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We describe the natural history, viral dynamics, and immunobiology of feline infectious peritonitis (FIP), a
highly lethal coronavirus infection. A severe recurrent infection developed, typified by viral persistence and
acute lymphopenia, with waves of enhanced viral replication coinciding with fever, weight loss, and depletion
of CD4" and CD8" T cells. Our combined observations suggest a model for FIP pathogenesis in which
virus-induced T-cell depletion and the antiviral T-cell response are opposing forces and in which the efficacy
of early T-cell responses critically determines the outcome of the infection. Rising amounts of viral RNA in the
blood, consistently seen in animals with end-stage FIP, indicate that progression to fatal disease is the direct
consequence of a loss of immune control, resulting in unchecked viral replication. The pathogenic phenomena
described here likely bear relevance to other severe coronavirus infections, in particular severe acute respi-
ratory syndrome, for which multiphasic disease progression and acute T-cell lymphopenia have also been
reported. Experimental FIP presents a relevant, safe, and well-defined model to study coronavirus-mediated
immunosuppression and should provide an attractive and convenient system for in vivo testing of anticoro-

naviral drugs.

The genus Coronavirus (family Coronaviridae, order Nidovi-
rales) comprises a group of enveloped positive-strand RNA
viruses of mammals and birds. With a genome of 27 to 31 kb,
encoding an ~750-kDa pplab replicase polyprotein, four
structural proteins (S, M, N, and E) and up to five accessory
nonstructural proteins, coronaviruses (CoVs) are the largest
RNA viruses known to date (5, 11). In humans, they are mostly
associated with mild enteric or respiratory infections, such as
the common cold, and hence were long considered of modest
clinical importance. However, the sudden emergence of severe
acute respiratory syndrome (SARS) has sparked wide interest
in CoV biology and pathogenesis (12, 22, 23, 34, 36). The more
recent discovery of yet another human CoV, HCoV-NL63 (14,
45), also implicated in severe respiratory disease, further em-
phasizes the pathogenic potential of CoVs and stresses the
need for the development of new prophylactic and therapeutic
strategies.

Among the most conspicuous clinicopathological findings
reported for SARS are the protracted multiphasic course of
the infection with recurrence of fever and disease after initial
apparent improvement and a consistent CD4* and CD8" T-
cell lymphopenia (4, 8, 23, 36, 44, 56). In this respect, there are
striking similarities with a lethal CoV infection occurring in
cats. Feline infectious peritonitis (FIP) is a progressive debil-
itating condition caused by FIP viruses (FIPVs) (for a review,
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see reference 9), pathogenic virulence mutants spontaneously
arising from apathogenic feline enteric CoV field strains (18,
35, 49). Typical for the disease are the widespread pyogranu-
lomatous lesions, which occur in various tissues and organs,
including lung, liver, spleen, omentum, and brain (32, 50, 54).
The infection of macrophages and monocytes is thought to be
key to the pathogenic mechanism (40, 52). There is ample
evidence for a crucial involvement of the immune system. A
profound T-cell depletion from the periphery and the lym-
phatic tissues, observed in cats with end-stage FIP (16, 21), and
the common occurrence of hypergammaglobulinemia (29, 50)
are indicative of a severe virus-induced immune dysregulation
(20). The humoral response against FIPV does not seem to be
protective and can in fact lead to “early death syndrome,” a
more fulminating and drastically shortened course of the dis-
ease (31, 52). Antibodies directed against the spike protein S,
when present at subneutralizing titers, apparently opsonize the
virus and enhance the infection of target cells via Fc receptor-
mediated attachment (7, 19, 47). It is commonly believed that
the control of infection and FIPV clearance are primarily
achieved through cell-mediated immunity (CMI) (17, 35, 51).

Here, we present a comprehensive study of the natural his-
tory and immunobiology of FIP, based upon longitudinal in-
fection experiments performed with the highly virulent FIPV
strain 79-1146. We show that FIPV causes a multiphasic re-
current infection with waves of enhanced FIPV replication
coinciding with fever, weight loss, and a dramatic decline in
peripheral CD4* and CD8™" T-cell counts. Consistent with the
notion that CMI is protective, we detected FIPV-specific Thl
T-cell responses in surviving animals with the spike protein S as
the main CD8™" T-cell antigen. A model is discussed in which
cellular immunity is counteracted by virus-induced T-cell de-
pletion and in which the efficacy of the initial T-cell responses

AINAAS 40 AINN AQ STOZ ‘ST ydJey uo /Bio wse1Alj/:dny wouy papeojumoq


http://jvi.asm.org/

VoL. 79, 2005 VIRAL DYNAMICS AND IMMUNOBIOLOGY OF FIP 1037

TABLE 1. Clinicopathological manifestations in FIPV-infected cats

Disease Vaccination

Cat no. ype history DPI® Clinical signs® Viremia FIP Exudate? Lesions®
307 A C 18 WL, F,L,J + + Th Lu, P
315 A M1 21 WL, F, L, J + + Pe Li, K, S, I
007 A A 21 WL, F,L,J + + Pe, Th Lu, (Li), I
081 A A 21 WL, F, L, J + + Pe, Th Lu, K, (S), I
089 A A 21 WL, F,L,J + + Pe Li S, I
319 A C 22 WL, F,L,J + + Th, (Pe) Lu, (P), Li, (K), S
283 A C 24 WL, F,L,J + + Lu, Li, K, S
299 A C 24 WL, F, L, J + + Pe Lu, Li, I
157 A M2 16 WL, F,L,J + + Th Lu, (S)
199 A M2 16 WL, F, L, J + + Pe Li S, 1
145 A A-D 22 WL, F,L,J + + Pe, (Th) Lu, Li, (K), S, I
147 A M2 25 WL, F, L, J + + Pe, Th Lu, P, Li, S, I
201 A A-D 22 WL, F,L,J + + Pe, (Th) Lu, Li, S
325 B C 27 WL, F, L, J + + Pe, Th Lu, P, Li, S, I
301 B C 28 WL, F,L,J + + Pe Lu, Li, K, (S), I
083 B C 28 WL, F, L,J + + Pe, Th Lu, (Li, S), I
149 B A-D 29 WL, F,L,J + + Pe Li S, I
159 B A-D 29 WL E L J + + Pe (L) S, 1
173 B M2 28 WL, F,L,J + + Pe, Th Lu, Li, S, I
303 C M1 36 WL, F, L, J + + Pe, Th Lu, P, Li, S, I
041 C M1 35 WL, F,L,J + + Th Lu, P, Li, K, (S), I
009 C A 35 WL F, L, J + + Pe Lu, P, (Li, S), I
197 C M2 34 WL, F,L,J + + Lu, (P), Li, S, I
317 D A 54 WL, F, L, J + + Pe Lu, P, Li, S, I
175 D A-D 50 WL, F,L,J + + Pe Li, S
085 NA/ M1 58 WL, F, L, J + -
155 NAS M2 42 WL, F,L,J + -
281 E M1 >100 WL, F, L, J + -
289 E M1 >100 WL, F,L,J + -
005 E M1 >100 WL, F, L, J + -
291 E A >100 WL, F, L,J - -
297 E A >100 WL, F, L, J + -
2498 E NAS >100 WL, F,L,J ND' -

@ M1, mock vaccinated with two doses of 0.5 mg of a pcDNA vector carrying the lacZ gene intradermally (i.d.) and one dose of 1x 10° PFU of rVV-TK™ i.d. at 6-week
intervals; M2, mock vaccinated with one dose of 0.125 mg of a pcDNA vector carrying the lacZ gene both i.d. and intramuscularly (i.m.) and one dose of 1x 10%
rVV-TK™ i.d. at 6-week intervals; A, POLA vaccinated with two doses of 0.5 mg of a pcDNA vector expressing POLA i.d. and one dose of 1x 10® PFU of rVV-POLA
i.d. at 6-week intervals; C, POLC vaccinated with two doses of 0.5 mg of a pcDNA vector expressing POLC i.d. and 1 dose of 1 X 10® PFU of rVV-POLC i.d. at 6-week
intervals; A-D, POLA-D vaccinated with one dose of a mixture of 0.125 mg (each) of five pcDNA vectors expressing POLA through POLD both i.d. and i.m. and one

dose of a mixture of 2 X 107 PFU (each) of rVV-POLA, -POLBI, -POLB2, -POLC, and -POLD at 6-week intervals.

> DPI, day of euthanasia post-FIPV inoculation.

¢ WL, weight loss; F, fever; L, lymphopenia; J, jaundice as determined by plasma color.

@'Th, thorax; Pe, peritoneum.

¢ Lu, lungs; P, pleura; Li, liver; K, kidney; S, spleen; I, intestine. (), minor lesions.

/NA, not applicable; ND, not determined.
& See also reference 16a.

critically determines disease progression and the ultimate out-
come of the infection.

MATERIALS AND METHODS

Cells and viruses. Cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Life Technologies) supplemented with 10% fetal calf serum (Wisent), 100
IU of penicillin, and 100 ug of streptomycin per ml. FIPV serotype II strain
79-1146 (25) was propagated in fewf-D cells and wild-type vaccinia virus (VV)
strain WR and recombinant derivatives in RK13 cells, Ost7-1 cells, and human
TK™143 cells.

Animal experimentation. Specific pathogen-free (SPF) cats (Harlan Nether-
lands) were housed at the Central Animal Facility, Utrecht University. Experi-
ments were performed in accordance with institutional and governmental guide-
lines after approval of the Animal Experimentation Ethics Committee of the
Faculty of Veterinary Medicine. Thirty-three SPF cats, aged 5 to 7 months, which
had been included in prime-boost vaccination trials with DNA vectors and
recombinant VVs (rVVs), were inoculated with 500 to 1,000 PFU of FIPV strain
79-1146 6 weeks after the last boost. Details with respect to the vaccination
history of each individual cat are listed in Table 1. The animals were monitored
daily for body weight, rectal temperature, and gross clinical signs. EDTA-treated

blood samples were taken two to three times per week to test for viremia by
reverse transcription-PCR (RT-PCR). Plasma samples were prepared weekly to
determine virus-neutralizing antibody titers. EDTA-treated and heparinized
blood samples were collected weekly for leukocyte counting and CD4"/CD8*
staining, respectively.

Analysis of FIPV-neutralizing antibody titers. Neutralizing antibody titers
were determined by end-point dilution as previously described (7). Briefly, 50 pl
containing 100 PFU of FIPV strain 79-1146 was mixed with an equal volume of
serial twofold dilutions of heat-inactivated plasma and preincubated at room
temperature for 1 h. The virus-antibody mixtures were added to monolayers of
fewf-D cells, which had been seeded into microtiter plates 16 h in advance. All
dilutions were tested in triplicate. The cytopathic effect was scored at 48 h after
inoculation. Antibody titers were estimated according to Reed and Miinch (37).

Histochemical and real-time RT-PCR analysis of blood samples. Whole-blood
differentiation and leukocyte counting were performed by analysis of EDTA-
treated blood by employing an ADVIA 120 Hematology System (Bayer Diag-
nostics). Immunophenotyping of heparinized blood samples was carried out by
using fluorochrome-conjugated antisera: phycoerythrin-conjugated anti-feline
CD4 and biotinylated anti-feline CD8 (Southern Biotechnology Associates, Inc.)
in combination with Alexa-633-conjugated streptavidin (Molecular Probes). Per
sample, 100,000 leukocytes were analyzed with a FACScalibur flow cytometer
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TABLE 2. List of FIPV sequences expressed by recVVs

Insert name Gene Nct? Nct?
POLA orfla 296-5198 —14 to 4889
POLBI1 orfla 5194-9447 4885-9138
POLB2 orfla 9442-11990 9133-11681
POLC orflb 12684-16011 12375-15702¢
POLD orflb 15914-20259 15605-19950
3E7a 3a 24860-25075 1-216
3E7a 3b 25020-25235 1-216
3E7a 3c 25232-25966¢ 1-735
3E7a E 25953-26201 1-249
3E7a 7a 28151-28456 1-306
7b 7b 28461-29081 1-621
Sy S 20435-21913 1-1479
Su S 21164-22663 730-2229
St S 21854-23365 1420-2931
Swv S 23306-24789 2872-4355

“ Relative to the first nucleotide of the FIPV 79-1146 sequence (GenBank
accession number).

® Relative to the first nucleotide of the ORF.

¢ The TAG stop codon in 3c at position 25352 was mutated into CAG, as is the
case in canine coronavirus strain Insave.

@ Relative to the first nucleotide of orfla.

(Becton Dickinson) and the Windows-based WinMDI software (J. Trotter;
http://facs.scripps.edu/software.html). Lymphocytes were selected in the forward
and side scatter plots and gated for phycoerythrin-stained CD4" and AF633-
stained CD8™" T cells in the side scatter plots. Absolute T-cell counts per milli-
liter of whole blood were calculated from the frequencies of CD4* and CD8" T
cells as determined by flow cytometry and the total leukocyte counts ([T cells/
100,000] X [total leukocytes/ml]).

RNA was extracted from plasma and white blood cell pellets by using the
QIAGEN viral RNA kit, and the equivalent of 8 wl of whole blood was subjected
to FIPV-specific real-time RT-PCR essentially as previously described (15) in an
ABI Prism 7000 Sequence Detection system (Applied Biosystems).

Construction of rVVs. rVVs expressing the FIPV S, M, and N proteins were
described elsewhere (47, 48). Eleven additional rVVs were generated to express
the 7b protein (rVV-7b), subfragments of pplab replicase polyprotein (rVV-
POLA, rVV-POLBI, rVV-POLB2, rVV-POLC, and rVV-POLD), a chimeric
gene comprising open reading frames (ORFs) 3a to 3c, the E gene, and ORF7a
(rVV-3ET7a), or overlapping subfragments of the S protein (rVV-S; through -Syy/)
(Table 2). With the exception of the 7b gene, genes and gene fragments were
provided with an initiation codon and a 5'-terminal ubiquitin-encoding sequence.
To ensure optimal expression of the pplab subfragments, cryptic VV transcrip-
tion termination signals (TTTTNT) (13) were abolished. Proteolytic processing
of ppla expression products was prevented by rendering papain-like cystein
proteinase 1 inactive through a C'''7—N substitution, and by devising the overall
cloning strategy such that the coding sequences for papain-like cystein proteinase
2 and the chymotrypsin-like main proteinase were cleaved in two. The FIPV
genes were cloned into transfer vector pSC11, downstream of the VV p7.5
early-late promoter, and rVVs were constructed as previously described (6). In
all cases, expression of the FIPV genes was confirmed by radio immunoprecipi-
tation assay with protein-specific antisera (data not shown).

Lymphocyte stimulation, cytokine staining, and flow cytometry. Single-cell
spleen suspensions, prepared as previously described (10), were resuspended in
25 mM HEPES-buffered RPMI 1640 (Invitrogen Corporation), supplemented
with 10% heat-inactivated fetal calf serum, Glutamax I (Invitrogen Corporation),
50 pM 2-mercaptoethanol, 100 IU of penicillin/ml, and 100 pg of streptomycin/
ml. To detect FIPV-specific T cells, 0.5 X 10° to 1 X 10° splenocytes were
stimulated for 6 h in the presence of 10 wM brefeldin A with autologous
immortalized fibroblasts (5 X 10*) (10), which had been infected with rVV for
16 h. Three-color flow cytometry analysis of virus-specific CD4" and CD8" T
cells, based upon detection of intracellular tumor necrosis factor alpha (TNF-a),
was performed as previously described (10).

RESULTS

Outline of longitudinal infection experiments. Thirty-three
SPF cats were included in prime-boost vaccination trials em-

J. VIROL.
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FIG. 1. Survival time and mortality after experimental FIPV infec-
tion. Bars indicate the number of animals succumbing to FIP per day.
The labels A through E indicate groups of cats with distinct patterns of
disease progression (see text).

ploying DNA vectors and rVVs expressing nonstructural pro-
teins of FIPV. Animals were challenged oronasally with 500 to
1,000 PFU of the highly virulent FIPV serotype II strain 79—
1146 and monitored for up to 126 days postinfection (p.i.).
Vaccination did not protect against or alter the course of the
infection, as vaccinated and sham-vaccinated cats were similar
with regard to the development of clinical signs and survival
rate. Unfortunate though this may be, these extensive longitu-
dinal experiments did provide a unique opportunity to study
CoV-mediated disease progression in close detail.

Two animals (numbers 085 and 155) were sacrificed midin-
fection (see below); the remaining animals were followed
throughout the complete course of the disease. Only six of
these (19%) apparently made full recovery, surviving for more
than 100 days. Twenty-five cats (81%) were euthanized in
extremis with typical signs of FIP, 23 of these succumbing
within 36 days p.. (Fig. 1). In all cases, FIP diagnosis was
confirmed upon postmortem examination, revealing pyogranu-
lomatous lesions in major organs and intestines, peritoneal
and/or pleural effusions, and a profound T-cell depletion. Sur-
vivors were free of lesions. All animals seroconverted. No
differences were observed between survivors and FIP cases
with respect to the onset of production and the final titers of
neutralizing antibodies (Fig. 2). For detailed clinicopatholog-
ical findings and vaccination status of the cats, see Table 1.

Disease progression in FIPV-infected cats. Disease progres-
sion was monitored by measuring body weight, rectal temper-
ature, leukocyte counts, and the presence of viral RNA in
plasma and white blood cells (Fig. 3). Irrespective of the final
outcome, i.e., full-blown FIP or recovery, clinical signs were
remarkably similar in all animals during the initial 7 to 8 days
of infection and occurred with surprising synchronicity. A tran-
sient fever (>39.6°C) developed between days 2 to 4 p.i., last-
ing from 1 to 8 days (mean, 3.6 = 1.7 days), which was invari-
ably accompanied by progressive loss of body weight and acute
lymphopenia (=1.5 X 10° lymphocytes/ul of blood). At day
8 p.i., body weight was reduced on average by 10% = 2.6%,
and lymphocyte numbers had dropped well below 50% of the
initial counts (mean, 23.4% * 16%; 0.7 X 10°%= 0.6 X 10°
lymphocytes/ul). At 7 to 8 days p.i., disease progression seem-
ingly halted: fever subsided, body weight either stabilized or
increased, and the total number of peripheral blood lympho-
cytes started to rise again. This recovery, however, was only
temporary; with the exception of survivor 289 (not shown), all
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FIG. 2. Kinetics of neutralizing antibody titers in FIPV-infected
cats with different types of disease progression. The virus-neutralizing
antibody titers were determined weekly and are expressed as the re-
ciprocal log,, plasma dilution causing 50% virus neutralization. The
average titers of the rapid and intermediate (m, types A and B; 10 cats)
and the delayed (@, type C; 3 cats) progressors and the prolonged (A,
type D; 2 cats) and long-term ([J, type E, 5 cats) survivors are plotted
on the y axis. Curves for types A and B were virtually identical and
were therefore combined.

animals suffered a relapse. Starting from day 10, a second
episode of fever developed. From this point on, five patterns of
disease progression could be distinguished, based upon body
weight and survival time (Fig. 1 and 3). Rapid progressors
(type A) showed little to no regain in body weight during days
8 to 14 p.i., then developed a chronic secondary fever with
severe wasting, and succumbed to FIP within 24 days (mean
survival time, 21 * 3 days). Intermediate and delayed progres-
sors (types B and C) closely resembled type A but managed to
regain body weight to almost 100% after the initial bout of
disease and displayed increased survival times (mean, 28 *= 1
days and 35 = 1 days, respectively). Prolonged survivors (cats
175 and 317; type D) developed an even more protracted
course of the infection (survival times, 50 and 54 days, respec-
tively) with three episodes of fever and weight loss and periods
of up to 12 days of apparent recovery. Long-term survivors
(type E) apparently succeeded in controlling the virus, in one
case (cat 289) after the first wave of disease. The other animals
suffered one or two relapses before ultimately gaining control.

Waves of FIPV replication coincide with fever, weight loss,
and T-cell depletion. Previous experiments by our laboratory
revealed that cats with terminal FIP are depleted for T cells
both in the peripheral blood and in lymphoid tissues (16). In
fact, we have now observed that the levels of peripheral CD4™
and CD8" T lymphocytes dropped significantly very early in
infection and, in those animals which developed fatal disease,
remained low throughout the course of the infection (Fig. 3).
During the short intermittent periods of apparent recovery,
T-cell counts rose only to decline again with the renewed onset
of disease. Episodes of disease coincided with an increase of
viral RNA in plasma and/or white blood cells as measured by
real-time and conventional RT-PCR (Fig. 3 and data not
shown). Although FIPV primarily replicates in tissues, the
amounts of viral RNA detected in the blood do provide a
reflection—albeit most likely an underestimation—of the viral
load at extravascular sites. Our combined data indicate that
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fever, wasting, and T-cell depletion all correlate with enhanced
viral replication.

Virus-specific CD8" T-cell responses in FIPV survivors are
mainly directed against S. Consistent with a prominent role of
CMI in controlling FIPV infection and viral clearance, stimu-
lation of splenocytes from FIP survivors with autologous FIPV-
infected cells revealed virus-specific Th1-type T-cell responses,
as measured by flow cytometric detection of intracellular
TNF-a (10). To identify the relevant antigens, we constructed
a library of 14 rVVs, which together express almost the entire
FIPV 79-1146 proteome (Fig. 4; Table 2). Autologous fibro-
blast cultures were infected with these recombinant viruses and
were used to stimulate splenocytes in our intracellular cytokine
(TNF-o) staining assay (10). We analyzed T-cell responses in
the spleen because it is both the major lymphoid organ har-
boring memory T cells and a prime target site for FIPV rep-
lication.

In addition to three long-term survivors (cats 249, 281, and
291), we studied two animals, numbers 155 and 085, which
were sacrificed midinfection at day 42 and 58 p.i., respectively.
One of these, number 155, displayed only mild clinical signs;
after a short relapse, it quickly recovered and remained seem-
ingly healthy. The other experienced chronic fever and stayed
underweight from day 21 p.i. onward. Although both animals
were persistently infected, as evidenced by RT-PCR detection
of viral RNA in the blood (Fig. 3F), no FIP lesions were found
upon postmortem analysis. Apparently, these cats had ac-
quired at least partial immunity in response to FIPV infection.

In all five cats, the S protein was identified as the main
CD8™" T-cell antigen (Fig. 5 and 6). The S protein apparently
contains multiple CD8* T-cell epitopes, as shown by lympho-
cyte stimulation assays with rVVs expressing overlapping S
subfragments (Fig. 4; Table 3). In cat 155, responses were
exclusively directed against S;, indicating that a CD8" T-cell
epitope was located within the N-terminal-most 250 residues of
S. Cat 249 recognized both S;; and Sy, suggesting the presence
of an epitope in the 270-residue overlapping region (residues
474 to 743). Finally, cat 291 presumably harbored CD8 " mem-
ory T cells directed against two epitopes, one in the C-terminal
half of subfragment S;; (residues 744 to 977), the other in Sy,
(residues 958 to 1452; S;;; and Sy, share only a 20-amino-acid
overlap). In long-term survivors 281 and 291, CD8" T-cell
responses seemed exclusively directed against the S protein. In
long-term survivor 249 and in the partially protected animals
085 and 155, subdominant CD8" T-cell responses were de-
tected against the ppla B2 subfragment (085), the M protein
(cats 085 and 249), and the chimeric protein 3E7a (cats 155
and 249). The S protein also seemed to be a prominent target
for antiviral CD4" T cells, although considerable responses
against other antigens, most notably M, were also detected
(Fig. 5 and 6).

DISCUSSION

FIP, a paradigm of CoV-mediated chronic disease, was al-
ready recognized in earlier studies as a complex multiphasic
condition with recurrent (biphasic) fever as one of its most
distinctive traits (41, 47, 50, 53). The pathogenic mechanisms,
however, remain poorly understood. Here, we extend previous
findings (16, 32, 50, 53) and present a comprehensive study of
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FIG. 4. rVV expression library of the FIPV 79-1146 proteome. The viral genome is shown schematically. Depicted as boxes are the coding
sequences for polyprotein pplab (ORFla and ORF1b), the spike protein (S), the small membrane protein (E), the membrane protein (M), the
nucleocapsid protein (N), and those for the accessory proteins 3a to 3c, 7a, and 7b. Indicated below are the regions expressed by the various rVVs

(Table 2).

the natural history, viral dynamics, and immunobiology of FIP.
In a longitudinal experiment, we followed disease progression
in a large cohort of cats after oronasal infection with the highly
virulent FIPV strain 79-1146. We found that the very early
stages of experimentally induced FIP were virtually identical
among the different animals, irrespective of the final outcome,
i.e., death or recovery. All cats presented characteristic signs of

acute infection with fever, weight loss, acute lymphopenia, and
the presence of viral RNA in blood cells and plasma. Then, by
day 7 to 8 p.., disease seemingly resolved and the animals
improved: fever subsided, body weight stabilized or increased,
and the amounts of viral RNA in the blood decreased below
detection levels. However, all cats but one suffered a major
relapse, and most of them inexorably progressed to lethal dis-
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FIG. 5. FIPV-specific T-cell responses in persistently infected, partially protected cats and in a long-term survivor. Splenocytes were stimulated
with autologous fibroblast cultures (10), which had been infected with rVVs expressing the various FIPV proteins. An rVV with lacZ inserted into
the TK locus (rVV-TK) served as a negative control. Only the results obtained with rVV-TK, rVV-S, rVV-M, and rVV-N are shown. Virus-specific
CD4" and CD8™ T cells were identified by intracellular expression of TNF-a by three-color flow cytometry. Results obtained for partially protected
animals 085 and 155 and for long-term survivor 291 are shown as dot-plot representations, with frequencies of antigen-specific T cells given as

percentages of the total CD4" or CD8" populations.
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FIG. 6. FIPV-specific T-cell responses in persistently infected, par-
tially protected cats and in long-term survivors. Splenocytes were stim-
ulated with autologous fibroblast cultures (10), which had been mock
infected or infected with rVVs expressing FIPV proteins (A through
7b; 3 indicates 3E7a) (see Fig. 4). rVV-TK served as a negative control
(TK). Virus-specific T cells were identified by intracellular expression
of TNF-a by three-color flow cytometry. The results are presented as
bar graphs, depicting the antigen-specific CD4" and CD8" T-cell
responses in persistently infected animals (cats 085 and 155) and in
long-term survivors (cats 249, 281, and 291). Frequencies of antigen-
specific T cells (y axis) are given as percentages of the total CD4" or
CD8" populations.

ease within 16 to 54 days. We distinguished five groups on the
basis of survival time, which were operationlly designated as
rapid, intermediate, or delayed progressors and prolonged or
long-term survivors. Animals in the latter two groups suc-
ceeded in countering the second wave of disease either to
succumb to a subsequent, final relapse or to gain apparent
control of the infection, respectively. It is unknown whether
long-term survivors really achieved complete viral clearance or

“ Frequencies of TNF-a-producing CD8* T cells are given as percentages of
the total CD8+ T-cell population. Data in boldface type represent the frequen-
cies of S protein-specific T cells.

remained persistently infected at a low level. In similar cases,
FIP could be induced even up to 1 year after initial FIPV
inoculation by performing a superinfection with the immuno-
suppressive feline leukemia virus (33).

Perhaps the most intriguing aspect of FIPV infection is its
effect on the CD4" and CD8" T-cell levels. FIPV-induced
T-cell depletion has been documented before (16, 21), but we
are first to show that this phenomenon already occurs very
early in infection and correlates with (enhanced) viral replica-
tion. After the initial general lymphopenia, total lymphocyte
numbers rose again and remained at levels equal to or exceed-
ing those at day 0. In contrast, CD4" and CD8" T-cell counts
remained consistently low. During the periods of apparent
convalescence, T-cell counts increased modestly only to fall
again with the renewed onset of overt disease. In agreement
with earlier reports (16, 21), T cells were virtually depleted
from lymphatic tissue and from peripheral tissue in the animals
with end-stage FIP. How FIPV causes T-cell lymphopenia is
not clear. As there are no indications that T cells are suscep-
tible to infection, their depletion most likely occurs through
indirect effects (16). In other examples of virus-induced T-cell
depletion, e.g., measles, the infection of antigen-presenting
cells, and of dendritic cells (DCs) in particular, is thought to
cause T-cell apoptosis (28, 30, 38, 39). Likewise, FIPV report-
edly targets antigen-presenting cells, such as macrophages and
monocytes (16, 29, 40, 52), the serotype II strains via the
dedicated cell receptor CD13 (43). Given the fact that human
immature myeloid DCs express CD13 (42), it is likely that
certain DC subsets of the cat do so as well and hence are
susceptible to FIPV.

We propose that the virus-driven T-cell depletion results in
an acute immunodeficiency and that in the early stages of
infection the immune system is already facing an uphill strug-
gle. Still, all animals were able to at least temporarily contain
the first wave of disease. In agreement with the general view
that humoral immunity is not protective, virus-neutralizing an-
tibodies appeared and rose with identical kinetics and to sim-
ilar titers in survivors and nonsurvivors (Fig. 2). Moreover,
antibodies seem to be generated too late during the course of
acute FIPV infection to contribute to host defenses. We there-
fore assume that the partial control of viral replication, which
occurs during the early days after infection, is primarily T-cell
mediated. Indeed, the onset of apparent convalescence around
day 7 p.i. would correlate temporally with the expected peak of
the early virus-specific effector CD8" T-cell response, as de-
scribed with other systems (1, 26).

Our combined observations are therefore consistent with a
model for FIP pathogenesis in which virus-induced T-cell de-
pletion and the antiviral T-cell responses are opposing forces.
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The net result is an intermittent infection, with episodes of
disease driven by enhanced viral replication punctuated by
short periods of apparent convalescence. The efficacy of the
primary T-cell responses most likely determines to what extent
the initial wave of infection can be contained and hence would
be the decisive factor in disease progression. If the first re-
sponse is too weak, a second wave of increased virus replica-
tion will further reduce T-cell numbers and swiftly overwhelm
the immune system (rapid progressors; type A) (Fig. 3). If,
however, the initial T-cell responses succeed in largely contain-
ing viral replication, the animal may develop a more protracted
course of the disease (delayed progressors; type C) (Fig. 3) or
even get a second chance (prolonged and long-term survivors;
types D and E) (Fig. 3). The rising amounts of viral RNA in the
blood, consistently seen in animals with end-stage FIP, indicate
that progression to fatal disease is the direct consequence of a
loss of immune control, ultimately resulting in unchecked viral
replication. Whether or not an animal is able to mount a
protective immune response may be determined at least in part
by its haplotype. Indeed, cheetahs (Acinonyx jubatus) are ex-
tremely sensitive to FIP, a peculiarity which has been ascribed
to their genetic uniformity and their lack of major histocom-
patibility complex class I polymorphism (27).

If CMI does confer protection, the question arises as to
which viral antigens are involved. Our analysis of the specificity
of splenic (memory) T-cell pools in three long-term survivors
and in two persistently infected, partially protected animals
identified the spike protein as the dominant target for CD8* T
cells. The immunodominance of epitopes from a viral envelope
glycoprotein after chronic infection is reminiscent of the situ-
ation in inbred mice chronically infected with the mouse hep-
atitis CoV (MHV) or with the lymphocytic choriomeningitis
arenavirus (LCMV). In both cases, immunodominance shifted
during the course of persistent infection from epitopes on the
highly expressed cytoplasmic nucleocapsid proteins (N for
MHYV and NP for LCMV) towards those from the envelope
glycoproteins (S for MHV and GP for LCMV) (3, 46, 55). In
LCMV-infected animals, the NP-specific CD8" T cells un-
dergo rapid inactivation (exhaustion) or even deletion as a
result of antigenic overstimulation (55). A similar mechanism
has been postulated to explain the inversion of immunodomi-
nance during chronic MHYV infection (3). It is therefore tempt-
ing to speculate that the immunodominance of S-derived
CD8" T-cell epitopes after chronic FIPV infection reflects the
selective survival of S-specific CD8" T cells at the expense of
T cells recognizing epitopes of other viral proteins, in partic-
ular of N (46). The apparent dominance of S-derived epitopes
becomes even more remarkable if one takes into account that
cats are outbred. Indeed, the anti-S responses measured in
individual cats were directed against different epitopes, imply-
ing that the immunodominance of S did not merely reflect the
chance dominance of a single epitope-major histocompatibility
complex class I combination.

The pathogenic phenomena described here may not be lim-
ited to FIP but likely bear relevance to the immunobiology and
pathogenesis of other chronic CoV infections, in particular of
SARS, for which acute T-cell lymphopenia, multiphasic dis-
ease, and viral persistence have been previously reported (2, 4,
8, 12, 24, 36, 44, 56). FIP presents a relevant, safe, and well-
defined model to study CoV-mediated immunosuppression.
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Moreover, as disease progression is highly reproducible and
primarily driven by viral replication, it should provide an at-
tractive and convenient model system for in vivo testing of
anti-CoV drugs.
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