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Summary 

Three groups of specific pathogen-free (SPF) domestic cats, each containing 
5 animals, were infected with one of three closely related FIV variants and 
monitored for 36 weeks. A fourth group of 5 cats was sham-infected and served 
as uninfected controls. FIV variants included: (1) a fully virulent animal 
passaged FIV-Petaluma; (2) a Crandell feline kidney (CrFK) cell-adapted FIV- 
Petaluma (FIV-CrFK); and (3) a variant of  FIV-CrFK (FIV-CrFKAzT) that 
had been selected in vitro for resistance to azidothymidine. Cats infected with 
fully virulent FIV-Petaluma strongly seroconverted, became persistently 
viremic, and exhibited lymphadenopathy, neutropenia, and inversion of the 
C D 4 +  :CD8+ T cell ratio. Cats infected with F1V-CrFK seroconverted but 
the antibody responses were much weaker and more variable; two of  the cats 
became transiently viremic and no hematologic abnormalities or clinical signs 
of illness other than a very mild lymphadenopathy were observed. None of the 
five cats inoculated with FIV-CrFKAzv seroconverted, became viremic, or 
exhibited any gross or hematologic signs of disease, even though proviral DNA 
was transiently detected in tissue following inoculation. This study demon- 
strates that the FIV infection model can be used to assess differences in the 
virulence of FIV variants, including variants selected for antiretroviral drug 
resistance. 

*Corresponding author. Phone: (916) 752 1363; Fax: (916) 752 0414. 
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Introduction 

Antiviral drugs such as 3'-azido-3'deoxythymidine (AZT, zidovudine) have 
shown efficacy in human immunodeficiency virus (HIV) infection (Fischl et al., 
1987; Japour and Crumpacker, 1991 ; Richman, 1991). However, this beneficial 
effect is often curtailed by the emergence of AZT-resistant variants of HIV 
(Boucher et al., 1990; Land et al., 1990; Larder et al., 1989; Richman et al., 
1990; Rooke et al., 1989). Resistance to other drugs such as dideoxyinosine 
(ddI) has also been recently described (St. Clair et al., 1991). Antiviral drug 
resistance results from the cumulative acquisition of codon mutations within 
the reverse transcriptase (RT) gene of HIV (Larder and Kemp, 1989; Larder et 
al., 1991). Selection pressure from anti-retroviral drugs is likely to add to the 
constant selection pressure of the host's immune system, which favors the 
emergence of progressively more virulent strains within the same host 
(Anderson, 1991; Nowak et al., 1991). 

The clinical implication of drug resistance depends ultimately on the 
biological behavior of the resistant HIV variants. If drug resistant mutants are 
less virulent, continued drug therapy would be indicated. However, if drug 
resistant variants are equally or more virulent than parental strains, drug 
therapy should be suspended. Clinical observations have not proven helpful in 
determining the biological implications of antiviral drug resistance. Although 
abrupt deterioration has not been observed following the emergence of drug- 
resistance in adults, there is a negative correlation between AZT sensitivity and 
clinical outcome among HIV-infected children (Bach, 1990; Tudor-Williams et 
al., 1992). Unfortunately there is no easy way to determine the virulence of 
drug resistant HIV variants directly in humans or in animals. Therefore, an 
animal model using a closely related retrovirus would be of particular value. 

The RT of feline immunodeficiency virius (FIV), a lentivirus, is identical to 
the RT of HIV in physical and catalytic properties and in sensitivity to various 
RT inhibitors (North et al., 1989; 1990a,b; Remington et al., 1991; Cronn et al., 
1992). The disease induced by FIV in domestic cats is also similar to that 
caused by HIV in people (reviewed by Pedersen, 1993). There is a mild primary 
illness akin to the initial mononucleosis-like illness of HIV infection 
(Yamamoto et al., 1988), which is followed by an asymptomatic period 
lasting for years. This asymptomatic period is associated with a progressive 
decline in CD4 + T cell numbers and inversion of the CD4+ :CD8 + T cell 
ratio, diminished lymphocyte responsiveness to IL-2 and phytomitogens, 
decreased antibody responses to T-dependent immunogens, hypergammaglo- 
bulinemia and diminished IL-2 production (Ackley et al., 1990; Barlough et al., 
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1991; Novotney et al., 1990; Siebelink et al., 1990; Torten et al., 1991). Drug 
resistant mutants of FIV have also been induced in vitro (Remington et al., 
1991). One drug-resistant mutant, FIV-CrFKAzT, mimics the AZT-resistant 
clinical isolates of H1V-1 in Y-azidonucleosides and other antiviral nucleosides 
(Remington et al., 1991). 

The aim of the present study was to demonstrate the utility of the FIV model 
for comparing differences in the infectivity and virulence of several wild-type, 
tissue culture adapted and antiviral drug selected strains. The design of the 
study precluded any determinations on the relationship of the drug-resistant 
phenotype to virulence. However, the study demonstrated several important 
pitfalls in animal experiments of this type and showed the ease and sensitivity 
of the model in comparing variant strains of FIV to each other. 

Materials and Methods 

Virus stocks 
Virulent, non-cell culture adapted F1V-Petaluma was used in the form of 

infected whole heparinized blood from SPF cat no. 39 (Pedersen et al., 1987; 
Yamamoto et al., 1988). FIV-Petaluma was adapted for in vitro replication on 
Crandell feline kidney (CrFK) cells and designated FIV-CrFK. FIV-CrFK 
replicates well in feline macrophages in vitro but has lost considerable 
infectivity for feline T lymphocytes (data not shown). 

An AZT-resistant variant of FIV-CrFK, designated FIV-CrFKAzT, was 
selected by propagating FIV-CrFK in the presence of 10 uM AZT (Remington 
et al., 1991). Culture propagation of the CrFK adapted FIV-Petaluma was 
done in parallel, both in the presence and absence of AZT. Therefore, FIV- 
CrFK and FIV-CrFKAzT stocks used in this study were from identical passage 
levels in CrFK cells. The FIV-CrFKAzT variant was fully infectious in vitro as 
judged from its ability to induce infectious foci and reverse transcriptase (RT) 
activity upon cell-free passage to non-infected cultures (Remington et al., 
1991). FIV-CrFKAzT was cross-resistant to 3'-azido-2',3'-dideoxyuridine 
(AZdU) and 3'-azido-2',3'-dideoxyguanosine (AZG) but was sensitive to 
several other compounds, including 2',Y-dideoxyinosine (ddI) and phospho- 
noformate (PFA), suggesting that resistance was linked to the presence of the 
3'-azido group on the nucleoside (Remington et al., 1991). This pattern of 
resistance and cross-resistance was similar to that for most AZT-resistant 
clinical isolates of HIV that have been described (Larder and Kemp, 1989; 
Larder et al., 1990). 

Animals and animal inoculations 
Twenty SPF domestic cats, from 6-8 months of age, were obtained from the 

breeding colony of the Feline Retrovirus Research Laboratory, School of 
Veterinary Medicine, University of California-Davis, and were housed in small 
groups in pathogen-free isolation facilities provided by the Animal Resources 
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Service at the same institution. The animals were neutered 2 weeks prior to 
being put on study and were randomized by age, sex, and litter of origin into 
four groups of five cats each. 

Cats were inoculated by the intraperitoneal (IP) route according tc the 
following scheme: 
Group 1:3 ml of uninfected CrFK cell supernatant (sham-infected controls). 
Group 2:2 x 106 RT units (cpm) of FIV-CrFKAzT in 3 ml medium. 
Group 3:2 x 106 RT units (cpm) of FIV-CrFK in 3 ml medium. 
Group 4:0.5 ml of blood from SPF cat no. 39, chronically infected with FIV- 
Petaluma. Cats in groups 2 and 3 were reinjected with 106 RT units of their 
respective inocula 24 weeks following the initial inoculations. 

Virus isolation using whole-blood pre-culture 
Feline blood samples (approximately 1 ml) were collected by jugular 

venipuncture into sterile glass tubes containing preservative-free sodium 
heparin. The blood was centrifuged (400 x g) for 5 rain and the plasma was 
withdrawn and stored at -20°C. For each sample, the blood cells were added 
to 9.5 ml of growth medium containing 1:1 Leibovitz's L-15 medium and 
Dulbecco's modified Eagle medium, 10% bovine fetal serum (HyClone 
Laboratories, Logan, UT), 2 mM l-glutamine, 1% non-essential amino acids, 
200 U/ml recombinant human interleukin-2 (kindly provided by Cetus 
Corporation, Emeryville, CA), 1 #g/ml concanavalin A (Con A), 100 IU/ml 
penicillin, and 10/~g/ml streptomycin. The cultures were placed into sealed 25- 
cm 2 flasks and incubated at 37°C for 3-5 days. Cells were then layered onto 
Ficoll gradients (10 ml culture:3 ml Ficoll) and centrifuged at 1000 x g for 20 
rain. Peripheral blood mononuclear cells (PBMC) isolated from the interface 
were resuspended in 5 ml of RPMI medium, pelleted by centrifugation, and 
washed twice. The washed pellets were resuspended in 1 ml of growth medium. 
The cells were transferred in duplicate to 24-well plates and co-cultivated with 
freshly passaged, one-half confluent CrFK cells. Cultures were sealed in plastic 
bags and incubated at 37°C in 5% CO2. They were fed fresh medium every 2-3 
days and sampled once weekly for 6 weeks. After the first week the Con A was 
removed from the medium. The weekly samples of cell culture supernatant 
were tested for FIV core antigen (p24) by an antigen-capture ELISA, as 
described previously (Dandekar et al., 1992). 

Polymerase cha& reaction .for the detection of FIV proviral DNA 
Lysates of bone marrow and/or lymph node were analyzed for FIV proviral 

DNA at different time points following inoculation using a double or nested 
polymerase chain reaction (PCR) (Saiki et al., 1988). Bone marrow was 
collected from the neck and shaft of the femur with a bone marrow needle and 
placed immediately into heparinized tubes. A popliteal lymph node was 
removed at the termination of the study. Bone marrow (0.1 ml) and lymph 
node tissue (50 mg) were lysed for 3 h at 56°C in lysis buffer [10 mM Tris-HC1 
(pH 8.3), 0.45% NP 40, 0.45% Tween-20, proteinase K (50 /~g/ml)], and the 
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DNA was phenol-chloroform extracted. 
Two pairs of primers, external and internal, were produced to the gag region 

of the FIV genome based on available sequences (Talbott et al., 1989). The 
external primers (first round) were from nucleotide positions 929 948 (5'- 
C T A C T G C T G C T G C A G C T G A A - 3 ' )  a n d  1375 1394 ( 3 ' -  
CGTGGTCGATCCTACGTCAC-5'), while internal primers (second round) 
were from nucleotide positions 1236-1255 (5'-GGATGAAAGCTTAAAG- 
CAAC-3') and 1325-1394 (3'-CACTGCATCCTAGCTGGTGC-5'). For the 
first round of amplification, 150-500 ng DNA from bone marrow or lymph 
node were added to 19.25 /xl of PCR reaction mixture consisting of 50 mM 
KC1, 10 mM Tris-HC1 (pH 8.3), 1.5 mM MgCI2, 0.01% gelatin, 200 mM of 
each dNTP, 15 pmol of each primer and 1.25 units of Taq polymerase (Perkin 
Elmer Cetus, USA). The PCR reactions were adjusted with deionized water to 
a final volume of 50 /tl. The DNA was denatured prior to amplification by 
incubation for 5 rain at 94°C. Samples were amplified for 35 cycles in PCR (1 
rain denaturation at 94°C, 1 rain annealing at 55°C and 1.5 min primer 
extension at 72°C). Two /xl of the resulting PCR products were used under 
identical reaction conditions as template for the second round of amplification 
(35 cycles). DNA from known FIV positive and negative cats were used as 
controls in each PCR reaction. Ten/xl of each PCR product were analyzed by 
electrophoresis through 2% agarose/0.5 x Tris-borate/EDTA electrophoresis 
buffer (TBE) followed by ethidium bromide staining. 

Serology and hematology 
Serum antibodies to FIV were detected using an indirect immunofluores- 

cence procedure with FIV-infected CrFK cells, as described previously 
(Yamamoto et al., 1988). Sera were tested at a dilution of 1:10 and antibody 
levels reported as negative ( - ) ,  weakly positive ( + / - ) ,  or strongly positive 
(+).  Certain positive samples were also tested by Western blot. 

Total leukocyte counts in feline blood samples were determined by 
impedance using a System 9000 cell counter (Baker Instruments, Allentown, 
PA, USA). Lymphocyte and neutrophil counts were subsequently obtained 
from Wright-Leishman-stained blood smears using standard enumerative 
methods (Barlough et al., 1991). 

Enumeration of CD4 + and CD8 + lymphocyte subsets 
Murine monoclonal antibodies (Mabs) to feline CD4 and CD8 T-cell surface 

markers were used for enumeration of T-lymphocyte subsets, as described 
(Ackley et al., 1990; Barlough et al., 1991). The CD4 + :CD8 + cell ratios were 
enumerated by flow cytometric analysis. Mean values were calculated for use in 
statistical analysis (Student's t-test, Mann-Whitney U-test). 
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Results 

Signs of FIV-induced disease 
Clinical signs of illness were not observed in the sham- or FIV-CrFKAzT- 

inoculated cats (groups 1 and 2). Three of five cats inoculated with FIV-CrFK 
(group 3) developed a mild, transient, generalized lymphadenopathy within 12 
weeks of inoculation. All five cats inoculated with non-cell culture-adapted 
FIV-Petaluma (group 4) developed mild to moderately intense, generalized 
lymphadenopathy that persisted for several months. 

Total lymphocyte counts did not differ significantly among the four groups 
(Fig. 1). Cats in group 4, however, exhibited a decrease in total neutrophil 
numbers, which reached a nadir at week 8 and remained significantly depressed 
below control levels for most of  the study (Fig. 2). 

Lymphocyte subsets were examined in sequential blood samples collected 
over the period of the study (Fig. 3). These data revealed a statistically 
significant decrease in the CD4 + :CD8 + T-cell ratio in cats infected with FIV- 
Petaluma (group 4), beginning within 8 weeks of infection. As expected, this 
abnormality was due to an absolute decrease in CD4 + T cells and a normal to 
increased number of CD8 + T cells (data not shown). The CD4 + :CD8 + T- 
cell ratios in cats infected with FIV originating in cell culture (groups 2 and 3) 
showed no significant alterations when compared to sham-infected controls. 

Virus isolation 
Virus was not recovered from the PBMC of cats in group 1 (controls) or 

group 2 (FIV-CrFKAzT) (Table 1). Even after a second inoculation with the 
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AZT-resistant variant at week 24, cats in group 2 remained virus isolation- 
negative. In group 3 (FIV-CrFK), three cats had demonstrable cell-associated 
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T A B L E  l 

I s o l a t i o n  o f  F I V  f r o m  p e r i p h e r a l  b l o o d  m o n o n u c l e a r  cells  o f  e x p e r i m e n t a l l y  i n o c u l a t e d  S P F  c a t s  

c a t s  W e e k s  p o s t - i n o c u l a t i o n  

0 2 4 6 8 10 12 16 20 26 28 30 32 36 

G r o u p  I ( s h a m - i n f e c t e d  c o n t r o l s )  
All  c a t s  

G r o u p  2 ( F I V - C r F K A z T )  
Al l  c a t s  

G r o u p  3 ( F I V - C r F K )  
5003 . . . . . . .  + 
5013 . . . . . . . .  
5017  + + . . . . . .  + 
5029  . . . . . . .  
5032  + + - -  + + + + + 

G r o u p  4 ( F I V - P e t a l u m a )  
5000  - + + + + + + + - + - + + - 
5010  - + + + + + ~ + + + + + + + 
5016  + + + + + + + + + + + + 
5027 - + + - + + + + - + + + + + 
5030  - + + + + + + + - + + + + + 

viremia on one or more occasions (Table 1). Cat no. 5017 was positive at week 
4 and again at weeks 12 and 36. Cat no. 5032 had cell-associated viremia at 
weeks 12 and 16 and became persistently virus-positive following reinoculation 
at week 24, while cat no. 5003 had cell-associated viremia only at week 36. The 
remaining two cats in group 3 never became viremic following either of the two 
inoculations. By contrast, all five cats in group 4 (FIV-Petaluma) had 
recoverable virus in their PBMC by 2 to 4 weeks post-inoculation and 
remained virus-positive for the duration of the study (Table 1). 

T A B L E  2 

D e t e c t i o n  o f  F I V  D N A  in b o n e  m a r r o w  ( B M )  o r  l y m p h  n o d e s  ( L N )  o f  c a t s  a t  12, 36 a n d  105 w e e k s  
f o l l o w i n g  i n o c u l a t i o n  

G r o u p  no .  I n f e c t i n g  v i r u s  S a m p l e s  p o s i t i v e  b y  P C R :  w e e k s  f o l l o w i n g  i n f e c t i o n  

12 36 105 

BM LN BM LN BM LN 

1 N o n e  0/5  n t  ~ n t  n t  0 /4  n t  
2 F I V - C r F K A z l ,  2 /5  nt  n t  0 /5  n t  n t  
3 F I V - C r F K  1/5 n t  n t  5/5 n t  n t  
4 F I V - P e t a l u m a  4 /5  n t  n t  n t  5/5 nt  

an t ,  n o t  t e s t ed .  
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Detection of proviral DNA by PCR 
FIV DNA was detected in the bone marrow of 0/5 group 1, 2/5 group 2, 1/5 

group 3, and 4/5 group 4 cats at 12 weeks following inoculation (Table 2). FIV 
D N A  was no longer detectable in tissues of group 2 cats at the time they were 
killed at 36 weeks post-inoculation, but was detectable in 5/5 cats from group 3. 
Tissues from group 1 cats were uniformly negative, while tissues from 5/5 
group 4 cats infected with virulent FIV-Petaluma were uniformly positive, even 
when they were tested 2 years following infection. 

Serologic responses 
Cats in groups 1 and 2 never developed detectable antibodies to FIV during 

the 36-week period of the study (Table 3). This was in concordance with virus 
isolation results, and for cats in group 2 highlighted the negligible infectivity of  
FIV-CrFKAzx. In group 3 all cats eventually seroconverted, but the strongest 
and most consistent serologic responses were reserved for the two cats from 
which virus was most often isolated (nos. 5017 and 5032). Seroconversion of  all 
five cats in group 3 was also confirmed by Western blot analysis (data not 
shown). All five cats in group 4 (FIV-Petaluma) became strongly seropositive 
by week 4 post-infection and remained positive for the duration of  the study 
(Table 3). 

Discussion 

In this study we have shown that the FIV infection model could distinguish 
differences in virulence among three different but related FIV variants. 
Infectivity, one component  of  virulence, was determined by assessing 
replication of the virus in cells of the body at regular intervals following 
inoculation. This was accomplished in three ways: by isolating the virus from 
peripheral blood mononuclear cells (PBMC), by detecting FIV proviral DNA 
in bone marrow or lymph node cells at several time points following 
inoculation, and by measuring FIV antibody responses. Virus reisolation 
from the blood is the most direct measure of the levels and duration of virus 
replication in the host. Detection of proviral DNA by PCR was also a measure 
of infectivity but not of  the ability of the virus to replicate to high levels or for 
prolonged periods of  time. By comparison, the appearance of  antibodies was 
considered as an indirect measure of infectivity. As shown here, the magnitude 
of the antibody response was proportional to the magnitude and duration of 
the viremia. The second component of virulence, i.e., the ability of the virus to 
cause disease signs, was measured by characteristic hematological signs of 
disease such as neutropenia and changes in absolute and relative numbers of 
CD4 + and CD8 + T cells in the blood. 

The three FIV variants used in this study differed greatly in virulence for 
cats. The non-cell culture-adapted FIV-Petaluma (group 4) induced a sustained 
PBMC-associated viremia in all inoculated animals, producing gross and 
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hematologic abnormalities typical of  primary FIV infection (Yamamoto et al., 
1988). Adaptation of FIV-Petaluma to growth in CrFK cells led to a decrease 
in virulence; minor clinical signs of disease were observed but there were no 
evident hematologic abnormalities. Seroconversion, reflecting the level and 
intensity of virus isolation, was highly variable and antibody levels were 
generally low. The AZT-resistant mutant  of FIV-CrFK lacked virulence 
altogether; even though proviral DNA was present in tissues 12 weeks 
following inoculation, no infectious virions could be recovered from the PBMC 
and there was no evidence of seroconversion at any time during the study. 
Moreover, even proviral FIV-CrFKAzT DNA had disappeared by 36 weeks 
following infection. These findings were not altered by a second inoculation of 
the virus. 

Differences in the above mentioned determinants of virulence were mirrored 
by the primary disease signs that each virus produced in animals. Signs of the 
primary stage of FIV infection typically appear from 6 to 8 weeks following 
inoculation and persist for several weeks (Yamamoto et al., 1988). Gross 
clinical signs of the primary illness can include fever, generalized lymphadeno- 
pathy, and sometimes diarrhea, while hematologic abnormalities include 
neutropenia, and inversion of the C D 4 + : C D 8 +  T-cell ratio. The latter 
abnormality was associated with an absolute decrease in CD4 + T cells and a 
normal to increased number of CD8 + T cells; such changes are characteristic 
(Ackley et al., 1990; Barlough et al., 1991). Hematologic abnormalities usually 
are proportional in severity to gross clinical signs of illness and are, therefore, 
the most quantifiable measures of virulence. As expected, the non-cell culture- 
adapted FIV-Petaluma was fully virulent, inducing significant gross and 
hematologic alterations. Adaptation of FIV-Petaluma to growth in CrFK cells 
led to a decrease in virulence, as measured by the inability of the FIV-CrFK 
virus to induce primary clinical signs of disease, a sustained viremia, and a 
marked antibody reponse. The AZT-resistant mutant of  FIV-CrFK was even 
less virulent than its parent. It produced no detectable viremia, no clinical signs 
of disease, and no seroconversion. Nevertheless, the FIV-CrFKAzT mutant was 
still infectious in vivo based on the ability to detect FIV proviral DNA in 
tissues of 2/5 inoculated cats at 12 weeks following infection. Unlike infection 
with FIV-CrFK, however, proviral DNA from FIV-CrFKAzT was not detected 
in lymph nodes at the termination of the study, 36 weeks following inoculation. 
Therefore, FIV-CrFKAzT could not sustain itself in the host even as a latent 
infection. 

Several conclusions may be drawn from the results of  these experiments. 
First, it is possible to measure and compare the in vivo virulence of different 
FIV isolates in experimentally inoculated SPF cats. It is important to note that 
infected cats need not be monitored for prolonged periods in order to 
determine an endpoint; the characteristic clinical and hematologic abnormal- 
ities evident within the first few months post-inoculation are sufficient and 
striking enough to compare the biological behavior of one virus strain versus 
another. Second, cell culture adaptation of FIV-Petaluma may result in 
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significant decreases in virulence. However, the decrease in virulence may 
depend upon the cell line in which the wild-type virus is grown and not to the 
actual process of cell culture propagation. For example, FIV-Petaluma grows 
very well in PBMC cultures, and virus replicated in such ceils appears to retain 
a major portion of its virulence for cats (Yamamoto et al., 1988, 1991). By 
contrast, CrFK cell adaptation apparently selects for FIV variants that are 
much less virulent. Adaptation of field viruses to unnatural host cell types has 
been widely exploited over the years for attenuation of virus virulence (Norrby, 
1989). Third, the present study indicates that AZT selection pressure may select 
for variants that differ in virulence from parental stock. Although our results 
suggest that AZT-resistant variants of FIV-Petaluma are less infectious and 
virulent than wild-type virus, this conclusion must remain tentative at present; 
the fact that FIV-CrFKAzT was derived from an already attenuated virus strain 
(FIV-CrFK) makes such an interpretation problematic. Moreover the 
attenuation observed in vitro following propagation of virulent FIV-Petaluma 
in CrFK cells and AZT selection may not necessarily represent a general 
phenomenon applicable to other virulent field isolates of FIV. 

Further studies of the type reported here must be designed to control for 
variables independent of antiviral drug resistance. Ideally the cell culture- 
adapted virus that is undergoing drug selection pressure should retain all or 
most of the infectivity and virulence of the wild-type parent. This can best be 
accomplished by replicating the virus in vitro in PBMC cultures rather than in 
unnatural cell types. The effect (or lack of effect) of PBMC culture adaptation 
may be assessed by comparing the infectivity and virulence of the cell culture- 
adapted strain to its cat-passaged counterpart. Variants selected in vitro for 
drug resistance should also be compared to their cell culture-adapted parent. 
To assure that drug-resistant viruses do not revert to wild-type, isolates 
obtained from the blood should be tested periodically for the drug-resistant 
phenotype. The infectivity and virulence of a particular drug-resistant mutant 
can also be assessed in cats undergoing treatment with the antiviral drug in 
question, i.e., by exerting drug selection pressure in vivo to sustain the resistant 
phenotype. From our standpoint it may be more relevant, both biologically and 
philosophically, to create antiviral drug-resistant mutant viruses by in vivo 
drug selection rather than by in vitro selection in cell cultures. 

Acknowledgements 

We thank Joanne Higgins, Dr. Gerhard Reubel, Renan Acevedo, Richard 
Cronn, Jennifer Del Carlo, Nancy Delemus, Kim Floyd, Tobie Gluckstern, 
Amanda Goodsell, Robert Grahn, Diane Hoffmann, and Holly Pedersen for 
expert technical assistance. We also thank Cetus Corporation for providing 
recombinant human IL-2, and Dr. Phil Furman of Wellcome Research 
Laboratories for providing AZT. 

The research described in this report was supported by a gift from the 



271 

Wellcome Research Laboratories, and by Public Health Service grants AI- 
25802-03, AI-28189, and CA-50179-01 from the National Institutes of Health. 

References 

Ackley, C.D., Yamamoto, J.K., Levy, N., Pedersen, N.C. and Cooper, M.D. (1990) Immunologic 
abnormalities in pathogen-free cats experimentally infected with feline immunodeficiency virus. 
J. Virol. 64, 5652 5655. 

Anderson, R.M. (1991) Populations and infectious disease: ecology or epidemiology? J. Anim. Ecol. 
60, 1-50. 

Bach, M.C. (1990) Clinical response to dideoxyinosine in patients with H1V infection resistant to 
zidovudine. N. Engl. J. Med. 323, 275. 

Barlough, J.E., Ackley, C.D., George, J.W., Levy, N., Acevedo, R., Moore, P.F., Rideout, B.A., 
Cooper, M.D. and Pedersen, N.C. (1991) Acquired immune dysfunction in cats with 
experimentally induced feline immunodeficiency virus infection: comparison of short-term and 
long-term infections. J. Acquir. Immune Defic. Syndr. 4, 219 227. 

Boucher, C.A.B., Tersmette, M., Lange, J.M.A., Kellam, P., deGoede, R.E.Y., Mulder, J.W., 
Darby, G., Goudsmit, J. and Larder, B.A. (1990) Zidovudine sensitivity of human 
immunodeficiency viruses from high-risk, symptom-free individuals during therapy. Lancet 
336, 585 590. 

Cronn, R.C., Whitmer, J.D. and North, T.W. (1992) RNase H activity associated with reverse 
transcriptase from feline immunodeficiency virus. J. Virol. 66, 1215 1218. 

Dandekar, S., Beebe, A.M., Barlough, J., Phillips, T., Elder, J., Torten, M. and Pedersen, N. (1992) 
Detection of feline immunodeficiency virus (F1V) nucleic acids in FIV-seronegative cats. J. Virol. 
66, 4040 4049. 

Fisch[, M.A., Richman, D.D., Grieco, M.H., Gottlieb, M.S., Volberding, P.A., Laskin, O.L., 
Leedom, J.M., Groopman, J.E., Mildvan, D., Schoo[ey, R.T., Jackson, G.G., Durack, D.T., 
King, D. and the AZT Collaborative Working Group (1987) The efficacy of azidothymidine 
(AZT) in the treatment of patients with AIDS and AIDS-related complex. N. Engl. J. Med. 317, 
185-191. 

Ishida, T. and Tomoda, I. (1990) Clinical staging of feline immunodeficiency virus infection. Jpn. J. 
Vet. Sci. 52, 645-648. 

Japour, A. and Crumpacker, C. (1991) Zidovudine resistance in HIV. AIDS Clin. Care 3, 65 67. 
Land, S., Treloar, G., McPhee, D., Birch, C., Doherty, R., Cooper, D. and Gust, 1. (1990) 

Decreased in vitro susceptibility to zidovudine of HIV isolates obtained froha patients with 
AIDS. J. Infect. Dis. 161, 326-329. 

Larder, B.A., Chesebro, B. and Richman, D.D. (1990) Susceptibilities of zidovudine-susceptible and 
resistant human immunodeficiency virus isolates to antiviral agents determined by using a 
quantitative plaque reduction assay. Antimicrob. Agents Chemother. 34, 436~441. 

Larder, B.A., Coates, K.E. and Kemp, S.D. (1991) Zidovudine-resistant human immunodeficiency 
virus selected by passage in cell culture. J. Virol. 65, 5232-5236. 

Larder, B.A., Graham, D. and Richman, D.D. (1989) HIV with reduced sensitivity to zidovudine 
(AZT) isolated during prolonged therapy. Science 243, 1731 1734. 

Larder, B.A. and Kemp, S.D. (1989) Multiple mutations in HIV-I reverse transcriptase confer high- 
level resistance to zidovudine (AZT). Science 246, ! 155 1158. 

Norrby, E. (1989) Modern approaches to live virus vaccines. Adv. Vet. Sci. Comp. Med. 33, 249 
270. 

North, T.W., Cronn, R.C., Remington, K.M. and Tandberg, R.T. (1990a) Direct comparisons of 
inhibitor sensitivities of reverse transcriptases from feline and human immunodeficiency viruses. 
Antimicrob. Agents Chemother. 34, 1505 1507. 

North, T.W., Cronn, R.C,, Remington, K.M., Tandberg, R.T. and Judd, R.C. (1990b) 
Characterization of reverse transcriptase from feline immunodeficiency virus. J. Biol. Chem. 



272 

265, 5121 5128. 
North, T.W., North, G.T. and Pedersen, N.C. (1989) Feline immunodeficiency virus, a model for 

reverse transcriptase-targeted chemotherapy for acquired immune deficiency syndrome. 
Antimicrob. Agents Chemother. 33, 915-919. 

Novotney, C., English, R.V., Housman, J., Davidson, M.G., Nasisse, M.P., Jeng, C.R., Davis, W.C. 
and Tompkins, M.B. (1990) Lymphocyte population changes in cats naturally infected with 
feline immunodeficiency virus. AIDS 4, 1213- 1218. 

Nowak, M.A., Anderson, R.M., McLean, A.R., Wolfs, T.F.W., Goudsmit, J. and May, R.M. 
(1991) Antigenic diversity thresholds and the development of AIDS. Science 254, 963 969. 

Pedersen, N.C. (1993) The Feline immunodeficiency Virus. In: J.A. Levy (Ed.), The Retroviridae, 
Vol. 2, pp. 181-219. Plenum Press, New York. 

Pedersen, N.C., Ho, E.W., Brown, M.L. and Yamamoto, J.K. (1987) Isolation ofa T lymphotropic 
virus from domestic cats with an immunodeficiency-like syndrome. Science 235, 790 793. 

Remington, K.M., Chesebro, B., Wehrly, K., Pedersen, N.C. and North, T.W. (1991) Mutants of 
feline immunodeficiency virus resistant to 3'-azido-3'-deoxythymidine. J. Virol. 65, 308--312. 

Richman, D.D. (1991) Selection of AZT-resistant variants of HIV by therapy. J. NIH Res. 3(7), 83 
87. 

Richman, D.D., Grimes, J.M. and Lagakos, S.W. (1990) Effect of stage of disease and drug dose on 
zidovudine susceptibilities of isolates of human immunodeficiency virus. J. Acquir. Immune 
Defic. Syndr. 3, 743 746. 

Rooke, R., Tremblay, M., Soudeyns, H., DeStephano, L., Yao, X.J., Fanning, M., Montaner, 
J.S.G., O'Shaughnessy, M., Gelmon, K., Tsoukas, C., Gill, J., Ruedy, J., Wainberg, M.A. and 
the Canadian Zidovudine Multi-centre Study Group (1989) Isolation of drug-resistant variants 
of HIV-I from patients on long-term zidovudine therapy. AIDS 3, 411415. 

St. Clair, M.H., Martin, J.L., Tudor-Williams, G., Bach, M.C., Vavro, C.L., King, D.M., Kellam, 
P., Kemp, S.D. and Larder, B.A. (1991) Resistance to ddl and sensitivity to AZT induced by a 
mutation in HIV-I reverse transcriptase. Science 253, 155%1559. 

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., Mullis, K.B., and 
Erlich, H.A. (1989). Primer-directed enzymatic amplification of DNA with a thermostable DNA 
polymerase. Science, 239:487491. 

Siebelink, K.H.J., Chu, I.H., Rimmelzwaan, G.F., Weijer, K., van Herwijnen, R., Knell, P., 
Egberink, H.F., Bosch, M.L. and Osterhaus, A.D.M.E. (1990) Feline immunodeficiency virus 
(FIV) infection in the cat as a model for HIV infection in man: FIV-induced impairment of 
immune function. AIDS Res. Hum, Retroviruses 6, 1373 1378. 

Talbott, R.L., Sparger, E.E., Lovelace, K.M., Fitch, W.M., Pedersen, N. C., Luciw, P.A., and Elder, 
J.H. (1989). Nucleotide sequence and genomic organization of feline immunodeficiency virus. 
Proc. Natl. Acad. Sci. USA 86, 5743 5747. 

Torten, M., Franchini, M., Barlough, J.E., George, J.W., Mozes, E., Lutz, H. and Pedersen, N.C. 
(1991) Progressive immune dysfunction in cats experimentally infected with feline immunode- 
ficiency virus. J. Virol. 65, 2225-2230. 

Tudor-William, G., St. Clair, M.H., McKinney, R.E., Maha, M., Walter, E., Santacroce, S., Mintz, 
M., O'Donnell, K., Rudoll, T., Vavro, C.L., Connor, E.M. and Wilfert, C.M. (1992) HIV-I 
sensitivity to zidovudine and clinical outcome in children. Lancet 339, 15 19. 

Yamamoto, J.K., Ackley, C.E., Zochlinski, H., Louie, H., Pembroke, E., Torten, M., Hansen, H., 
Munn, R. and Okuda, T. (1991) Development of IL-2 independent feline lymphoid cell lines 
chronically infected with feline immunodeficiency virus: importance for diagnostic reagents and 
vaccines. Intervirology 32, 361 375. 

Yamamoto, J.K., Sparger, E., Ho, E.W., Andersen, P.R., O'Connor, T.P., Mandell, C.P., 
Lowenstine, L., Munn; R. and Pedersen, N.C. (1988) Pathogenesis of experimentally induced 
feline immunodeficiency virus infection in cats. Am. J. Vet. Res. 49, 1246 1258. 


