative
kittens (48, 49). Survival times were also significantly shorter
for seropositive kittens (31, 48). In addition, seronegative
kittens given immune serum (31, 47) or anti-FIPV immuno-
globulin G (IgG) (31) before challenge developed clinical
disease in the same manner and over the same time course as
did seropositive kittens. The demonstration of immune com-
plex deposition in FIP by Jacobse-Geels et al. (13, 14)
initially seemed to explain both the pathologic changes of
FIP and the phenomenon of accelerated FIP. However, a
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new consideration was introduced in 1989 when Stoddart
provided evidence for antibody-dependent enhancement
(ADE) of FIPV infection of primary feline peritoneal mac-
rophages in vitro (41).

ADE of virus infection occurs when monocytes and mac-
rophages are more efficiently infected by complexes of virus
plus antibody (Ab), via Fc receptor-mediated endocytosis,
than by virus alone (33). A number of human and animal
viruses have been shown to be capable of utilizing this
mechanism of infection. These include dengue virus and
related flaviviruses (8, 32), respiratory syncytial virus (5, 17),
influenza virus type A (26, 27), rabies virus (16), and most
recently human immunodeficiency virus type 1 (11, 44), as
well as FIPV (41). The FIPV system provides a unique
opportunity to investigate ADE of virus infectivity at both
the in vitro and in vivo levels. Specific aspects of ADE of
FIPV infection need to be elucidated because the immuno-
pathogenesis of FIP has precluded the development of an
effective, proven vaccine against FIPV infection (28).

The aims of this work were to confirm that virus-specific
feline antiserum can mediate ADE of FIPV infectivity in
vitro and to determine whether FIPV-specific murine mono-
clonal Abs (MAbs) can demonstrate similar in vitro enhance-
ment. A panel of MAbs was evaluated to define which viral
protein(s) induces enhancing Abs and to determine whether
distinct enhancing epitopes may be involved.

MATERIALS AND METHODS

Cells and viruses. FIPV strains 79-1146 and UCD1 were
grown in A72 cells. Virus titers were calculated as 50%
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tissue culture infectious dose (TCIDs,) units by the method
of Reed and Muench (34), using Crandell feline kidney cells
(CrFKC) as indicator cells.

Polyclonal Ab preparations. Murine anti-sheep erythrocyte
(anti-SRBC) serum was obtained from a BALB/c mouse
(The Jackson Laboratory, Bar Harbor, Maine) following a
series of three intraperitoneal inoculations of 0.5 ml of a 50%
suspension of freshly collected, washed SRBC. The serum
was heat inactivated by heating to 56°C for 30 min to remove
complement activity.

FIPV-specific feline antiserum was Kindly provided by
Cheryl Stoddart (Stanford University, Palo Alto, Calif.).

MAbs. MAbs to FIPV were produced by using standard
techniques (3). Briefly, a semipurified, whole virus prepara-
tion of FIPV 79-1146 was used to immunize BALB/c mice
(Charles River Breeding Laboratories, Inc., Wilmington,
Mass.). Mice were immunized three times and boosted with
an intrasplenic injection 3 days prior to fusion. Hybridoma
colonies were cloned by limiting dilution, and viral speci-
ficity was assessed by indirect immunofluorescent-Ab (IFA)
labelling of infected CrFKC. Virus protein specificity was
evaluated by radioimmunoprecipitation assay (RIPA) (3),
and IgG subclass was determined by using a commercially
available kit (Zymed Laboratories, Inc., South San Fran-
cisco, Calif.).

Two MADs raised against the DF2 strain of FIPV and two
MADbs raised against the Miller strain of transmissible gas-
troenteritis virus were kindly supplied by Susan Fiscus
(University of North Carolina, Chapel Hill) and Fermenta
Animal Health. The viral protein specificity and immuno-
globulin subclass of these MAbs have been previously
reported (4).

All of the Ab preparations (sera and ascites fluid) for the
enhancement assays were heat inactivated prior to use. This
was done in order to exclude complement-mediated en-
hancement of infection, which has been documented in other
virus systems (33).

Virus neutralization assay. Each of the MAbs was assayed
for virus neutralization activity on CrFKC by using a 96-well
plate format. Serial twofold dilutions of heat-inactivated
MAb were mixed with an equal volume of either FIPV
79-1146 or FIPV UCD1 containing 100 TCIDs, of virus.
Following a 1-h incubation at room temperature, CrFKC
were added and plates were incubated at 37°C for 96 h. Titers
are reported as the reciprocal of the highest dilution of Ab
that completely inhibited cytopathology.

Collection and purification of primary feline peritoneal
macrophages. Macrophages were obtained by saline lavage
of the peritoneal cavity (42) of specific-pathogen-free (SPF)
cats (Liberty Laboratories, Liberty Corners, N.J.). Before
use as a macrophage donor, each cat was confirmed to be
coronavirus antibody negative by kinetics-based enzyme-
linked immunosorbent assay at the Diagnostic Laboratory at
the New York State College of Veterinary Medicine at
Cornell University and by serum neutralization testing. The
peritoneal lavage technique could be performed on a cat
repeatedly at 9- to 12-day intervals without discomfort or
other side effects, thus reducing the number of laboratory
animals required.

Cats were sedated by intramuscular injection of ketamine-
HCl (Fort Dodge Laboratories, Fort Dodge, Iowa), 15
mg/kg, and acepromazine (The Butler Company, Rochester,
N.Y.), 0.15 mg/kg. Peritoneal exudate cells were then ob-
tained by lavage of the peritoneal cavity with 300 ml of
sterile phosphate-buffered saline (PBS), at room tempera-
ture, containing 200 pg of gentamicin sulfate (GIBCO Lab-
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oratories, Grand Island, N.Y.) per ml. Macrophages were
concentrated by centrifugation over a 62% Percoll (Pharma-
cia Fine Chemicals, Piscataway, N.J.) cushion and then
pelleted, washed, and resuspended in complete macrophage
medium (CMM; L-15 [GIBCO], 20% heat-inactivated, char-
acterized fetal bovine serum [Hyclone Laboratories, Logan,
Utah], 4 mM added glutamine [GIBCO], 20 p.g of gentamicin
[GIBCO] per ml) to a concentration of 7.5 X 10° cells per ml.
Macrophages were cultured on eight-chamber glass Lab-Tek
slides (Nunc, Inc., Naperville, Ill.) at a concentration of 1.5
x 10° cells per chamber. Macrophage cultures were main-
tained at 37°C in the absence of CO,. Cell chambers were
washed 7 h postseeding with PBS to remove nonadherent
cells, after which fresh medium was added. Adherent cells
were characterized as macrophages on the basis of morpho-
logic appearance, demonstration of nonspecific esterase
activity (Sigma kit 90; Sigma Chemical Co., St. Louis, Mo.),
and demonstration of functional Fc receptors in an Ab-
coated SRBC phagocytosis assay (see below).

Ab-coated SRBC phagocytosis assay. An Fc receptor-me-
diated phagocytosis assay was conducted as previously
described (42). Fresh SRBC were pelleted and washed three
times and then resuspended to 5% (vol/vol) in PBS. Equal
volumes of this 5% SRBC solution and either rabbit anti-
SRBC serum (1:128) (Organon Teknika, Durham, N.C.),
murine anti-SRBC serum (1:128) (see above), or PBS were
incubated at 37°C for 30 min. The erythrocyte-Ab complexes
were then pelleted and washed three times in PBS and
resuspended to 1% (vol/vol) in L-15 medium. Macrophages
in eight-chamber Lab-Tek slides were inoculated with the
1% SRBC solutions (0.1 ml per chamber) and incubated for
60 min at 37°C. The slides were then rinsed in PBS, dipped
in distilled water, and stained with May-Griinwald-Giemsa
stain.

In vitro assay for enhancement of FIPV infectivity. The
assay for enhancement of virus infectivity was adapted from
the method described by Stoddart (41). Macrophages were
infected with virus 22 to 24 h after having been seeded onto
Lab-Tek slides. Each MAb (as ascites fluid) or antiserum
sample was initially evaluated at a dilution (in CMM) of 1:64
and serial twofold dilutions from 1:512 to 1:16,384. FIPV
UCD1 stock virus was diluted to 2 x 10° TCIDsy/ml in
CMM. Equal volumes of diluted virus plus Ab (or plus CMM
for the wells to be infected by virus alone) were mixed and
incubated at 37°C for 30 min. Macrophage cultures in tripli-
cate wells were then washed once with PBS and inoculated
with 400 pl of preincubated virus plus Ab or virus plus
medium. Inoculation with CMM alone and mixtures of MAb
or antiserum plus medium served as negative controls. To
rule out enhancement of virus infection by nonspecific serum
factors, heat-inactivated preimmune feline serum as well as
coronavirus-negative murine serum was incubated with
FIPV as described above, and the level of infection achieved
was compared with that obtained with virus alone.

Following inoculation, macrophages were cultured for 60
min at 37°C, after which the Lab-Tek chambers were thor-
oughly washed with PBS to remove nonadsorbed virus and
replenished with 300 pl of CMM. At 10.5 h after infection,
the Lab-Tek slides were disassembled and washed with 0.1%
bovine serum albumin (BSA) (Sigma) in PBS. Cells were
fixed by sequential immersion in methanol and acetone at
—20°C for 10 min, washed in 0.1% BSA, dried, and stored at
—70°C to await indirect IFA labelling.

Ab preparations found to enhance FIPV UCD1 infection
at any of the initial screening dilutions were further evalu-
ated for enhancement of both FIPV UCD1 and FIPV 79-
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1146, using serial twofold dilutions from 1:32 to 1:1,048,576.
Because of the limited number of primary macrophages
available from a single peritoneal lavage procedure, evalua-
tion of the two strains of virus was usually conducted by
using macrophages collected on different days. Inoculation
of virus plus enhancing FIPV-specific feline antiserum
served as a positive control for enhancement and as a control
for day-to-day variation in the macrophages in all assays.

Indirect IFA labelling. Indirect IFA labelling of infected
macrophages or CrFKC was conducted as previously de-
scribed (42), with slight modification. Briefly, slides were
incubated with a 1:2,000 dilution (in PBS) of FIPV-specific,
hyperimmune feline antiserum in a humidified chamber for
60 min at room temperature. The slides were then thor-
oughly washed with 0.1% BSA in PBS and gently blotted
dry. Slides were subsequently incubated with a 1:50 dilution
(in PBS) of fluorescein isothiocyanate-conjugated goat anti-
feline IgG (Organon Teknika) for 30 min at 37°C, washed
with 0.1% BSA, and counterstained with 0.002% Evans blue
stain.

Quantitation of infection enhancement. Following indirect
IFA labelling, each slide was evaluated for the number of
infected (IFA-positive) cells per well. The degree of FIPV
infection enhancement caused by each dilution of antiserum
or MAb (enhancement factor [EF]) was calculated as fol-
lows: the mean number of infected cells per well for the wells
infected in the presence of a given dilution of Ab was divided
by the mean number of infected cells per well for the wells
infected with virus alone (41).

Staphylococcal protein A blockade of the Fc portion of
enhancing Abs. Parallel enhancement assays were conducted
in the presence or absence of soluble staphylococcal protein
A (P 6650; Sigma) as previously described (41). Protein A
was added to preincubated virus-Ab mixtures (1:512 dilution
of antiserum, 1:1,024 dilution of ascites fluid) to a final
concentration of 200 pg/ml. Virus-Ab mixtures were made in
media without fetal bovine serum to avoid competition for
protein A binding. The protein A-containing mixtures were
incubated for an additional 60 min at 37°C before inoculation
of macrophages.

Construction of RPV-S. A recombinant raccoonpox virus
expressing the S protein of FIPV 79-1146 (RPV-S) was
constructed (25) essentially as described by Mackett et al.
(19, 20). Briefly, a full-length clone of the S gene of FIPV
79-1146, kindly supplied by M. C. Horzinek (Utrecht, The
Netherlands) as a BamHI fragment in pGS20 (46), was
inserted into the tk gene of raccoonpox virus. Recombinant
viruses were selected by plaque titration in TK™ 143B cell
monolayers under overlay medium containing 30 pg of
bromodeoxyuridine (Boehringer Mannheim, Indianapolis,
Ind.) per ml. Presence of the FIPV S gene in the recombinant
virus was determined by dot blot hybridization (21). S
protein expression was determined by immunoblotting (29),
RIPA (40), and indirect IFA labelling.

CrFKC were grown to confluence on eight-chamber Lab-
Tek slides and infected with RPV-S at a multiplicity of
infection of 3. Twenty-four hours after infection (at the time
of optimal plaque formation), the slides were processed for
indirect IFA labelling using each of the MAbs assayed for
enhancement.

RESULTS

ADE of FIPV infectivity by virus-specific feline antiserum.
ADE of FIPV infection of primary feline peritoneal macro-
phages was demonstrated by using serum obtained from an
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FIG. 1. ADE of FIPV (strains 79-1146 and UCD1) infection of
primary feline peritoneal macrophages by FIPV-specific feline anti-
serum. Primary feline peritoneal macrophages were cultured on
eight-chamber glass Lab-Tek slides (Nunc) and infected with FIPV
79-1146 or FIPV UCDI in the presence or absence of serial dilutions
of FIPV-specific feline antiserum. EF values were calculated as the
mean number of infected cells per well (n = 3) for wells infected in
the presence of FIPV-specific Ab divided by the mean number of
infected cells per well (n = 3) for the wells infected with virus alone.

SPF cat 22 days after infection with FIPV UCD1 (Fig. 1).
The peak level of enhancement of strain UCD1 occurred at
a serum dilution of 1:2,048. At this dilution of antiserum,
there was a 56-fold increase in the number of macrophages
infected compared with macrophages infected with virus
alone. The peak EF for strain 79-1146 was 34 and occurred at
a serum dilution of 1:8,192. Each data point represents the
mean EF calculated from triplicate wells. (The remainder of
the enhancement data [Fig. 4 through 10] is presented in
similar graphic form, although the scales on the axes vary to
accommodate the data.) Infection was not detected among
macrophages inoculated with medium alone or with antise-
rum plus medium. In addition, no effect on the level of
infection was noted in the presence of preimmune (corona-
virus antibody-negative) serum.

To reduce the inherent variability involved in using pri-
mary macrophages, all of the data contained in Fig. 1 were
derived by using macrophages obtained from a single donor
cat. However, the ability of polyclonal feline antiserum to
enhance FIPV infectivity was confirmed by using a variety
of antisera and using macrophages from several SPF cats
(data not shown).

Murine immunoglobulin and feline Fc receptor compatibil-
ity. Before attempting to document ADE by using MAbs, it
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FIG. 2. SRBC phagocytosis assay. Primary feline peritoneal
macrophages, cultured on eight-chamber glass Lab-Tek slides, were
inoculated with a 1% suspension of murine anti-SRBC-coated
SRBC:s (a) or uncoated, fresh SRBCs (b). The functional interaction
of the Fc portion of murine immunoglobulin with the Fc receptors
present on feline macrophages is demonstrated by the prominent
erythrophagocytosis of the Ab-coated SRBC (a).

was necessary to determine whether murine immunoglob-
ulins are functionally compatible with the Fc receptors
present on feline macrophages. Such compatibility was
demonstrated by using murine anti-SRBC serum in an Ab-
coated SRBC phagocytosis assay. Primary feline macro-
phages phagocytosed murine anti-SRBC-coated SRBC (Fig.
2a) but did not engulf uncoated SRBC (Fig. 2b).

ADE of FIPV infectivity by virus-specific murine MAbs.
Each MADb was assayed by indirect IFA labelling of FIPV-
infected CrFKC before evaluation for enhancement ability.
Only those MAbs demonstrating strong IFA signals to both
FIPV 79-1146 and UCD1 were selected for further evalua-
tion. The characteristics of the 37 MAbs used in this study
are shown in Table 1.

The MAbs produced during this study were initially as-
sayed by RIPA to determine FIPV protein specificity. Many
of the M- and S-specific MAbs were found to precipitate
both the M and S glycoproteins. The addition of various
reducing agents to the reaction mixture did not enhance our
ability to distinguish specificity to these two proteins by
RIPA. To confirm which MAbs were S protein specific, the
MADbs were tested by indirect IFA labelling of RPV-S-
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TABLE 1. MAbs tested for ADE FIPV infection of primary
feline peritoneal macrophages

. FIPV Virus
MAb Immunizing protein neutralization ~ ADE®
irus specificity titer?
2A10 FIPV 79-1146 S <10 -
3G7 FIPV 79-1146 S 2,560 +
1A4 FIPV 79-1146 S <10 -
1A11 FIPV 79-1146 M <10 -
3H8 FIPV 79-1146 S <10 -
3C3 FIPV 79-1146 S <10 -
1.2 FIPV 79-1146 S <10 -
2.1 FIPV 79-1146 S <10 -
3C7 FIPV 79-1146 S <10 -
15A9.9 FIPV 79-1146 M <10 -
16C11.3 FIPV 79-1146 N <10 -
16F5.11 FIPV 79-1146 S <10 -
16F7.2 FIPV 79-1146 S <10 -
17B7.1 FIPV 79-1146 N <10 -
17D7.4 FIPV 79-1146 S 10 +
17E1.6 FIPV 79-1146 S 10 +
17H12.1  FIPV 79-1146 S <10 -
18A7.4 FIPV 79-1146 S 2,560 +
18A9.4 FIPV 79-1146 S 40 +
18E7.6 FIPV 79-1146 S <10 -
18F2.11 FIPV 79-1146 S 10 +
18G1.7 FIPV 79-1146 S <10 -
18H9.1 FIPV 79-1146 S <10 +
19A7.6 FIPV 79-1146 N <10 -
19G11.10  FIPV 79-1146 S 20 +
20A5.4 FIPV 79-1146 S <10 -
20C6.10 FIPV 79-1146 S 15 +
23A1.8 FIPV 79-1146 S 10 +
23B4.9 FIPV 79-1146 S <10 -
23C1.2 FIPV 79-1146 M <10 -
23F4.5 FIPV 79-1146 S 2,560 +
23F8.1 FIPV 79-1146 S 320 +
24H5.4 FIPV 79-1146 S 80 -
52D59 FIPV DF2 N <10 -
G4.14 FIPV DF2 M <10 -
G7.14 TGEV Miller N <10 -
H11.14 TGEV Miller M <10 -

@ Strain of virus used to immunize mice for MAb induction. TGEV,
transmissible gastroenteritis virus.

» Assayed on CrFKC and expressed as the reciprocal of the highest dilution
of MAD (as ascites fluid) that completely inhibited cytopathology. A value of
<10 indicates that there was no evidence of virus neutralization at the highest
concentration of MAD tested. < +, ability of a given MADb to induce ADE of
FIPV infection (EF of >2); —, lack of such ability (EF of <2).

4 Kindly supplied and characterized (immunoblotting in place of RIPA) by
S. Fiscus, Fermenta Animal Health.

infected CrFKC. Those MAbs which reacted with the pox-
virus plaques (Fig. 3) were designated as S protein specific,
and those that did not were considered to be M protein
specific. Membrane protein-specific MAbs provided by S.
Fiscus served as controls for this experiment.

Only 12 of the 37 MAbs tested were found to be capable of
mediating ADE of FIPV infectivity (ADE+; Table 1). All of
the enhancing MAbs were S protein specific, and all but one
(18H9.1) of the enhancing MAbs had a virus neutralizing
titer of =10. Interestingly, MAb 18H9.1 was the least
enhancing and the only MAb to demonstrate enhancement of
only one of the two strains of FIPV tested. While the peak
EF of 18H9.1 was only 35, this degree of enhancement was
consistent in a repeated experiment. Conversely, all but one
(24H5.4) of the neutralizing MAbs were also found to be
enhancing. All of the MAbs defined as nonenhancing had an
EF of <2.0 (with the majority of them having an EF of <1.2)
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FIG. 3. CrFKC infected with a recombinant racoonpox virus
(RPV-S) expressing the S protein of FIPV 79-1146. CrFKC were
grown to confluence on eight-chamber glass Lab-Tek slides, in-
fected with RPV-S (multiplicity of infection of 3), and fixed 24 h after
infection. The poxvirus plaque shown was labelled by indirect IFA
using MAb 23F4.5 and is representative of results obtained with the
S protein-specific MAbs.

at all dilutions tested. There was no correlation between
neutralization or enhancement and IgG subclass (data not
shown).

Seven of the twelve enhancing MAbs were completely
characterized in enhancement assays over 16 serial dilutions
of ascites fluid, using both FIPV 79-1146 and FIPV UCD1
(Fig. 4 through 10). As in Fig. 1, all of the data contained in
Fig. 4 through 10 were derived by using macrophages from
the same donor cat in order to reduce macrophage variabil-
ity. To ensure that these MAbs were not uniquely enhancing
for macrophages from this one particular cat, each of the
enhancing MAbs was tested at a single dilution of 1:4,096
(near peak EF for each) for its ability to enhance FIPV
UCD1 infection of macrophages which were collected and
processed the same day from two different SPF cats. When
the results from these two cats were compared, the absolute
levels of enhancement for a given MAb were different, but
the relative pattern of enhancement among the MAbs was
consistent—MAb 18H9.1 was the least enhancing, 3G7 and
17E1.6 were moderately enhancing, and 18A7.4, 23A1.8,
23F4.5, and 23F8.1 were strongly enhancing.

Infection in the presence of those MAbs showing the
highest EFs (18A7.4, 23A1.8, 23F4.5, and 23F8.1) also led to
the formation of dramatic syncytia among infected macro-
phages. Syncytia were most prevalent under conditions of
near-maximal enhancement, suggesting that polykaryon for-
mation may simply have been due to the presence of a large
number of infected macrophages in close proximity to one
another. An epitope-specific basis for syncytium formation
cannot be ruled out, however, since occasional syncytia
were found in the presence of these MAbs at lower levels of
enhancement, whereas no syncytia were formed among
macrophages infected in the presence of the other enhancing
MAbs or in the absence of any Ab.

Enhancement is blocked in the presence of staphylococcal
protein A. Results of parallel infections carried out in the
presence or absence of staphylococcal protein A are shown
in Table 2. The presence of protein A did not adversely affect
the infectivity of FIPV itself. However, protein A dramati-
cally reduced the level of FIPV infectivity in the presence of

J. VIROL.

—&— UCD1
---- 79-1146

Enhancement factor
w

E |
07 8 & @ b &S o e N e eNT e
- 822 R IR = v
- - - NTReu8s b4
Fre-sZ 2228838
- -
T

Ascites fluid dilutions

FIG. 4. ADE of FIPV (strains 79-1146 and UCD1) infection of
primary feline peritoneal macrophages by MAb 18H9.1. Methods
and EF calculations are as described for Fig. 1.

enhancing Ab, often to below even the level obtained with
virus alone. This finding indicated that the enhancement of
infection seen in the presence of Ab was Fc mediated.

DISCUSSION

Although the immunologic aspects of FIP in vivo have
been well documented since 1980 (13, 49), ADE of FIPV
infection of macrophages in vitro has been investigated only
recently (41). The experiments reported here were designed
to address this in vitro phenomenon more completely and to
begin to define the specific viral components responsible for
the induction of enhancing ABs.

ADE of virus infectivity in other virus systems has been
quantified by using several different methods, including
determination of the number of cells infected by IFA label-
ling (44) or infectious center assays (37) or by titration of the
amount of virus (38), antigen (44), or reverse transcriptase
activity (10) generated. We chose to evaluate the number of
macrophages infected during a single cycle of infection. In
doing so, we are evaluating primarily the enhancing effect of
Ab at the level of virus uptake and initiation of infection. In
contrast, if levels of total virus output from populations of
cells infected in the presence or absence of Ab are com-
pared, the effect of Ab both at the cell surface and through-
out virus replication must be considered. Previous reports of
ADE of virus infectivity have not provided a consensus as to
whether measurement of the number of cells infected and the
titer of virus produced lead to the same assessment of
enhancement (12, 36).
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FIG. 5. ADE of FIPV (strains 79-1146 and UCD]1) infection of
primary feline peritoneal macrophages by MAb 3G7. Methods and
EF calculations are as described for Fig. 1.

We began by examining the ability of FIPV-specific feline
antiserum to mediate ADE of infection. Our experiments,
using the same assay but different virus stocks, different
antisera, and different macrophage donor cats, confirm pre-
vious results (41) and demonstrate that ADE of FIPV
infectivity is a real and reproducible phenomenon. The
results of our study of MAb-dependent enhancement of
FIPV infectivity clearly confirm the hypothesis that en-
hancement is mediated by Abs to specific sites on the S
protein of FIPV. These data also provide the first in vitro
correlate to the results of a previous in vivo study in which
vaccination of cats with a recombinant vaccinia virus ex-
pressing the S protein of FIPV 79-1146 caused ADE of
disease (45). MAbs have previously been used to define the
viral proteins responsible for inducing enhancing Abs in
other virus systems (17, 24, 35). While it is generally
assumed that ADE of virus infectivity is mediated by Ab to
surface proteins, it was important to test MAbs not only to
the S and M proteins but also to the N protein of FIPV, since
enhancement of dengue virus infectivity has been demon-
strated with a MADb specific for a nonenvelope protein (9).

The overall bell-shaped distribution of enhancement factor
relative to dilution of antiserum or ascites fluid is consistent
with the results of other studies of ADE (6, 23, 26, 41). Our
results also show that in some instances, low dilutions/high
concentrations of Ab can actually reduce the level of infec-
tion to below that obtained with virus alone, resulting in an
EF of <1. This pattern is most easily seen in Fig. 4 (MAb
18H9.1) but was also evident with polyclonal feline antise-
rum (Fig. 1) and with MAbs 3G7, 17E1.6, 18A7.4, and
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FIG. 6. ADE of FIPV (strains 79-1146 and UCD1) infection of
primary feline peritoneal macrophages by MAb 17E1.6. Methods
and EF calculations are as described for Fig. 1.

23F4.5 (Fig. 5 through 8, respectively). This phenomenon at
low dilutions of Ab has also been documented in prior
studies of ADE of virus infectivity (6, 23, 41, 44). FIPV is
typical of other virus systems in that Ab-mediated virus
uptake and infection occur via an Fc receptor-mediated
endocytosis pathway which can be blocked by lyso-
motrophic amines (41). During endocytosis, there are both
uptake and fusion phases of the internalization process. The
bell-shaped enhancement profiles may reflect a need to
optimize virion and Ab molecule concentrations for complex
formation before uptake can occur. At high concentrations
of Ab, the virions may be so coated with Ab that they are
unable to approach and fuse with the endosome membrane
due to steric hindrance (7, 8, 27), thus resulting in a level of
infection below that seen with virus alone. Although this
prozonelike effect at high concentrations of Ab may reflect
virus neutralization, we have avoided that term since it is
possible that the inhibition of virus infectivity by Ab in the
endosome of a macrophage and virus neutralization in the
more traditional sense may occur by different mechanisms
@).

MAbs 23A1.8 (Fig. 9) and 23F8.1 (Fig. 10) typify the
remaining seven enhancing MAbs in this study which did not
show a prozonelike effect to dilutions of 1:32. Enhancement
assays using these seven MAbs were extended to a dilution
of 1:8. At this dilution, all of the MAbs except 23F8.1 still
induced substantial enhancement. (The level of infection in
the presence of a 1:8 dilution of MAb 23F8.1 was similar to
that seen with virus alone.) It is unclear whether these MAbs
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FIG. 7. ADE of FIPV (strains 79-1146 and UCD1) infection of
primary feline peritoneal macrophages by MAb 18A7.4. Methods
and EF calculations are as described for Fig. 1.

are functionally different from the others, are specific for a
different epitope(s), or are different only by virtue of their
concentration in the ascites fluid or their avidity for FIPV. It
is interesting, however, that enhancement by these MAbs
was also relatively less efficiently blocked by protein A
(MADs 23A1.8 and 23F8.1; Table 2), suggesting a function-
ally different basis for their infection-enhancing effect.
Inspection of the enhancement profiles also reveals that
FIPV strains 79-1146 and UCD1 are enhanced to different
degrees by most of the Abs evaluated. Strain variation has
previously been demonstrated for enhancement of dengue
virus infection with MAbs (8, 22, 24) and for enhancement of
FIPV infection with antiserum (41). Morens et al. have
debated whether such strain variation in ADE may reflect a
basic difference between each strain’s ability to infect mac-
rophages in the absence of Ab (23, 24). Although strain
variation in the ability of FIPV 79-1146 and UCDI1 to infect
macrophages has previously been documented (43), our
results over repeated experiments did not demonstrate a
significant difference in the ability of FIPV UCD1 and FIPV
79-1146 to infect macrophages in the absence of Ab (data not
shown). In addition, the pattern of strain variation of ADE
was not consistent among all of the enhancing MAbs. Four
MADbs enhanced UCD1 more than 79-1146 (MAbs 18H9.1,
3G7, 17E1.6, and 18A7.4; Fig. 4 through 7, respectively),
while two MAbs enhanced 79-1146 more than UCD1 (MAbs
23F4.5 and 23F8.1; Fig. 8 and 10, respectively). It is there-
fore likely that the strain variation in enhancement seen here
is related to the specific epitopes recognized by the enhanc-
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ing Abs and the binding avidity of each Ab for the two strains
of FIPV.

Perhaps the most paradoxical of our results is the strong
correlation between a MAb’s ability to mediate both neutral-
ization and ADE of FIPV infectivity. It is important to
emphasize that the neutralization ability of the MAbs in this
study was defined in a standard virus neutralization assay
using CrFKC and not as the prozonelike effect that occurred
at high concentrations of Ab in the macrophage assay
system. As such, it is likely that the ability of Ab to mediate
both neutralization and enhancement is dependent on the
specific epitope involved and not simply the concentration of
Ab. Previous investigations of ADE have also shown that a
given Ab can both neutralize and enhance virus infectivity.
The most exhaustive data come from work done with dengue
virus (8, 23). Halstead et al. examined neutralization by
plaque reduction neutralization in LLC-MK?2 cells and en-
hancement in the murine macrophage cell line P388D1, using
seven different strains of dengue 2 virus and five MAbs (8).
While certain MAb and strain combinations demonstrated
only neutralization or enhancement (similar to MAbs 18H9.1
and 24HS5.4; Table 1), most MAbs could both neutralize and
enhance virus infectivity (8).

This description of ADE of FIPV infectivity, like that of
ADE in other virus systems, does not resolve the question of
how Ab binding to a particular site on the virion induces an
overall increased efficiency of infection. Among other theo-
ries, antibody binding may facilitate uncoating (15), protect
against pH- or protease-initiated damage during endolyso-
somal transit, or enhance conformational changes required
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FIG. 9. ADE of FIPV (strains 79-1146 and UCD1) infection of
primary feline peritoneal macrophages by MAb 23A1.8. Methods
and EF calculations are as described for Fig. 1.

for virus fusion to the endosomal membrane. FIPV is unlike
many of the other coronaviruses because its S protein is not
cleaved during synthesis in routine cell culture (1, 18).
However, a trypsin-sensitive cleavage site has been bio-
chemically identified for FIPV 79-1146 and FECV 1683 (1),

TABLE 2. Effects of preincubation of virus-Ab complexes with
staphylococcal protein A on ADE of FIPV infectivity

Mean no. of macrophages
infected/Lab-Tek well

Inoculum
— Protein A® + Protein A?

FIPV UCD1 56 67
FIPV UCD1 plus:

Feline antiserum® 872 15

3G74 507 20

17E1.6¢ 825 3

18A7.4¢ 4,197 46

18H9.14 90 12

23A1.8¢4 4,110 1,546

23F4.5¢ 247 24

23F8.14 6,833 1,479

4 Macrophages were infected with FIPV UCD1, with or without Ab, in the
absence of protein A. .

® Macrophages were infected with FIPV UCD1, with or without Ab, after
preincubation with protein A at a final concentration of 200 p.g/ml for 60 min
at 37°C.

¢ FIPV-specific feline antiserum dilution = 1:512.

4 Ascites fluid dilution = 1:1,024.
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FIG. 10. ADE of FIPV (strains 79-1146 and UCD]1) infection of
primary feline peritoneal macrophages by MAb 23F8.1. Methods
and EF calculations are as described for Fig. 1.

and cleavage of these S proteins by exogenously supplied
trypsin has been shown to enhance FIPV infection of pri-
mary feline macrophages (1). Since the S protein is impor-
tant for viral attachment and membrane fusion of coronavi-
ruses, it is possible that antibody binding to a critical site on
the S protein may facilitate cleavage or stabilize a subse-
quent conformational change required for uptake of FIPV.

The results of this work indicate that ADE of FIPV
infection of primary feline macrophages can be demon-
strated by using both virus-specific feline antiserum and
murine MAbs. The characteristics of ADE of FIPV infectiv-
ity outlined here parallel those of previously defined systems
such as dengue virus. In view of these results and the
well-documented occurrence of ADE of FIP in vivo, FIPV
may serve as a useful model for future investigations into the
mechanism of ADE of virus infectivity and the correlation
between enhanced infection in vitro and enhanced disease in
vivo.
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